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ABSTRACT

Nickel is a strongly compatible element in olivine, and thus fractional crystallization of olivine
typically results in a concave-up trend on a Fo—-Ni diagram. ‘Ni-enriched’ olivine compositions are
considered those that fall above such a crystallization trend. To explain Ni-enriched olivine crystals,
we develop a set of theoretical and computational models to describe how primitive olivine phe-
nocrysts from a parent (high-Mg, high-Ni) basalt re-equilibrate with an evolved (low-Mg, low-Ni)
melt through diffusion. These models describe the progressive loss of Fo and Ni in olivine cores
during protracted diffusion for various crystal shapes and different relative diffusivities for Ni and
Fe-Mg. In the case when the diffusivity of Ni is lower than that for Fe-Mg interdiffusion, then
olivine phenocrysts affected by protracted diffusion form a concave-down trend that contrasts with
the concave-up crystallization trend. Models for different simple geometries show that the concav-
ity of the diffusion trend does not depend on the size of the crystals and only weakly depends on
their shape. We also find that the effect of diffusion anisotropy on trend concavity is of the same
magnitude as the effect of crystal shape. Thus, both diffusion anisotropy and crystal shape do not
significantly change the concave-down diffusion trend. Three-dimensional numerical diffusion
models using a range of more complex, realistic olivine morphologies with anisotropy corroborate
this conclusion. Thus, the curvature of the concave-down diffusion trend is mainly determined by
the ratio of Ni and Fe-Mg diffusion coefficients. The initial and final points of the diffusion trend are
in turn determined by the compositional contrast between mafic and more evolved melts that have
mixed to cause disequilibrium between olivine cores and surrounding melt. We present several
examples of measurements on olivine from arc basalts from Kamchatka, and published olivine
datasets from mafic magmas from non-subduction settings (lamproites and kimberlites) that are
consistent with diffusion-controlled Fo—-Ni behaviour. In each case the ratio of Ni and Fe-Mg diffu-
sion coefficients is indicated to be <1. These examples show that crystallization and diffusion can
be distinguished by concave-up and concave-down trends in Fo—-Ni diagrams.

Key words: diffusion trend; fractional crystallization; Kamchatka; numerical diffusion modelling;
olivine

INTRODUCTION crust. Olivine is often one of the first major mineral
The compositions of basalts and their phenocrysts phases to crystallize from primitive high-Mg and high-
provide important constraints on the evolution of Ni basaltic melts and is stable across a large tempera-
mantle-derived magmas and their ascent through the ture range. The Mg and Ni contents of olivine
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phenocrysts reflect this compositional change and can
therefore provide important constraints on processes of
their early history; that is, crystallization, mixing and as-
similation, as well as conditions and duration of magma
storage (e.g. Ariskin & Barmina, 2004; Costa &
Chakraborty, 2004; Costa & Dungan, 2005; Costa et al.,
2008; Straub et al., 2008, 2011; Wang & Gaetani, 2008;
Costa & Morgan, 2010; Qian et al., 2010; Kahl et al.,
2011, 2015; Ruprecht & Plank, 2013; Shea et al., 20154,
2015b; Bouvet de Maisonneuve et al., 2016; Giuffrida &
Viccaro, 2017; Lynn et al., 2017a, 2017b, 2018; Matzen
et al., 2017; Oeser et al., 2018; Ruth et al., 2018; Gleeson
& Gibson, 2019). Nonetheless, using the chemical com-
position and zoning of olivine crystals to reconstruct
these processes is not straightforward. The observed
compositional changes can be the result of both crystal-
lization and/or diffusion, and unraveling their contribu-
tion to compositional zoning is required to extract
meaningful interpretations. Additionally, the olivine
cargo entrained to the surface is often heterogeneous in
composition, partly because residence and diffusion
times of individual crystals in a reservoir or mush sys-
tem can vary significantly (e.g. Thomson & Maclennan,
2013). As a result, the cores of certain olivine crystals
may be affected by diffusion of Fe-Mg and other fast-
diffusing elements (such as Ni), whereas outer parts of
the crystals record more recent processes such as
crystallization.

Compositional variations between olivine crystals
from a single sample, or within single crystals, are typ-
ically interpreted to result from fractional crystallization
and/or magma mixing, and their study has become an
important tool to better understand the pre-eruptive his-
tory of basaltic magmas (e.g. Costa & Dungan, 2005;
Costa et al., 2008; Straub et al., 2008; Costa & Morgan,
2010; Qian et al., 2010; Ruprecht & Plank, 2013; Kahl
et al., 2015). Element diffusion in crystals acts to hom-
ogenize zoning produced by disequilibrium between
olivine and surrounding melt. Because different ele-
ments diffuse at specific rates, modelling diffusion
allows estimation of the rates of various magmatic
processes prior to eruption (Costa & Chakraborty, 2004;
Costa & Dungan, 2005; Costa et al, 2008; Costa &
Morgan, 2010; Qian et al., 2010; Kahl et al., 2011, 2015;
Ruprecht & Plank, 2013; Shea et al.,, 2015a, 2015b;
Bouvet de Maisonneuve et al, 2016; Giuffrida &
Viccaro, 2017; Lynn et al, 2017a, 2017b, 2018;
Gordeychik et al., 2018; Oeser et al., 2018; Ruth et al.,
2018; Albert et al., 2020; Sundermeyer et al., 2020).

Most approaches to modelling diffusion in olivine
consider zoning at the outer crystal rim, assuming that
concentration gradients represent the last stages of
magma evolution (e.g. magma mixing) before eruption
(e.g. Costa & Chakraborty, 2004; Costa & Dungan, 2005;
Qian et al, 2010; Lynn et al, 2017a, 2017b;
Sundermeyer et al., 2020). Diffusion gradients that ex-
tend inside a crystal can be used to backtrack processes
occurring over longer durations, such as magma trans-
fer time from deeper crustal levels or even the mantle

source (e.g. Ruprecht & Plank, 2013; Gordeychik et al.,
2018; Ruth et al., 2018; Albert et al., 2020). Although this
is the best-suited approach to unravel the recent history
of the crystals during a final magma mixing event and
ascent, it may miss some valuable information con-
tained in the inner cores of the crystals.

However, in some cases, initial core compositions
can be completely lost for faster diffusing elements. If
characterized and understood, core loss in different ele-
ments could therefore be leveraged to decipher the lon-
ger histories of magma transport and storage. In
addition, identifying the compositional fingerprints of
core homogenization may aid in understanding the
underlying causes for the frequent chemical heterogen-
eity observed in erupted olivine populations. In the pre-
sent study, we investigate the situation when diffusion
time is long enough that Ni diffusion and Fe-Mg inter-
diffusion (hereafter referred to as Fo diffusion for sim-
plicity) change the composition over the entire crystal,
including the core. We analyse the effects of protracted
diffusion on the Fo and Ni composition of olivine cores
and show that these compositional variations can be
distinguished from those associated with fractional
crystallization. Our model shows that after protracted
diffusion and loss of initial core compositions, olivine
phenocrysts have higher Ni content (are ‘Ni-enriched’)
at the same Fo in comparison with olivine phenocrysts
that formed by fractional crystallization. Fo—Ni diagrams
allow the processes of crystallization and diffusion to be
distinguished, and can therefore be used to characterize
natural Ni-enriched olivine compositions with different
histories from a range of magmatic settings.

Natural examples of Ni-enriched olivine
‘Ni-enriched’ olivine crystals are abundant in mafic alka-
line rocks such as lamproites (Prelevi¢ et al., 2013) and
kimberlites (Arndt et al., 2006, 2010; Kamenetsky et al.,
2008, 2011; Cordier et al., 2015; Sazonova et al., 2015;
Kargin et al., 2017; Giuliani, 2018; Lim et al., 2018;
Mitchell et al., 2019). The Fo-Ni diagram in Fig. 1a
shows the gently sloping trend of olivine cores from
a kimberlite sample, which is contrary to the steep
crystallization trend recorded by the rims of olivine phe-
nocrysts (Arndt et al., 2006, 2010; Cordier et al., 2015).
Cordier et al. (2015) could successfully model only the
trend of fractional crystallization recorded by the olivine
rims (grey line in Fig. 1a). A similar observation was
made for olivine crystals from a maar deposit at
Shiveluch volcano (Fig. 1b). Our calculated crystalliza-
tion trend in Fig. 1b starts at the highest Mg-Ni compos-
ition of the measured rims. As in Fig. 1a, we observe a
second trend formed by the cores that is cross-cutting
the fractional crystallization trend (albeit with fewer
data points).

Thus, in both examples in Fig. 1 the fractional crystal-
lization process describes well the rims of olivine crys-
tals. However, the trend of olivine cores, including both
high-Fo part and low-Fo part, is not explained. Several
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Fig. 1. Fo-Ni diagrams for olivine crystals from different natural environments. Black circles represent compositions of Ni-enriched
olivine cores; grey circles show compositions of olivine rims, which record melt evolution at the final stage. (a) represents a well-
documented example of a gently sloping trend formed by ‘Ni-enriched’ olivine cores from a kimberlite dyke from the Kangamiut re-
gion in West Greenland (Arndt et al., 2006, 2010; Cordier et al., 2015, 2016, 2017). The fractional crystallization trend calculated by
Cordier et al. (2015) and shown by the grey line clearly crosscuts the gently sloping trend formed by the olivine cores. (b) Olivine
phenocryst compositions from a basaltic andesite in a subduction setting, 76008p tuff ring on Shiveluch volcano, Kamchatka
(Gordeychik et al., 2018), showing a gentle trend of Ni-enriched cores that are overgrown by rims that follow a crystallization trend.
This trend (grey line) was calculated with crystallization steps of 0-1%, Kdug from Kléck & Palme (1988), Kdge/Kdmg from Straub
et al. (2008), and Kdy; from Hart & Davis (1978). The gentle trends of Ni-enriched core compositions as observed in (a) cannot form
by fractional crystallization from a single parent magma. Outliers of Ni-rich cores that fall off to the right and left of the rim fraction-

ation trend (b) also follow the same gentle trend.

researchers have attempted to model the gently sloping
trend of olivine cores and the steep trend of rims by
crystallization from the same high-Fo, high-Ni melt
(fig. 4 of Cordier et al., 2016; fig. 1 of Cordier et al., 2017;
Moore, 2017). These attempts were not successful be-
cause it would require unreasonable combinations of
partitioning coefficients between Fe, Mg, and Ni in oliv-
ine and melt, which are not supported by experimental
or natural partitioning data. Thus, at present, the trend
formed by olivine rims is clearly described by the frac-
tional crystallization process, whereas the gently slop-
ing trend formed by olivine cores is not. Finding out the
nature and properties of this trend is one of the main
goals of the present research.

We refer to olivine core compositions that form the
gentle sloping trend in Fo-Ni space as ‘Ni-enriched’.
The occurrence of the Ni-enriched olivine crystals fall-
ing off typical fractional crystallization trends (i.e. Fo-Ni
decoupling in kimberlites) has been extensively
debated (Cordier et al., 2015, 2016, 2017; Giuliani &
Foley, 2016; Moore, 2017). As our examples have
shown (Fig. 1) Ni-enriched trends and trends following
fractional crystallization can be observed in the same
rock. However, the crystallization trend can also be
completely absent (e.g. Sazonova et al., 2015; Kargin
et al., 2017) and in those cases the Ni-enriched trend
can be identified only because of its gentle slope that
cannot be reproduced by crystallization processes.

Most studies attribute the unusual trend of Fo—-Ni
compositions  from  kimberlitic olivine to a

compositionally diverse cargo of olivine grains from
distinct and unrelated sources. Distinct Fo—-Ni olivine
compositions have thus been interpreted as mixtures of
xenocrystic olivine crystals from metasomatized rocks
(high-Fo and high-Ni part of the trend) and crystals that
formed later from the host kimberlite melt (low-Fo, low-
Ni olivine crystals) (Skinner & Clement, 1979; Skinner,
1986; Arndt et al., 2006, 2010; Kamenetsky et al., 2008;
Giuliani & Foley, 2016; Kargin et al., 2017; Moore, 2017;
Lim et al., 2018). Mitchell (1973, 1986) considered that
inner cores consist of 40% of xenocrystic material and
60% crystallized from the host melt as rims of the crys-
tals. Cordier et al. (2015) and Sazonova et al. (2015) also
suggested a major role of metasomatic processes and
explained the Fo-Ni decoupling as the result of inter-
action between mantle peridotites and kimberlite fluid
or melt.

Other studies proposed that all or parts of olivine
grains in kimberlites formed from the same melt by
polybaric crystallization (Mitchell, 1973, 1986; Moore,
2017). Moore (2017) also suggested that decoupling of
Fo and minor elements such as Ni and Ca is simply con-
trolled by variable partition coefficients, because parti-
tion coefficients depend on P-T-fO,—CO,-H,0O or melt
composition in different ways.

Most researchers, however, agreed that the gently
sloping Fo-Ni trends observed in these studies are in-
compatible with simple fractional crystallization from
the same melt (e.g. Kamenetsky et al., 2008, 2011; Arndt
et al., 2010; Prelevi¢ et al., 2013).
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Straub et al. (2008) also convincingly showed that Ni-
enriched olivine in intermediate (hybrid) lavas can be
the result of olivine formation after magma mixing with-
out the involvement of diffusion. In a new approach,
Gleeson & Gibson (2019) combined magma mixing and
diffusion. In both cases, steep crystallization trends
shifted to the left were observed in Fo-Ni diagrams.
Wang & Gaetani (2008) observed Fo-Ni trends in olivine
from Hawaiian volcanoes that were clearly ‘shallower’
(i.e. little change in Ni vs Fo) than those associated with
fractional crystallization. They tried to explain these
trends qualitatively by repeated magma mixing and
crystallization and came to the conclusion that such
trends could be the result of equilibrium crystallization
or re-equilibration of evolved basaltic melt and accumu-
lated high-Fo/high-Ni olivine xenocrysts. Lynn et al.
(2017b) and Gleeson & Gibson (2019) suggested that
the primary controls on Ni contents in olivine from
ocean island basalts are fractional crystallization,
magma mixing, and diffusive re-equilibration.

Unusual olivine compositional trends with Ni-
enriched olivine cores (Fig. 1b) were also recently found
in subduction-related volcanic rocks from Kamchatka
(Gordeychik et al., 2018).

This brief review emphasizes that Ni-enriched olivine
phenocrysts occur in different magmatic environments,
that these compositions deviate clearly from the usual
steep crystallization trend in the Fo-Ni diagram, and a
multitude of different models have been put forward to
explain these observations. In this study, we propose
that Ni-enriched olivine cores form by diffusion after
they are exposed to more evolved basaltic magmas
after magma mixing. Diffusion models are developed to
show that such Ni-enriched olivine crystals can be
formed by protracted diffusion, and that the curvature
of Fo—-Ni trends reflects the ratio of Ni and Fo diffusion
coefficients. We demonstrate that these relationships
are robust and independent of olivine crystal sizes,
shapes and anisotropy of diffusion, and for known
thermodynamic and compositional conditions relevant
to natural magmas, the ratio of Ni and Fo diffusion coef-
ficients is always smaller than unity.

METHODS AND MODELS

Here, we examine the problem of loss of components
by an olivine crystal owing to diffusion. We consider an
initially homogeneous olivine crystal with a compos-
ition Fog and Nig formed in high-Mg and high-Ni silicate
melt, being abruptly incorporated into a more evolved
melt with lower Mg and Ni. We assume that the olivine
density does not change significantly (Girona & Costa,
2013) and apply the diffusion equation (Crank, 1975):
% = div(D¢-grad(C)). (1)
This equation is the conservation law of the diffusing
component Cin an anisotropic medium. The symbol C
represents Ni component measured in wt%, or the Fo

component 100Mg,/(Mg, +Fe,) in mol%, respectively.
Here the subscript u means a component measured in
moles. D¢ is the diffusivity matrix Dg, or Dy; in the an-
isotropic olivine crystal. The diffusion process is con-
trolled by the initial conditions, Cy (Fog or Nig) in the
interior of the crystal, and by the boundary conditions,
Cm (Fom or Niy) at the crystal margin in equilibrium
with the surrounding more evolved melt (i.e. Foq > Fo,,
Nip > Niy). Where it is permissible for a simplification
of the equations, we will use the non-dimensional con-
centration of the diffusing component Ac, so that the ini-
tial concentration in the center of the crystal will be Ac
=1, and at the crystal margin it will be Ac = 0.
C-Cn
Ac = Co—Cn (2)
If the profile is parallel to the direction of the concen-
tration gradient, and the concentration does not change
in the directions perpendicular to the profile, then the
diffusivity along the profile in the anisotropic media
with principal crystallographic axes a, b, and ¢ can be
recovered using (Carslaw & Jaeger, 1959; Costa &
Chakraborty, 2004; Chakraborty, 2010; Shea et al.,
2015a)

D" = Dg cos?o + D cos®p + DE cos?y, (3)

where DZ, DE, and D¢ are the diffusivities along a, b,
and c and thus the diagonal elements of the matrix Dc,
and o, 5, and y are the angles between the profile direc-
tion and the principal axes. The anisotropic properties
of Fo and Ni are similar, and the following relations are
used (Costa & Chakraborty, 2004; Chakraborty, 2010):

DZ = D¢ = D¢/6. (4)

Because equations (3) and (4) are valid for Fo and Ni
diffusion coefficients, their ratio is independent from
profile direction DY;/DE’ = Dg,/DE = D§/DF, = D§;/Dg,.
and this ratio is a scalar quantity. Therefore, when consid-
ering the ratio of diffusion coefficients Dy\i/Dg, below, we
can omit the superscripts.

Next, we consider the problem of loss of elements
by protracted diffusion out of an olivine core with a
given initial composition, when the mathematical solu-
tion can no longer be considered as one-dimensional
(1D). Similar issues were discussed briefly by Costa &
Chakraborty (2004) and Shea et al. (2015a) for Fo diffu-
sion, but not explored in the context of two elements
with differing diffusivities. Also, Thomson & Maclennan
(2013) suggested that diffusion affected the cores of
crystals in a mush and developed simple models to de-
scribe the process. However, we will consider a more
complex approach for the diffusion of two chemical
components with different diffusivities (Fo and Ni).
Therefore, the relationship between Fo and Ni as diffus-
ing components is considered first.

Here, we use previously published data to test our
theoretical considerations and models. We also present
new measured data from natural examples of mafic arc
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basalts of Kamchatka to support the model interpreta-
tions. Electron probe microanalysis (EPMA) of olivine
phenocrysts was conducted with five wavelength-
dispersive spectrometers using a JEOL JXA 8900RL in-
strument at the GZG (Geowissenschaftliches Zentrum
Gottingen), Gottingen University. We used a specifically
designed high-precision method based on increased
current and increased voltage (Batanova et al., 2015).
The electron microprobe was configured at accelerating
voltage of 20kV, beam current of 300 nA, and a focused
beam smaller than 5 um in diameter. This configuration
allowed us to analyse olivine profiles for major and
trace elements with a spatial resolution up to 1um.
Secondary electron imaging (SEl) were used to locate
analytical profiles acquired within the analysed olivine
phenocrysts. Backscatter electron images in compos-
itional mode (COMPO) showed chemical zoning in oliv-
ine, where darker areas represent higher contents of
the light element Mg and bright areas correspond to
relatively higher content of Fe. The orientation of the
measured profile relative to the crystallographic axes of
the crystals was determined using a scanning electron
microscope (SEM) Quanta 200 F with an electron back-
scatter detector (EBSD) at the GZG. Further details of
methods used, including standards and references, are
given in Supplementary Data Tables 1.1 and 1.2 of
Gordeychik et al. (2018); supplementary data are avail-
able for downloading at http://www.petrology.oxford
journals.org.

Relative diffusivities of Fo and Ni
Owing to the large number of experimental studies, the
diffusion coefficients for Fo and Ni in olivine are avail-
able for olivine with various Fo content, for tempera-
tures of 750-1400°C, from 1bar to 120 kbar pressure,
and for oxygen fugacities between 107'° and 10™*Pa
(see review by Chakraborty, 2010). Dohmen &
Chakraborty (2007) and Chakraborty (2010) built a set of
formulae that quantitatively describe the dependences
of Fo and Ni diffusivities on olivine Fo, P-T-fO, condi-
tions, and crystal orientation. The formulae were con-
structed on the basis of the results of several
experimental studies by Dohmen et al. (2007) for Fo and
Petry et al. (2004) and Holzapfel et al. (2007) for Ni diffu-
sion coefficients. Despite the significant scatter in ex-
perimental results, it was noted that the Ni diffusion
coefficient may be slightly lower compared with Fo
(Dohmen et al., 2007; Chakraborty 2010). In contrast,
based on natural olivine compositions, other research-
ers suggested that Ni might diffuse slightly faster than
Fo under some conditions (e.g. table 7.1 of Costa &
Morgan, 2010; fig. 1 of Lynn et al., 2018). Given these
uncertainties, we first evaluate the existing information
about the relative diffusivities of Fo and Ni, which is cru-
cial for the analysis of Fo—Ni relationships.

In principle, if zoning in a natural olivine crystal can
be attributed to diffusion and not growth (e.g. Costa
et al., 2008; Kahl et al., 2011; Shea et al., 2015b), then Fo

and Ni variations can be used to assess the relative val-
ues of their diffusivities. Compositional changes inside
a crystal immersed in an evolved melt can be described
using the analytical 1D solution of the diffusion equa-
tion with constant coefficients in a semi-infinite media
(equation 3.13 of Crank, 1975), which is a commonly
used approach (e.g. Holzapfel et al., 2007; Costa et al.,
2008; Qian et al., 2010; Costa & Morgan, 2010):

Ac = erf (X _ Xb>, (5)
d¢c

where erf is the error function, x is the coordinate along
the profile perpendicular to the crystal surface and x, is
the position of the crystal margin. The characteristic
width of the diffusion zone Jc for the C component is
given by the expression

5c = 2,/DE't, (6)

where the scalar value Dgr is the diffusion coefficient
along the profile [equation (3)] and t is time. Equation
(6) shows that the characteristic width J¢ of the diffu-
sion zone (hereafter simply referred to as ‘width’ for
brevity) increases proportionally to the square root of
the diffusion coefficient (see also Costa et al., 2008).
Hence, time can be cancelled out from equation (6) for
Fo and Ni, and the ratio of the Dyi/Dr, coefficients can

be written
Dyi _ (6_) )
DFo 6Fo .

Combined measurements of Fo and Ni in zoned oliv-
ine phenocrysts have been documented in several stud-
ies (Costa & Dungan, 2005; Qian et al., 2010; Ruprecht &
Plank, 2013; Bouvet de Maisonneuve et al., 2016; Lynn
et al., 2017a, 2017b, 2018; Gordeychik et al., 2018; Ruth
et al., 2018; Albert et al., 2020; Sundermeyer et al.,
2020). The data from some of these studies make it pos-
sible to evaluate the ratios of diffusion coefficients by
two approaches: through the widths of diffusion zones
using equation (7) and using formulae after
Chakraborty (2010).

Estimates of Fo and Ni diffusivities through
diffusion zone widths

Olivine compositions measured along some profiles
with distinct Fo and Ni diffusion zones (Costa &
Dungan, 2005; Qian et al.,, 2010; Lynn et al.,, 201743,
2017b, 2018) were used to determine the coefficients in
equation (5) by the least-squares method. Thus, the
parameters of the analytical solution [equation (5)] were
determined separately for Fo and for Ni for each profile
considered, namely, the initial conditions Fog and Nig in-
side a crystal, the boundary conditions Fo,, and Ni, at
the crystal margin, and g, and oni—the diffusion zone
widths for Fo and Ni, respectively. The coordinate x
represents the crystal boundary. The ratios of Ni and Fo
diffusion coefficients extracted from the ratios of
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the corresponding publication. The temperatures and other thermodynamic conditions for the products of the 36008pr Shiveluch
eruption were based on Gorbach & Portnyagin (2011) and Nekrylov et al. (2018), and those for lavas from the Bulochka and
Novograblenov cones on Klyuchevskoy volcano were based on Mironov & Portnyagin (2011), Mironov et al. (2015) and Nekrylov
et al. (2018). Fugacity was calculated following the formulae from Ballhaus et al. (1991). Calculated by formulae from Chakraborty
(2010), Dni/Dro ratios dramatically increase and become greater than unity above a temperature of 1000-1100°C (see text for
discussion).

diffusion zone widths using equation (7) for several nat- zones where steeper Ni gradients persist whereas Fo gra-
ural examples (Costa & Dungan, 2005; Qian et al., 2010; dients flatten out, or even Fo is entirely homogenized in
Lynn et al., 20174, 2017 b, 2018; Albert et al., 2020) show the interior of olivine phenocrysts, which again argues
that the diffusion coefficient ratio Dy;i/Dk, is always less for Dni/ Dk, ratios smaller than unity.
than unity (Fig. 2). Complexly zoned olivine phenocrysts from the
The zoning patterns studied previously were generally 76008r Shiveluch eruption preserve distinct Fo and Ni
measured near the olivine margins. However, a range of concentration gradients at the transition zone between
edge phenomena (e.g. quenching or crystal growth dur- low-Fo low-Ni cores and high-Fo high-Ni overgrowths
ing fractional crystallization) can influence the zoning pat- (Fig. 3a). The transition zones between cores and over-
terns in olivine rims. Therefore, better information growths are always narrower for Ni than for Fo. Other
should be gained from diffusion zones inside crystals for elements with even lower diffusivities, such as chro-
comparison of different element diffusivities. For ex- mium, aluminium and phosphorus, are still narrower.
ample, Ruprecht & Plank (2013) studied internal diffusion The boundary between core and overgrowth is marked
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Fig. 3. Comparison of the diffusion zone widths for Fo and Ni in representative core—overgrowth profiles inside the olivine phenoc-
rysts from several Kamchatka rocks: (a) 76008p Shiveluch eruption; (b) 36008p Shiveluch eruption; (c) Bulochka and
Novograblenov monogenetic cones on the slope of Klyuchevskoy volcano. The zero point on the x-axis and dashed line represent
the boundary between core (right) and overgrowth (left) as determined by the steepest compositional gradients. The projections of
crystallographic axes a, b, and c of the crystal as well as EPMA profile orientation are shown in a stereographic lower hemisphere
plot. The secondary electron image shows the olivine phenocryst in thin section with the trace of measured profiles indicated. The
backscatter electron image in compositional mode (COMPO), which demonstrates the difference in atomic number over a sample,
shows the transition zone between core and overgrowth as a gradient in grey scale and shows the position of the measured profile.
The continuous blue and red lines show the analytical solutions for diffusion in a semi-infinite media [equation (5)] for Ni and Fo, re-
spectively. Arrows with values mark the Fo and Ni diffusion zone widths, which were used to calculate relative diffusivities as Dy;/
Dr, =0-16 for (a), 0-45 for (b), and 0-51 for (c) using equation (7). Cr-Al-P plot shows variations in olivine composition across the
core—overgrowth boundary. All measured data for (a) have been given by Gordeychik et al. (2018), and those for (b) and (c) are
given in the Supplementary Data Tables SM-1 and SM-2.
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by the inflection point with the steepest gradient, and
coincides for all measured elements. A simple diffusion
model of a semi-infinite space (Crank, 1975) can be
used to describe symmetrical Fo and Ni profiles across
the core-overgrowth boundary with coordinate x,
[equation (5)]. The widths of the diffusion zones ¢, and
Jni are then determined by approximating the analytical
solution given in equation (5) using a least-squares
method. The ratio of these widths Jni/d0F, is about 0-4
(Fig. 3a). For other profiles in olivine phenocrysts from
the 7600 8pP Shiveluch eruption, Gordeychik et al. (2018)
determined the Jni/dr, ratio as 0-4-0-6 or Dyi/Dg, of
0-3+0-1 (Fig. 2).

Newly collected Fo and Ni data on olivine crystals from
lavas and tephra of the 3600 sp Shiveluch eruption (Fig. 3b)
and from lavas of the Bulochka and Novograblenov cones
on the NE slope of Klyuchevskoy volcano (Fig. 3c) give
similar Fo-Ni diffusion relationships (Supplementary Data
Tables SM-1 and SM-2). Despite their different origin,
these olivine phenocrysts systematically show that the
core—overgrowth transition zone is narrower in Ni com-
pared with Fo (Fig. 3b and c) with calculated diffusivity
ratios of Dyi/Dr, = 0-45 for the 3600 8P Shiveluch eruption
and Dyni/Dr, = 0-51 for Klyuchevskoy basalts (Fig. 2).

Calculation of Fo and Ni diffusivities from existing
formulae

The colored curves in Fig. 2 show Dyi/Dg, ratios as a
function of temperature calculated from formulae
(Chakraborty, 2010, pp. 617 and 618). The ratios of diffu-
sion coefficients obtained through these expressions
are in good agreement with the ratios obtained from Fo
and Ni widths in natural olivine at temperatures of 850-
1000°C. However, at temperatures above 1100°C, Dyi/
Dr, ratios calculated after Chakraborty (2010) exceed
unity and thus overestimate width-derived ratios by up
to a factor of five (see Fig. 2).

Estimates of diffusion times in natural olivine
through Fo and Ni

For every Fo and Ni profile shown in Fig. 3, the diffusion
time, i.e. the time elapsed between the formation of
overgrowth and the eruption of the lava and its phenoc-
rysts, can be determined by the diffusion zone width
and the diffusion coefficient through equation (6). If the
ratio Dni/Dro is correct, Fo and Ni profiles in the same
olivine should yield the same diffusions time (e.g. Costa
& Dungan, 2005).

To test this, calculations for each crystal were carried
out with appropriate thermodynamic conditions (see
the legend in Fig. 2), and taking into account the orienta-
tion of the crystallographic axes (Fig. 3 and
Supplementary Data Table SM-2). The Fo profiles give
diffusion times tg, of 11, 35, and 71 days for the 7600 P
Shiveluch eruption, the 36008pr Shiveluch eruption and
high-Mg basalts of Klyuchevskoy, respectively. By con-
trast, diffusion times determined from Ni profiles ty; are
0.9, 12, and 24 days, respectively (Fig. 3). Thus, we have

factor of 3-12 difference between Fo and Ni timescales.
Similar factors of 2-16 were found for Fo and Ni
diffusion times in zoned olivine phenocrysts of Paricutin
volcano (supplementary data fig. S6 of Albert et al.,
2020). Such a difference leads us to conclude that calcu-
lations for Fo and Ni diffusion coefficients based on for-
mulae from Chakraborty (2010) may not be applicable
in all cases and these formulae should be used with
some caution.

The discrepancies in timescale estimates obtained
through Fo and Ni and in their diffusivities ratios are
systematic in all the natural examples considered. It
appears that the Dyi/Dr, relationship may be poorly
constrained by experimental calibrations as stated by
Holzapfel et al. (2007): ‘Fo and Ni diffusion coefficients
are similar within experimental uncertainties’. Our nat-
ural samples suggest instead that the diffusivity ratio is
always lower than unity. This inconsistency may be due
to differing P-T-fO, conditions between experimental
studies and these natural olivine crystals, as suggested by
Oeser et al. (2018) in the case of chromium. It is also pos-
sible that the compositional and/or thermodynamic condi-
tions for the natural samples under consideration are
outside the permissible limits of the validity of the applied
formulae (Chakraborty, 2010). Based on our survey of nat-
ural examples, and as a basis for further discussion here,
we argue that for a range of pressures, temperatures, and
oxygen fugacity applicable to a range of natural magmas
containing high-magnesium olivine, the diffusion coeffi-
cient of Ni should always be lower than that of Fo.

The Kamchatka rocks studied here were formed at
temperatures above 1000 °C (Fig. 2), and Fo-Ni diffusion
ratios for these rocks calculated through formulae from
Chakraborty (2010) do not satisfy the condition Dy;i/Dro
<1. Therefore we cannot conduct our analysis further
using these formulae. Instead we assume that Fo and
Ni changes and their effect on diffusion coefficients are
not too large and that Dni/Dro is indeed always <1.
These assumptions allow us to construct dimensionless
theoretical models for describing Fo—Ni distributions of
olivine crystals undergoing protracted diffusion. Our
obtained model results can then be compared with
observed Fo-Ni distributions of olivine crystals in the
studied rocks.

The analogy between diffusion and heat
conductivity

As noted by Bird et al. (2002), ‘A large number of diffu-
sion problems can be solved by simply looking up the
solutions to the analogous problems in heat conduc-
tion. When the differential equations and the boundary
and initial conditions for the diffusion process are of
exactly the same form as those for the heat conduction
process, then the heat conduction solution may be
taken over with appropriate changes in notation.” The
diffusive exchange of elements between olivine and
surrounding melt is similar to the problem of cooling a
body immersed in a medium with a constant
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temperature. Both problems are described by the same
equations and boundary conditions, which differ in no-
tation only. The constant boundary condition C,, at the
crystal margin corresponds to a large Biot number in
heat transfer problems, when the temperature at the
surface of the body and the surrounding environment is
constant. A constant melt composition may be attained
if the processes of diffusion, mixing, and convection in
the liquid are sufficiently rapid that the liquid remains
homogeneous at the timescales considered.

Newton (1701) discovered the exponential decrease
of temperature of a heated body with time t, and
Newton'’s law of cooling for our compositional notation
can be written as

Ac = 37%, (8)

where 1¢ is the relaxation time; for the case of diffusion
it can be called the homogenization time (Besson,
2011). If Fo or Ni in an olivine phenocryst is not in equi-
librium with surrounding melt, then non-dimensional
concentration of these components will decrease with
time tg, (tni) by e times, where e is the base of the nat-
ural logarithm. The homogenization times 1, and ty;
depend on crystal size, crystal shape, and diffusion
coefficients. It should be noted that Newton’s law is
asymptotic; that is, it does not consider both the intern-
al structure of the object and the initial stage of the
process.

Fo-Ni diffusion trends in olivine

Under simultaneous Fo and Ni diffusion in an olivine
crystal, time can be cancelled out and equation (8) can
be reduced to a formula where Ni is a function of Fo:

Ani = (Ago)™. (9)
The Ni vs Fo power function establishes a relation-
ship between the losses of chemical components by the
crystal during diffusion. It should be noted that the size,
morphology, and anisotropic properties of the crystal
have no explicit effect on the shape of the power func-
tion obtained through the adaptation of Newton’s cool-
ing law to the diffusion problem. The shape of the
power function is determined by the relation between
the homogenization times, which in turn are deter-
mined by Fo-Ni diffusion coefficients. We show above
that the diffusion coefficient for Ni is lower than that for
Fo in natural olivine phenocrysts. This means that Ni
loss is slower than Fo loss, and Ni homogenization time
should be longer than Fo homogenization time. Thus,
the homogenization time ratio is smaller than unity and
equation (9) is a concave-down function (Fig. 4a).
Similarly to Newton’s law, which does not consider
the internal structure of the cooling body, equation (9)
does not consider the spatial distributions of the Fo—Ni
diffusion coefficients inside the crystal; those distribu-
tions can only affect the values of the homogenization
times. To study the Fo-Ni relation during diffusion

[equation (9)], we assume that the diffusion coefficients
inside the crystal do not change significantly. Then
the connection between homogenization times and
diffusion coefficients can be identified from similitude
theory using the n-theorem (Kline, 1986):

o Dii

— = , (10)
i Dro
and it is possible to rewrite equation (9) in the form
Dhi
Ani = (Afo)Pro. (11)

This power function is plotted for different Dy;/Dg,o
ratios from 0-1 to 1 in Fig. 4a. This range in Dyi/Dg, cov-
ers the complete range of relative diffusion coefficients
documented by Chakraborty (2010) at Fo;¢_go for tem-
peratures from 750 to 1000°C, P=10°-10°Pa, and for
fO, of the quartz—fayalite—-magnetite (QFM) — nickel-
nickel oxide (NNO) buffer.

All crystals experiencing diffusion and having the
same ratio of diffusion coefficients will move along the
same path in the Fo—Ni diagram (Fig. 4a). The curvature
of these paths depends on Dyi/Dg, only. Below we will
consider these paths as diffusion trends with respect to
natural samples. The curvature of such diffusion trends
has a simple physical significance: if Dni/De, is <1,
which, as we argue above should be applicable to most
natural olivine phenocrysts, then Ni losses from the
crystal are slower than Fo losses and the crystal will be
lowered in Fo faster than it is lowered in Ni. As a result,
the smaller Ni diffusion coefficient is compared with Fo
diffusion coefficient, the more the Fo depletion of the
crystal is pronounced, thus increasing the downward
concavity of the diffusion trend (Fig. 4a).

The concave-down curvature of olivine diffusion
trends in the Fo-Ni diagram is distinctly different from
Fo-Ni relations in olivine resulting from crystallization.
Because Ni is a compatible element, olivine phenoc-
rysts formed during crystallization produce a concave-
up trend in Fo-Ni diagrams (e.g. Ariskin & Barmina,
2004; Costa et al., 2008; Straub et al., 2008, 2011; Wang
& Gaetani, 2008; Ruprecht & Plank, 2013; Nishizawa
et al., 2017). A large number of examples with concave-
up crystallization trends are shown in the paper by
Matzen et al. (2017). Therefore, the contrast between
the concave-down diffusion trend and concave-up crys-
tallization trend is critical in distinguishing between
these two processes, and we will present and discuss
various natural examples of such contrasting trends
below.

The influence of crystal shape and size on
diffusion behaviour

The diffusion analogue [equations (9) and (11)] of
Newton’s cooling law [equation (8)] does not take into
account the anisotropic properties of the crystal, nor its
shape or size. The influence of these factors on the Ni
vs Fo diffusion trend, if any, should be strongest during
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Fig. 4. Diffusion trends in non-dimensional coordinates Ag, and Ay; [equation (2)]. (a) Diffusion trends are as derived from
Newton’s cooling law for different tro/ty; ratios [equation (9)] or for different Dyi/Dg,, ratios [equation (11)]; these ratios are labelled
on the curves. (b) Diffusion trends calculated for analytical models for the different geometries and for 3D calculations of diffusion
in olivine phenocrysts with realistic shapes. Red lines are diffusion trends for the spherical model; green lines are for the cylindrical
model; blue lines are for the plane sheet model. Grey shaded fields are regions of diffusion trends for a particular diffusion coeffi-
cient ratio for different sizes and shapes of olivine crystals. Dashed lines show diffusion trends defined by the 3D diffusion calcula-
tions for olivine crystals: the long dashed lines represent curved diffusion trends within c-elongated olivine crystals, medium-
dashed lines represent diffusion trends of a-elongated olivine, and the short-dashed lines are the diffusion trends of the equant-

shaped olivine.

the initial time when the behaviour of the solution has
not yet reached the asymptotic stage.

The shape of natural olivine grains is variable and
exhibits a number of different habits that can be related
to undercooling and/or cooling rate during crystalliza-
tion (Donaldson 1976; Deer et al., 2013). To determine
the effect of crystal shape on the position and curvature
of the diffusion trend, we consider several models for
possible end-member habits: isometric, columnar, and
tabular. Because the aim of this section is to find the ef-
fect of crystal habits on the diffusion trend, all models

are constructed for isotropic diffusion with coefficient
Dc; the influence of anisotropy will be considered in the
next section.

For the isometric crystal, a simple sphere is chosen
as model with radius R and uniform initial distributions
of components C,. The sphere is put in contact with
the melt at equilibrium with a composition C,. The so-
lution to compute the element concentration at the
centre of the sphere is given by equation 6.19 of Crank
(1975):
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1"

Ac =23 (-1)"Vexp (—n2n2 %). (12)
n=1

There is a simple connection between equation (12)
and Newton’s cooling law [equation (8)]: Newton’s cool-
ing law is the first member of the sum in equation (12),
with time shifted by some constant. This means that
Newton’s cooling law and equation (12) are asymptotic-
ally close each other (Fig. 5). This observation allows us
to obtain an expression for the homogenization time of
Fo discussed above:

RZ

‘CC:TEZ—DC. (13)

Then, using the characteristic crystal size d instead of
the sphere diameter and the characteristic diffusion coeffi-
cient of Fo along the a- or b-axis [equation (4)] instead of
D¢, we obtain for the homogenization time of Fo:

2
TFo = l%? (14)
2n2Dg,
where d is the characteristic crystal size and bso is
the characteristic diffusion coefficient of Fo along the
c-axis.

A circular cylinder is chosen to simulate an elongate
(columnar) crystal. We consider a 1D axisymmetric cy-
linder of radius R with uniform initial distributions of
component Cy. In this case, the solution for concentra-
tion along the axis of the cylinder is expressed as (equa-
tion 5.22 of Crank, 1975)

_ - 2 2 Dct)
Ac = anJ1 (Sn)exp( - (15)

where ¢, are the positive roots of the equation Jy(e,) =
0; Jo and J; are the Bessel functions of the first kind of
order zero and unity. The solution for the cylindrical
model has a flatter appearance compared with the
spherical model and is shown by a green line in Fig. 5.

A plane sheet geometry is considered as the end-
member for a tabular crystal. We consider a plane sheet
with thickness 2R, with uniform initial distributions of
the components C, that has a solution (equation 4.17 of
Crank, 1975)

A ()" { n2(2n+ 1) Dct

The solution for the plane sheet model has a flatter
appearance compared with both previous models and
is indicated by a blue line in Fig. 5.

Each solution expressed by equations (12), (15), and
(16) contains a series of exponents that do not allow a
simple analytical reduction to the dependences Ni =
Ni(Fo), as in the case of Newton’'s cooling law.
Therefore, to construct Fo-Ni diagrams for different
crystal habits, the parametric representation of Fo and
Ni through dimensionless time -, was used:

0.8 1.0

0.6

0.4

AC=(C' Cm )/( CO‘ Cm)

0.2

o
D‘ T T

0.0 0.1 0.2 0.3 0.4 0.5
t-=DtIR?

——Newton's cooling law ——Spherical model

——Cylindrical model ——Plane sheet model

Fig. 5. Decreasing concentrations of a diffusing component C
(Fo or Ni) calculated by different analytical models versus non-
dimensional time fc. Black line shows Newton’s cooling law
[equation (8)]. The colored lines show decreasing concentra-
tions in the centres of crystals with different habits: spherical
model for isometric crystal [equation (12)], cylindrical model
for columnar crystal [equation (15)], and plane sheet model for
a tabular crystal [equation (16)]. Newton's law shows a simple
exponential decrease, as asymptotic law. By contrast, the mod-
els for different habits show an initial stage of diffusion with
slowly decreasing values, after which the transition to an expo-
nential decrease occurs.

tro = 2ol (a7)
AFo = S(tFo)7 (18)
D;
Ani = S(tni) = S(D:lo tFo)7 (19)

where for Fo or Ni, as a solution S, one of the equations
(12), (15), and (16) is implied, depending on the consid-
ered model. The parametric representation [equations
(18) and (19)] shows that the characteristic dimension of
each model considered (i.e. the radius of a sphere or a
cylinder, or the half thickness for a plane sheet) plays
no role in the calculated diffusion trend. That is, all
crystals within the same model, regardless of their size,
will move along the same trend. Only a change in the
ratio of the diffusion coefficients can therefore influence
the shape of the diffusion trend.

In detail, significant differences between the solu-
tions for the different crystal habits can be observed
(Fig. 5). However, in Ni vs Fo space, the diffusion trends
calculated for the different crystal habits at identical Dy;/
Dk, ratios are still very close (Fig. 4b). As in the case of
the asymptotic model of Newton’s cooling law, the dif-
fusion trends of three considered models have a
concave-down curvature (Fig. 4a and b, respectively);
however, their concavities are still more pronounced.
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c-elongated olivine
1:1.24:21

a-elongated olivine
4.4:1:1.8 1:1:1

109 Jm

Equant olivine

Fig. 6. Morphology of olivine crystals with realistic shapes used in 3D diffusion computational experiments. (a) Olivine crystal elon-
gated along the c-axis, the most commonly found morphology in natural basalt. (b) Olivine crystal elongated along the a-axis. (c)
The isometric olivine crystal (equant). For each olivine crystal, a secondary electron image (SEI) of a natural olivine is shown as a

typical example (photographs courtesy of Jiyoung Heo).

Variations in the shapes of the diffusion trends
(Fig. 4) can be explained as follows. In the case of a
spherical model, the diffusion losses are strongest and
identical in the three independent directions (Fig. 5),
and the resulting diffusion trend is the most concave-
down of the group. For a plane sheet the diffusion
fluxes have only one direction, meaning that the curva-
ture of the diffusion trend is least concave-down. The
cylindrical model, with diffusion fluxes in two direc-
tions, occupies an intermediate position.

We conclude that for all considered models, crystal
habit exerts only a limited influence on the shape of the
diffusion trends.

The effect of anisotropy
Diffusion equation in an anisotropic olivine [equation
(1)] can be written in Cartesian coordinates x, y, and z
directed along the principal crystallographic axes a, b,
and c:

oc 0o ,.,0C 0 _,0C 0 ..0C

= DI -+ D,

— — — 4+ D¢ 2
ot  ox Cox 'dy Coy oz Caz (20)

Because diffusivity is different only in the z direction
(c-axis) compared with the a- and b-axes for Fo and Ni
in olivine (Costa & Chakraborty, 2004; Chakraborty,
2010), we can use an analogue heat conductivity equa-
tion in an anisotropic solid (Carslaw & Jaeger, 1959)
and transform the z-coordinate into a new variable z,,
using the coefficients from equation (4):

Dg z
Z, = 4| =22 =— (21)
\Dg" V6

which yields the same final form for the diffusion equa-
tion as for the isotropic medium:

ac 9 _,0C @8 _,oC o _,0C

ot~ ox Cox (22)

The z-coordinate in the initial and boundary condi-
tions should also be transformed according to equation
(21). Consequently, the problem of the losses of a
chemical component from an olivine crystal with aniso-
tropic properties [equation (4)] is reduced to the prob-
lem of component losses in an isotropic crystal
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[equation (22)]; however, reduced by /6 times along
the c-axis. In this fashion, the question about the effect
of anisotropy on the diffusion trend is reduced to the
question about the influence of the shape of isotropic
crystals on the diffusion trend; that is, to the problem
considered in the previous section. For example, an iso-
metric olivine with anisotropic diffusion will produce
the same diffusion trend as an isotropic crystal com-
pressed by v/6 times; that is, a crystal of approximately
tabular habit.

Diffusion trends for natural olivine phenocryst
shapes

Additional 3D numerical models of Fo-Ni diffusion in
olivine were also carried out using several realistic
morphologies typical in nature (Fig. 6) to test whether
variations in crystal shape had an effect on the
concave-down diffusion trends predicted for simpler
crystal geometries. Previous studies utilized 3D diffu-
sion models to explore the effects of sectioning, diffu-
sion anisotropy, and crystal shape on zoning patterns
and timescales recovered (Costa & Chakraborty, 2004;
Costa et al., 2008; Shea et al., 2015a), and have been
applied recently to case studies of Fo, Ni and Mn diffu-
sion in olivine from Hawaiian basalt (Shea et al.,
2015b; Lynn et al., 2017b). Similar models are
employed herein to characterize Fo and Ni losses in
the olivine; the diffusion time is long enough to signifi-
cantly affect the concentration of both elements in the
core.

Several different characteristic olivine morphologies
were tested, using geometric aspect ratios A:B:C and
anisotropic diffusion coefficients [equation (4)]: a clas-
sical c-elongated olivine, an a-elongated olivine, and an
equant olivine (Fig. 6a—c). The choice of these three rep-
resentative morphologies was made based on previous
studies of experimental and natural olivine (Donaldson,
1976; Faure et al., 2003, 2007; Deer et al., 2013; Welsch
et al.,, 2013; Shea et al., 2015a; Lynn et al., 2017a;
Mourey & Shea, 2019). The crystals with these mor-
phologies were used as initial matrices for the numeric-
al 3D anisotropic diffusion models with equation (20).
Initial concentration in the crystal C, was set as unity,
and concentration on the boundary C,, as zero.

Equation (20) was then solved using explicit finite dif-
ferences; the details of the method used have been
described by Shea et al. (2015a, 2015b) and Lynn et al.
(2017b) and the changes in concentration at the centre
of the core were tracked through time (Fig. 7).

Diffusion relationships between Fo and Ni extracted
from the numerical 3D models were obtained from a
single computed solution using the parametric repre-
sentation equations (18) and (19). The resulting diffu-
sion trends for variable Dyi/Dg, ratios were then
compared with analytical models for different crystal
habits (Fig. 4b).

The close correspondence between the diffusion
trends of a classical c-elongated anisotropic olivine

crystal (Fig. 6a) and the isotropic spherical models is
related to the aspect ratio (1:1-24:2-1) of c-elongated
olivine shape. Transforming the classical olivine along
its c-axis in accordance with equation (21) would yield
an effective aspect ratio of 1-17:1-45:1, which is not so
far from an isometric model (Fig. 4b). In other words,
the doubling of crystal dimension along the c-axis is
nearly compensated by the six-fold diffusion anisot-
ropy, which induces a V6 ~ 2-4 difference in diffusion
length scale.

By comparison, the transformation of the a-elon-
gated olivine (Fig. 6b) along the c-axis with equation
(21) would result in 6:1-36:1 aspect ratio, similar to that
of the cylinder, flattened from the sides. In full accord-
ance with these observations, the diffusion trend of the
a-elongated olivine phenocryst first starts between
the trends followed by the cylindrical and plane sheet
models, and then merges with the trend formed by the
cylindrical model.

The equant olivine (Fig. 6¢) would have an aspect
ratio of 2-45:2-45:1 after being re-dimensionalized along
the c-axis with equation (21). Indeed, the diffusion trend
starts near the trend of the plane sheet model and then
merges with the trend of the other models.

Thus, the diffusion trends of the anisotropic olivine
crystals with complex, realistic morphology turn out
to be completely inside the region bounded by the
diffusion trends of the spherical model and the plane
sheet model. This behaviour of the trends obtained in
computational experiments fully corresponds to the
results of theoretical analysis. It can be concluded yet
again that it is the diffusivity ratio Dyi/Dg, that exerts
the dominant control on the nature of the diffusion
trend, and variably different realistic shapes have little
bearing on the relationship between Fo and Ni
(Fig. 4b).

DISCUSSION OF NATURAL EXAMPLES

Contrasting Fo-Ni diffusion trends in natural
olivine crystals

In the following sections, we consider natural examples
of concave-down Fo-Ni diffusions trends that we
observed in olivine phenocrysts from rocks of two
centres at Shiveluch volcano, a lava field near Bulochka
and Novograblenov sub-synchronic monogenetic
cones on the NE slope of Klyuchevskoy volcano, a high-
Mg picritic basalt from Avachinsky volcano, and a lava
flow from Zarechny stratovolcano. The analytical meth-
ods for these measurements are described above and
have been described earlier by Gordeychik et al. (2018),
and the full dataset is available in Supplementary Data
Tables SM-1-4. We also present additional published
examples of diffusion trends in olivine from mafic alka-
line magmas from non-subduction settings from other
studies.

20z 1Mdy 0L uo 1senb Aq 0zZ1/685/£80eEb9/6/1 9/0101e/ABOoj0)18d/W 09 dno-ojwapeoe//:sdpy wol) papeojumoq


https://academic.oup.com/petrology/article-lookup/doi/10.1093/petrology/egaa083#supplementary-data

14

Journal of Petrology, 2020, Vol. 61, No. 9

0.8

0.6

(B

0.4

Ac

tc=0.05; Ac=0.99

tc=0.10; Ac=0.84

1c=0.20; Ac=0.45

Fig. 7. Example model outputs in 3D cross-sections of c-elongated olivine crystals for different diffusion times tc. Color represents
non-dimensional concentration of a diffusing component. (a) The concentration of the component in the olivine core is almost un-
changed from the initial concentration (C=0-99 of initial concentration). (b) The concentration in the olivine core has already been
affected (C=0-84). (c) After time tc =0-2, the concentration in the core is less than half of the initial value (C=0-45).

Diffusion trends in olivine phenocrysts from mafic
arc magmas (Kamchatka)

Magnesian middle-K andesites and basaltic andesites
with SiO, >55% are the main eruptive products of
Shiveluch volcano during Holocene time, whereas
rocks with SiO, <54% are extremely rare. Only two
high-Mg basaltic tephra layers were found: one is mod-
erately K-rich with age 76008pr and the other is high-K
with an age of 3600 sp (Volynets et al., 1997).

Strongly zoned olivine phenocrysts were studied in a
middle-K  ol-cpx—pl basaltic clast (SiO,=52.62-
53-74 wt%, K,0 =0-89-0-92wt% after Churikova et al.,
2010; Nekrylov et al., 2018), which was sampled from a
7600 8P maar deposit on the SW flank of Shiveluch vol-
cano. Two contrasting trends were observed in these
zoned olivine crystals (Gordeychik et al., 2018): crystal
rims form a steeply concave-up trend related to frac-
tional crystallization from the host melt, whereas cores
follow a slightly concave-down trend (Fig. 8a). The diffu-
sion model matches the trend formed by the cores of in-
dividual crystals for a Dyi/Dg, ratio of 0-86. The diffusion
origin of this compositional trend in olivine cores is sup-
ported not only by the curvature of trends in the Fo-Ni
diagram (Fig. 8a) but also by compositional profiles
through the olivine cores (Gordeychik et al., 2018).

Another set of olivine crystals from a high-K ol-
cpx=hbl-phl basalt (Si0, =51-08-51-51 wt%,
K20 =1-87-1-9 wt%; after Gorbach & Portnyagin, 2011;
Nekrylov et al., 2018) related to the eroded Shiveluch
dike with the age 3600Bp shows similar diffusion
trends in their cores indicating a comparable Dyi/Dro
of 0-96 (Fig. 8b) and subsequent crystallization trends
in the rims.

A third set of data was obtained on olivine crystals
from a high-Mg arc basalt (SiO,=50-84-51-43 wt%,
MgO = 11-0-12-1wt%, K,0=0-5-0-85wt% after Ariskin
et al., 1995; Ozerov, 2000; Churikova et al., 2001) that
was erupted at 26508p (V. V. Ponomareva, personal
communication) from two adjacent vents on the lower
NE slope of Klyuchevskoy volcano (Bulochka and
Novograblenov scoria cones). The cores and the rims of
the olivine phenocrysts again display different trends
(Fig. 8c). Reasonable model fits through the trends of
the olivine cores are obtained using Dy;/Dg, = 0-98.

In contrast to the samples above, olivine cores from
a high-Mg diopside-rich picritic basalt from Avachinsky
volcano (Portnyagin et al., 2005) first follow a crystalliza-
tion trend and then are displaced from it to the left by
diffusion (Fig. 8d) indicating a combination of crystal-
lization and diffusion. Comparable shifts off the crystal-
lization trend as a result of diffusion are observed in
subsets of olivine crystals from samples of successively
erupted tephra from Paricutin volcano (supplementary
data fig. S12 of Albert et al., 2020). Another example of
the combination of these two processes can be seen in
olivine compositions from Zarechny volcano lava flow
(Fig. 8e). A crystallization trend is formed by only a part
of olivine cores; other cores deviate from the crystalliza-
tion trend and are probably controlled by diffusion with
Dni/Dgo = 0-75.

The examples shown in Fig. 8 alone cannot constrain
a diffusion trend formed by Ni-enriched olivine cores.
The point here is that the diffusion model for Ni-
enriched olivine crystals is demonstrated in the model
and also with other, more convincing datasets from nat-
ural occurrences, where diffusion-modified cores can
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Fig. 8. Fo-Ni diagrams for olivine compositions from lavas erupted in a subduction setting: (a) 7600 sp tuff ring on Shiveluch volcano
after (Gordeychik et al., 2018); (b) 3600 ep high-K basaltic dyke on Shiveluch volcano; (c) Bulochka and Novograblenov cones on the flank
of Klyuchevskoy volcano; (d) high-Mg picritic basalt from Avachinsky volcano; (e) lava flow from Zarechny volcano. In all diagrams, black
dots represent olivine core compositions and grey circles are olivine rims. The red lines show concave-down diffusion trends, calculated
from an analytical solution using the least-squares method. Grey lines indicate the concave-up crystallization trends.

be better distinguished from the ‘normal’ fractional
crystallization trend. Then, understanding what pro-
tracted diffusion does with Fo and Ni compositions of
olivine cores, individual outliers such as those in Fig. 8b
(and many other examples where such outliers have
been observed) can now be identified and be explained
by diffusion.

Despite slightly variable concavity of the diffusion
trends and variable slopes of crystallization trends, the
high-Ni trends and high-Ni outliers from crystallization
trends documented here show that the concave-down
trends formed by the olivine cores contrast sharply with
the direction and curvature of (rim) crystallization
trends. The concavity of the trend inferred for olivine
cores is low when values of Dyi/Dg, are close to unity
(0-86-0-98). In this case, the trends in the Fo—-Ni diagram
are inconclusive because, in principle, such a trend
could also form when mixing of crystal-free magmas is
considered, followed by nucleation and crystallization
of olivine (Straub et al., 2008; Gleeson & Gibson, 2019).
In the latter scenario, olivine crystallization after mixing
would result in series of steep trends shifted to lower Fo
at almost constant Ni composition. However, steep Fo-
Ni trends displaced to higher fayalite are not observed.

Given this constraint, simple continuous crystallization
from fayalite-rich and Ni-rich melt cannot explain the
observed trends in the Fo-Ni diagram (Fig. 8). We con-
clude that complete or partial Fo-Ni homogenization of
olivine cores through diffusion has occurred in all the
examples studied here.

Gordeychik et al. (2018) showed that Fo-Ni zoning
trends in the olivine cores from the 76008p Shiveluch
eruption were smoothed by diffusion to a variable ex-
tent. An example of complete Fo-Ni homogenization in
the core of an olivine from the basalt of the NE slope of
Shiveluch volcano is given in Fig. 9. The COMPO image
(Fig. 9a) shows a large (3 mm long) olivine with a homo-
geneous core in Fe-Mg and Ni (Fig. 9f-h). Element
maps for slower diffusing elements such as Ca, Al, and
Cr (Fig. 9c-e) show a variably triangular olivine core
(0-5 mm) that is not visible in Fe, Mg, or Ni maps. The
primary, triangle-shaped core and the surrounding oliv-
ine have therefore been completely homogenized in the
faster-diffusing elements.

Our data thus indicate that diffusion can dramatically
change the composition of olivine, not only at the rims
of crystals, but also inside their cores. Identifying the
complete history of olivine crystallization and diffusion,
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Fig. 9. (a) COMPO image of olivine crystal from a basaltic lava flow on the NE slope of the Shiveluch volcano. (b) Projections of a-,
b-, and c-axes of crystals shown in a stereographic lower hemisphere plot. (c-e) The core shows an irregular shape that is visible
only in element maps of low-diffusing Cr, Al, and Ca. (f-h) The core is completely homogeneous for fast-diffusing Ni, Fe and Mg.
Analytical methods for element mapping were as described by Gordeychik et al. (2018).

including their cores, may hold important clues about
their origin.

These examples also show that only rapidly ascend-
ing mafic magmas with short mixing-to-eruption time-
scales allow records of preservation of both
crystallization and diffusion, which can be distinguished
as complex patterns in the Fo—-Ni diagram. This is be-
cause preserving such patterns requires relatively rapid
crustal transfer from deep magmatic reservoirs where
mixing occurs between primitive and more evolved
magmas prior to eruption. If post-mixing storage or
magma transfer times at high temperature are pro-
tracted, initial compositional variations in Fo and even
Ni may be completed erased in olivine cores, in which
case this record can be lost completely.

Both rapid and protracted mixing-to-eruption time-
scales are shown in Fig. 10, where the ascent timescales
recorded by of olivine crystals is compared with their
homogenization time. The mixing-to-eruption time-
scales for these eruptions are extracted from literature
data (Costa & Dungan, 2005; Qian et al, 2010; Lynn
et al., 2017b; Gordeychik et al., 2018; Sundermeyer
et al., 2020) and considered here to represent an equiva-
lent integrated transfer time to the surface. The hom-
ogenization time is plotted as a function of temperature
using equation (14) for four characteristic sizes of oliv-
ine crystals, and for thermodynamic conditions relevant
to each eruption. For eruptions that preserved core Fo—
Ni variations (Shiveluch 76008p, Shiveluch 3600 z&r,
Klyuchevskoy high-Mg basalts), the recorded mixing to
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Fig. 10. Comparison of the mixing-to-eruption times determined from Fo-diffusion modelling of zoned olivine phenocrysts for dif-
ferent natural examples and homogenization times calculated here for olivine phenocrysts of various size. Colored symbols with
error bars indicate average ascent timescales and the average of the absolute deviations; the number of estimates in each example
is shown in the legend. Colored curves show the homogenization time calculated here [equation (14)] using Fo diffusion coefficient
defined by Chakraborty (2010) under compositional and thermodynamic conditions as documented in the corresponding papers
given in the legend. The four sets of curves correspond to olivine phenocrysts of different characteristic sizes from 0-03 to Tmm.

eruption time is shorter than, or comparable with, the
homogenization time of small olivine crystals. The
remaining eruptions preserve longer timescales compar-
able with the homogenization time of large olivine phe-
nocrysts. This situation can be likened to photographing
moving objects: if the exposure time is short compared
with the characteristic time of the object’s movement, a
clear picture will be obtained. In the case of short mixing-
to-eruption times, the Fo-Ni variations are conserved by
all crystals. If mixing-to-eruption times are long, Fo—-Ni
variations can be erased or distorted in most crystals de-
pending on their size, and only the largest crystals will
conserve the primary Fo-Ni distribution in their core. It
should be noted that the shortest mixing-to-eruption time
was observed for the 7600 sp Shiveluch phreatomagmatic
maar eruption, so complex Fo-Ni olivine trends and the
olivine phenocrysts with a strong zoning are most pro-
nounced and were not erased by diffusion in these rocks.
As for all considered natural examples, only olivine with
size Tmm and more can retain the primary Fo-Ni
distribution.

The rarity of such complex Fe, Mg and Ni zoning pat-
terns in most olivine cores may be due to relatively long
storage, magma migration and mixing timescales at
high temperatures to allow for preservation of recorded
compositional gradients. This implies that diffusion
processes can profoundly change olivine core composi-
tions and erase complex zoning patterns, and this may
be the rule rather than the exception. Only high ascent
rates and limited timescales of diffusion, as inferred for
our examples, can preserve primary core zoning pat-
terns in olivine.

Diffusion trends in olivine phenocrysts from
lamproites and kimberlites

Highly alkaline mafic magmas, such as lamproites and
kimberlites, are also inferred to ascend rapidly, driven
by early CO, degassing at depth. Complex Ni-enriched
compositional trends deviating from, but combined
with, predicted crystallization trends were also
described in olivine phenocrysts from lamproitic and
kimberlitic lavas, in agreement with our interpretations.
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Fig. 11. Fo-Ni diagrams for the olivine compositions in natural samples from non-subduction settings: (a) lamproitic lavas from
Orciatico, Italy (Prelevi¢ et al., 2013); (b) a kimberlite dyke from the Kangamiut region in West Greenland, with squares, triangles,
and circles marking different data sources (Arndt et al., 2006, 2010; Cordier et al., 2015) for the same sample material; (c)
Udachnaya-East kimberlite pipe from the Daldyn-Alakit province, Yakutia, northern Siberia, Russia (Kamenetsky et al., 2008, 2011);
(d) Vladimir Grib kimberlite pipe, Arkhangelsk Diamond Province, Russia (Sazonova et al., 2015; Kargin et al., 2017); (e) Limpeza-18
kimberlite, Alto Paranaiba Igneous Province, Brazil (Lim et al., 2018). Black circles show the concave-down diffusion trends formed
by olivine cores. Grey circles are olivine rim compositions that form steep trends of the final stage of crystallization from a host
melt. For (a) and (b), grey lines show the trend of the final crystallization stage after Prelevi¢ et al. (2013) and Cordier et al. (2015) re-
spectively. Red lines represent concave-down diffusion trends, calculated by an analytical solution using least squares.

Prelevi¢ et al. (2013) documented the concave-up
curvature of the crystallization trend in olivine crystals
from Orciatico, Italy (Fig. 11a) to contrast with the
near-linear trend formed by the olivine cores, which
can be approximated by a diffusion model with Dy;/
Dr, =0-97.

Figure 11b—e shows additional characteristic Fo—Ni
trends in olivine crystals for other examples: a kimber-
lite dike from the Kangamiut region, West Greenland
(Arndt et al., 2006, 2010; Cordier et al., 2015); the kim-
berlite pipe Udachnaya-East, Yakutia, Russia
(Kamenetsky et al., 2008, 2011); a garnet peridotite from
the Vladimir Grib kimberlite pipe, Arkhangelsk Diamond
Province, Russia (Sazonova et al., 2015; Kargin et al.,
2017); and the kimberlite pipe Limpeza 18, Alto
Paranaiba Igneous Province, Brazil (Lim et al., 2018). In
all these cases, the olivine cores form concave-down
trends that are in good agreement with diffusion trends.
Dni/Deo values derived from the models are lower (0-64,
0-54, 0-53 and 0-48) than the diffusion coefficients ratios
obtained above for olivine from subduction zones. The
absolute value of Dy;/Dr, probably depends on differen-
ces in P-T-fO, conditions for these different settings.

We conclude from these examples and our previous
reasoning that olivine phenocrysts from fast ascending
magmas—either in an arc setting or from intraplate set-
ting (kimberlites, lamproites)—can indeed record Fo-Ni
diffusion trends in their cores (Fig. 11a and d) that are
distinct from trends that may form on such cores as
overgrowths by fractional crystallization (Fig. 11b, c,
and e).

Our theoretical diffusion trends were obtained under
the assumption that changes in olivine composition are
minor. Despite the wide ranges in forsterite for
Shiveluch basalts (Fogy_g,), Klyuchevskoy and Zarechny
rocks (Foss_g0), and intraplate rocks (Fogs_o3), our mod-
els adequately describe the concave-down diffusion
trends arising in natural environments (Figs 8 and 11).

Coupled fractional crystallization and diffusion
processes

In natural olivine, diffusion and fractional crystallization
could potentially occur simultaneously or in sequence
in complex mixing-cooling—crystallization scenarios,
and this will govern the overall variation of olivine com-
positions. These processes would be particularly
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Fig. 12. Schematic diagram showing possible combinations of crystallization and diffusion trends (for explanation see text).

difficult to distinguish if magma mixing occurs at inter-
mediate stages of evolution with little compositional
contrast between mixing endmembers. In other cases,
diffusive equilibration or fractional crystallization could
occur in a closed system and without significant mixing.
The effects of these contrasting endmember processes
and combinations thereof on Fo-Ni trends are depicted
schematically in Fig. 12 and this forms the backbone of
our interpretations based on the natural examples. We
deliberately did not include possible processes other
than diffusion and crystallization (e.g. mixing or oxida-
tion) in Fig. 12. Such additional processes undoubtedly
can have effects, as discussed above. However, for the
sake of clarity in the presentation of the effects of diffu-
sion versus crystallization, these processes were
omitted.

Stage 1. Initial olivine cores all crystallize with similar
compositions from a high-Mg, high-Ni melt. This olivine
is then mixed into a low-Mg, low-Ni melt. Diffusion will
modify the olivine cores along the continuous red diffu-
sion trend in Fig. 12 until the olivine cores are partly or
fully equilibrated with a low-Mg, low-Ni melt.

Stage 2. After renewed mafic recharge new olivine
cores as well as rims on pre-existing older olivine cores
from Stage 1 crystallize with an intermediate compos-
ition after mixing. This growth occurs by fractional crys-
tallization during storage and/or ascent within a host
hybrid melt. Whatever the earlier diffusion history may
be, crystallization from the new hybrid host melt could
start at any time, at any intermediate composition,
which determines the point at which the fractional crys-
tallization path initiates (blue line in Fig. 12). The
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intersection between trends of diffusion and fractional
crystallization (Figs 8, 11, and 12) then can occur at dif-
ferent angles and for different Fo—Ni contents. The point
of intersection between the diffusion trend (red line)
and the crystallization trend (blue line) reflects the start-
ing composition of new olivine rims that will crystallize
from the hybrid melt on a range of older crystal cores
(green points on the red line).

Stage 3. At any stage new olivine phenocrysts
formed by fractional crystallization may again experi-
ence disequilibrium conditions with a more evolved
melt. If diffusion times are long, this results in displace-
ments from the crystallization trend to the left (dotted
red diffusion trends in Fig. 12) towards a new equilib-
rium (dashed red lines in Fig. 12). Such combined crys-
tallization—diffusion processes can explain the scatter to
the left from the crystallization trends that is often
observed in natural examples (Fig. 8d and e).

We conclude that combined diffusion and fractional
crystallization may occur in natural examples of olivine
phenocrysts and that these processes can be combined
in different ways, yielding a variety of patterns of olivine
distributions (Figs 8 and 11). For example, the absence
of stage 1 could yield zoning characteristics akin to oliv-
ine from Avachinsky volcano (Fig. 8d), or the absence of
stage 3 could yield a core and rim distribution similar to
olivine from Shiveluch (Fig. 8a). In the latter case, rims
record the composition of melt during fractional crystal-
lization (stage 2) and follow the blue line in Fig. 12. In
the absence of both diffusion stages (1 and 3), we will
observe only a simple trend of fractional crystallization.
In the presence of diffusion, older cores may be signifi-
cantly changed and may be observed next to younger
olivine populations that are later formed only by frac-
tional crystallization. Moreover, olivine cores can be
obtained both from a high-Mg, high-Ni melt (Fig. 12)
and from xenocrystic olivine that could be entrained
from disintegrated peridotite mantle rocks. Thus, under-
standing the nature and controls of the diffusion trend
and its contrast to the trend of fractional crystallization
allows us to better understand patterns of olivine Fo—Ni
distributions in mafic magmatic rocks and to recon-
struct their provenance and pre-eruptive histories.

CONCLUSIONS

This contribution presents the effects of protracted Fo
and Ni diffusion in the cores of olivine crystals after
being immersed in more evolved melt. It is shown that,
for an olivine population of a given sample at certain P-
T-fO, conditions, all crystals pass along approximately
the same Fo-Ni diffusion trajectory, which connects the
high-Fo and high-Ni olivine compositions to its equilib-
rium with more evolved melt. The study and analysis of
these diffusion trends allow the following conclusions.

(1) Natural olivine phenocrysts that were not fully
equilibrated and preserve a record of the diffusion his-
tory and diffusion trends suggest that Dy;i/Dr, should
generally be smaller than unity.

(2) For Dni/Deo <1, olivine cores define a diffusion
trend that has a concave-down curvature in the Fo-Ni
diagram, opposite to the concave-up crystallization
trend.

(3) The analytical considerations of the diffusion
equations show that different crystal habits and anisot-
ropy have little effect on the curvature of the diffusion
trends. The concave-down curvature of the diffusion
trend is mainly controlled by the diffusion coefficient
ratio Dni/Dro, Whereas the initial and final trend points
correspond to the initial composition of the olivine
cores and equilibrium values in the evolved melt,
respectively.

(4) Three-dimensional modelling for anisotropic dif-
fusion in the olivine crystals of realistic shape shows
that their diffusion trends lie between the diffusion
trends of the spherical model and the plane sheet
model; such behaviour of the calculated trends is in full
agreement with theoretical considerations.

(5) The analytical and numerical diffusion models
developed here yield Fo-Ni diffusion trends that are
very close to each other for a given Dyi/Dr, ratio.
Therefore, when investigating diffusion behaviour of
two elements with different diffusivities, the effect of
shape and anisotropy is smaller than uncertainties in
element diffusivities and can be neglected.

(6) The diffusion may obscure the geochemical infor-
mation about the origin and history of olivine crystals
for fast-diffusing elements (e.g. Fo and Ni). On the other
hand, the diffusion trends, when properly interpreted,
may provide information about the initial melt compos-
ition and the more evolved melt after the mixing pro-
cess. The curvature of the diffusion trend defines the
ratio of Fo and Ni diffusion coefficients, which itself
reflects the thermodynamics conditions during
diffusion.

(7) Recognizing the stark contrast between diffusion
and crystallization trends in Fo-Ni plots allows more
detailed and robust interpretations of the history and
evolution of magmas and their contained olivine
crystals.

(8) Information on the genesis of olivine, recorded in
Fo-Ni distributions of phenocrysts and in their zoned
profiles, is erased when the ascent time of the crystals
is longer than or comparable with their diffusion hom-
ogenization time. Fo—-Ni information can be stored only
if the ascent time is less than the diffusion homogeniza-
tion time of the crystals.
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