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Our current knowledge of the genesis, ascent, storage, and eruption of mafic magmas

is intimately linked with olivine, its primary crystal cargo. Recent claims that phenocryst-

size crystals can grow rapidly and non-concentrically are challenging our perception of

what olivine zoning represents (e.g., controlled by growth and/or diffusion), and whether

accurate magma crystallization and diffusion timescales can be retrieved. A series of

cooling experiments using a dry basalt was carried out in order to quantify the kinetics

of olivine growth as a function of the degree of undercooling, and to characterize

morphological changes occurring with time. After a 24 h equilibration step at 1290◦C

(10◦C above the olivine liquidus), experiments were rapidly cooled to final temperatures

T f = 1270, 1255, 1240, or 1220◦C (imposing undercoolings of −1T = 10, 25, 40,

and 60◦C, respectively). Growth rates estimated via 3D microtomography renderings

of experimental crystals attain 10−7 m/s, and are found to be almost an order of

magnitude higher than those calculated using 2D sections of the same experiments. We

show that mm-sized crystals similar to those found in natural Kı̄lauea samples can be

produced after a few hours under moderate undercooling conditions (25–60◦C). Growth

rates decrease faintly with time, accompanying transitions between skeletal/hopper and

more polyhedral morphologies. Growth rates generally increase until −1T = 40◦C, and

decrease slightly at −1T = 60◦C as rates of nucleation likely increase. The −1T = 40◦C

vicinity may therefore represent a thermal “sweet spot” for the formation of phenocrysts

in dry basalt. Olivine overgrowths on crystals that survived initial dissolution grow

slower than homogeneously nucleated crystals, illustrating how new and old crystals

in natural magmas likely respond differently to a thermal perturbation. We suggest that

the main growth direction of natural olivine (a- or c-axis) may be a sensitive function

of undercooling and the presence of a pre-existing growth substrate. Olivine grows

faster along the a-axis under moderate to high undercooling conditions, while preferred

development along the c-axis likely occurs under lower undercooling conditions and/or

as rims grow around existing crystals. The early history of skeletal olivine crystals

is controlled by diffusion in the melt (diffusion-controlled growth regime), while their

long-term compositional zoning history is mainly controlled by diffusive re-equilibration.

Keywords: olivine, growth rates, 3D morphology, diffusion, basalt

Frontiers in Earth Science | www.frontiersin.org 1 November 2019 | Volume 7 | Article 300

https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2019.00300
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/feart.2019.00300
http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2019.00300&domain=pdf&date_stamp=2019-11-15
https://www.frontiersin.org/articles/10.3389/feart.2019.00300/full
http://loop.frontiersin.org/people/779219/overview
http://loop.frontiersin.org/people/791560/overview
https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


Mourey and Shea Forming Olivine Phenocrysts in Basalt

INTRODUCTION: OVERVIEW OF OLIVINE
GROWTH RATES AND MORPHOLOGY

Olivine is a widespread mineral in ultramafic to intermediate

volcanic and igneous rocks (e.g., basalt to andesite, shoshonite,

komatiite, boninite, peridotite, or gabbro) representative of

various tectonic settings (Pearce and Cann, 1973). In primitive

ocean island basalt, for instance, olivine is the only crystallizing

phase and thus the main record for a number of given magmatic

processes (fractionation, magma mixing, magma degassing,

magma transport). Olivine is also common in extraterrestrial

rocks like on the Moon. In fact, the early history of lunar rocks is

inferred from the kinetics of solidification of the “magma ocean,”

where olivine was the first crystallizing phase (e.g., Isaacson et al.,

2011). Olivine is also a primary phase in Martian basalt, and its

composition yields key insights on the evolution of volcanism

on Mars (e.g., Ody et al., 2013). For petrologists working on

mafic magmas in terrestrial or extraterrestrial rocks, comparing

experimental and natural olivine morphologies is crucial in order

to retrieve the disequilibrium conditions and cooling history

during a magmatic event (First and Hammer, 2016).

The crystallization kinetics of olivine can provide quantitative

information about timescales of magma storage and

differentiation. The crystal size distribution (CSD) method,

where measured crystal dimensions are linked to duration based

on available growth rate estimates (e.g., Vinet and Higgins,

2010), is one example. Growth rates are usually assumed to

be lower in deep reservoirs where magmas crystallize close

to equilibrium, and higher during magma ascent and rapid

cooling (Armienti et al., 1994). Knowledge of growth rates is

also crucial to characterize the competition between growth

and diffusion kinetics under variable magma temperature

conditions. Applications of geospeedometry generally require

crystallization to be much faster than diffusion, meaning

that growth-induced compositional zoning can be effectively

discarded from diffusion models and timescale extraction

(Costa et al., 2008). Quantification of olivine growth rates is

therefore needed to discriminate between chemical zoning

resulting from growth vs. diffusion (Shea et al., 2015b). Diffusion

modeling is rapidly becoming a central theme for petrological

interpretations based on olivine compositions (Lynn et al.,

2017), and verifying underlying assumption about growth rates

is now imperative. Improving the accuracy of growth rate

and morphological development models for olivine could also

provide valuable information about the rate of entrapment of

olivine-hosted melt inclusions and their fidelity in preserving

original melt compositions (Faure et al., 2003, 2007). If growth

is fast compared to diffusive re-equilibration of elements in the

surrounding melt, boundary layers can form and compromise

the interpretation of melt inclusion compositions (Faure and

Schiano, 2005). Timescales for the formation of the boundary

layers therefore also require robust estimates of growth rates.

Much of our knowledge of the morphological development,

reaction rates, thermodynamics of crystallization in silicate melts

comes from early experimental work on lunar basalt (e.g.,

Lofgren et al., 1974; Walker et al., 1976). Donaldson (1976)

focused on the crystallization of olivine in lunar and other
basaltic–picritic–peridotitic rocks, showing that its morphology
depends primarily on the degree of undercooling (i.e.,
1T = Tliq−T; the time-independent thermodynamic driving
force expressed as the difference between the olivine liquidus
and the temperature considered). Four growth morphologies are
usually associated with different growth conditions (Donaldson,
1976): polyhedral, tabular, skeletal/hopper, and dendritic by order
of increasing growth rate. At relatively low −1T (∼10–40◦C),
olivine is well-faceted (“polyhedral”) morphologies, whereas
crystals grown at higher −1T (∼40–150◦C) exhibit hopper
cavities and/or skeletal to dendritic branching (Donaldson,
1976). Although transitions between different morphologies
are poorly constrained and may depend on melt composition,
polyhedral, tabular, and hopper morphologies are typically
representative of low undercooling (−1T < 60◦C) and
dendrites are formed at −1T > 60◦C (Faure et al., 2003). Thus,
undercooling controls olivine growth rate, and thereby the final
crystal morphology (Faure et al., 2003). The formation of hopper
olivine, a morphology prone to entrapment of melt inclusions,
has been notably associated with preferential faster growth along
the a-axis direction (e.g., Faure et al., 2003).

Because olivine phenocrysts usually exhibit polyhedral
morphologies in magmas, they are canonically viewed as having
grown slowly at low degrees of undercooling and in a concentric
“tree-ring” fashion (e.g., Clark et al., 1986). Thus, studies using
olivine to interpret magmatic processes have largely assumed
near-equilibrium conditions for phenocryst crystallization
and element partitioning (Pearce, 1984). The assumption
that polyhedral olivine grows slowly under near-equilibrium
conditions has been contested by Welsch et al. (2014), who
showed that even large polyhedral olivine phenocrysts can
preserve morphological remnants (e.g., stepped hopper cavities)
of an early rapid growth. They hypothesized that olivine
initially grows rapidly, forming a skeletal olivine framework
that is progressively infilled as undercooling and growth rates
decrease. Experimental studies have also demonstrated that
mineral growth rates also depend on the delay in nucleation (cf.
Hammer, 2008 and references therein). The delay in nucleation
increases with lower undercooling or lower olivine content
(Donaldson, 1979), and nucleation controls growth rate by
forcing distribution of the crystalizing mass around few or
numerous crystals – i.e., lower nucleation density corresponding
to higher growth rate (e.g., Swanson, 1977).

Despite being one of the most studied minerals, the
growth rate of olivine is poorly constrained. Early estimates of
growth rates relevant to the development of skeletal crystals
based on a diffusion-limited aggregation model (Fowler et al.,
1989), diffusion coefficients measurements (Donaldson, 1975),
or apparent size distribution density (Armienti et al., 1991)
all hovered around ∼10−9 m/s. A more thorough, systematic
quantification of growth rates as a function of undercooling was
carried out by Jambon et al. (1992), who crystallized olivine
within feldspar melt inclusions in a tholeiite basalt. Despite the
clever experimental setup designed to avoid olivine crystallization
on melt inclusion walls, the small size of olivine crystals formed
(≤50 µm), coupled with difficulties in estimating the dimensions
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of complex 3D skeletal crystals in a 2D section, imply substantial
uncertainty in the growth-rate data. Their results showed that
lower growth rates (10−10–10−9 m/s) yielded polyhedral crystals
at −1T = 15–35◦C, whereas higher growth rates (∼10−8–
10−7 m/s) produce skeletal morphologies at −1T = 56–150◦C.
Melt inclusion migration experiments performed at very low
undercoolings also yielded very slow olivine growth rates around
10−9 m/s (Schiano et al., 2006). These two studies are currently
the only available sources for olivine growth-rate vs. undercooling
data for natural magma compositions.

Growth-rate experiments addressing the complexities of
3D morphologies in a natural basalt using new imaging
techniques are thus urgently needed. In order to quantify
the preferred interfacial direction of growth, the evolution of
these 3D morphologies need to be considered as a function of
undercooling. This study focuses on the effects of undercooling
and time on olivine growth rate, after a small-to-moderate
temperature perturbation (10–60◦C), using a 3D quantitative
approach. The 3D textural attributes of olivine yield new insights
on the undercooling required for phenocryst crystallization,
their growth rates, the origin of skeletal olivine in mafic rocks,
the evolution of olivine morphologies and its framework as
a function of undercooling and time. We also discuss the
implications of these results for discriminating growth vs.
diffusion induced zoning.

MATERIALS AND METHODS

Experimental Protocol
A natural parental Kı̄lauea tholeiitic composition (see
Supplementary Table B for chemical composition) was
used as starting material for our crystallization experiments,
partly because Hawaiian basalts have played a central role in
our understanding of the formation and evolution of mafic
magmas (Garcia, 2015). This composition also has the advantage
of replicating complexities that exist in natural systems (e.g., all
major, minor, and trace elements present), while avoiding the
effects of crystallization of other mineral phases (e.g., Clague
et al., 1995; Garcia and Hulsebosch, 1995; Herzberg, 2011). Phase
equilibria of Hawaiian tholeiitic magmas show that olivine is the
only crystallizing phase for >100◦C below the liquidus (Wright,
1971), which is also consistent with MELTS models at 1-atm
and a range of fO2 (Figure 1A). Oxygen fugacity conditions are
relatively well constrained for Kı̄lauea magmas within ∼1 order
of magnitude in log(fO2) (Rhodes and Vollinger, 2005; Helz
et al., 2017). The low viscosity of tholeiitic basalts also has the
benefit of reducing kinetic delays for melting and crystallization.
The starting material consists in glassy, weakly olivine-phyric
(<4 vol.%) pyroclasts from the 1820 CE eruption at Kı̄lauea
with a relatively primitive bulk composition (11.4 wt.% MgO,
with an equilibrium olivine composition Fo85.5) (Garcia et al.,
2003). Olivine crystals >500 µmwere removed from the starting
powder in order to reduce variations in starting composition
induced by the presence of large phenocrysts between different
experiments. One olivine phenocryst “seed” (∼0.5–1 mm) from
the 1820 CE powder with typical core composition Fo87−89

(Lynn et al., 2017) was added to every experiment to test
for the potential effect of overgrowth on calculated olivine
growth rates. Each experiment consists in two duplicate ∼5 mm
diameter beads of starting material glued with polyvinyl alcohol
around rhenium wire loops. Using rhenium largely circumvents
problems of Fe, Ni, and Co loss to precious metals (e.g., Borisov
and Jones, 1999; Filiberto et al., 2010). EDS analyses of rhenium
wires after experimental runs yield barely detectable (<0.1 wt.%)
Fe, Ni, or Co. Having a duplicate for each experiment meant
that one could be used for 3D measurements, while the other
could be sectioned and (1) analyzed for glass compositions,
and (2) measured for 2D growth rates (see below). The two Re
wires holding the charges were attached to a hanger so as to
be side-by-side, and then hung on a 0.38 mm “zap” platinum
wire, within in a 1-atm CO2 – H2 gas-mixing furnace with fO2

control. One-atmosphere experiments are appropriate for the
study of Hawaiian tholeiite magmas, which typically crystallize
at low pressure (0.05–0.2 GPa; Wright and Klein, 2014) and are
H2O-poor (∼0.1–0.5 wt.%; Wallace and Anderson, 1998). The
olivine liquidus temperature (Tliq = 1280 ± 3◦C) was defined
by carrying out equilibrium experiments (see Supplementary

Material for details), and tallies well with the value predicted by
MELTS (1282◦C) for this composition.

The starting material was annealed for ∼24 h at Ti = 1290◦C,
about 10◦C above the olivine liquidus (Figure 1B) to ensure
dissolution of any finely crushed residual olivine and formation
of pure melt plus the added larger olivine seed. After annealing,
samples were cooled in a 2–4 min single step to the final
temperature Tf = 1270, 1255, 1240, or 1220◦C (imposing
−1T = 10, 25, 40, and 60◦C respectively, Figure 1B) for
isothermal experiments. This range in undercooling was chosen
to (1) promote a range in olivine growth rates (Jambon et al.,
1992; Faure et al., 2003), and (2) be applicable to common
processes such as magma mixing, where a somewhat abrupt
change in temperature might occur between a recharge and
a resident magma (e.g., Lynn et al., 2017). In this sense, our
experiments are well-suited for the quantification of growth
rate and for scenarios of rapid temperature changes, but are
not meant to reproduce more continuous cooling conditions
occurring in natural magma. Run durations between 20 min and
4 days were selected to resolve the early stages of growth and
the beginning of crystal maturation. An additional experiment
(Ti = 1290◦C, Tf = 1220◦C) was quenched at the end of the
4 min-long rapid cooling step and lacked newly formed olivine
entirely. Mg X-ray maps acquired within a sample quenched after
24 h at the initial conditions (1290◦C) confirmed the absence
of localized magnesium heterogeneities that could influence
subsequent growth of olivine (see Supplementary Figure S2).

It should be noted that aside from differences in experimental
volumes and techniques used to estimate growth rates, the
experimental strategy employed herein differs from that of
Jambon et al. (1992) in one major respect: they used closed melt
inclusions as experimental vessels for olivine crystallization in
order to isolate the process of growth from that of nucleation,
while our olivine is allowed to grow “freely” in a much larger
volume of melt. This strategy allowed them to explore growth
even at high degrees of undercooling (−1T = 150◦C), a region
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FIGURE 1 | (A) Temperature-fO2 phase equilibria diagram calculated from MELTS using the Kı̄lauea 1820CE bulk composition at 1 atm (modified from Shea et al.,

2019). Gray region shows the range in fO2 imposed in the experiments. (B) Proposed experimental strategy, with initial superliquidus anneal periods (red stars over

the olivine-in curve, numbers indicate the number of experiments for each anneal time). Anneals were followed by rapid cooling to final conditions (black circles) at

T = 1220, 1240, 1255, or 1270◦C, and left for dwell times 20 min – 4 days. Yellow dots are experimental quenches at given T–t conditions (27 runs total).

where nucleation rates could otherwise have an important
effect in on crystal sizes (e.g., Waters and Lange, 2013). In
our experiments, both nucleation and growth contribute to
producing the final crystal population, with the disadvantage that
separating the two becomes difficult, but with the key advantage
of being directly applicable to natural crystallizing magmas where
nucleation is uninhibited.

Analytical Methods
Major and minor element composition (Si, Ti, Al, Fe, Mn, Mg,
Ca, Na, K, P) of the experimental glasses were determined using
a JEOL JXA-8500F Hyperprobe with five wavelength-dispersive
spectrometers at the University of Hawai‘i. Glasses were analyzed
using an accelerating voltage of 15 kV, a probe current of 10–
20 nA, with a defocused 10–15 µm beam. Peak counting time
was 40 s for each element. A99 basalt glass (USNM 113498/1)
and VG2 was used for Si, Al, Fe, Mg, Ca, K-Orthoclase (OR-1)
for K, Sphene glass for Ti, Durango F-Apatite for P, and Verma
Garnet for Mn. Relative precision (2σ) based on repeat analysis
of standards is better than 1% for Si, Ti, Al, Fe, Mg, Ca, 1.5% for
Mn, about 4% for Na, 20% for K, and 40% for P. Accuracy is<1%
for Si, Al, Mg, Ca, Na, K, about 2% for Ti, Fe, P, and 5% for Mn.

Textural Analyses
Measuring the dimensions of crystals on a 2D section is
problematic due to intersection effects. Sectioning even a single
crystal of a given size and morphology can cause substantial
variability in section dimensions (Shea et al., 2015a). As a result,
tracking the transient growth of crystals with potentially complex
morphologies in 2D likely leads to significant added uncertainty.
To circumvent these issues, a full, high-resolution 3D textural
characterization was performed at the X-ray UTCT facility hosted
at the University of Texas. For each experiment, 2D growth rates
were also estimated from measured exposed crystal areas and
compared with 3D measurements.

Three-dimensional analyses on seven experimental charges
embedded in resin were performed using a Xradia microXCT
Scanner. The samples were rotated and imaged between a
standard cone-beam micro-CT (Feldkamp et al., 1984; Turbell,
2001) and a X-ray detector. The detector-sample distance was
fixed at 35.5 mm for all scans, yielding a voxel size of 3.43 µm.
The analytical challenge consisted in resolving the low density
contrast between olivine and surrounding glass. A relatively
low mean X-ray energy of 70 kV helped distinguish the glass
from the crystals. Reconstruction parameters were optimized to
reduce beam-hardening artifacts (see Supplementary Table C).
The duration of one individual scan varies from 3 to 9 h
depending on the resolution and the magnification. After the
post-reconstruction phase, the contrast of all slices was improved
using the ImageJ software. All image stacks combined were
then imported in AvizoTM for manual segmentation and volume
rendering. Minor smoothing was applied to minimize jagged
edges. Comparison of 3D images of skeletal crystals with
a 2D section from the same crystal allowed us to quickly
establish and verify clear connections between crystals that
appear disconnected on a 2D section. Most olivine crystals (i.e.,
those that appeared through at least a few slices and therefore
with sizes >10–20 µm) were well resolved in the 3D renderings.
Higher resolution BSE images collected using the microprobe
helped confirm that the 3D renderings were not missing large
populations of small crystals. Growth rates were calculated in
three ways: “2D” and “3D” growth rates were obtained by
dividing the dimension of the longest of the three axes (a, b,
or c) by the experimental time. “Chemically”-calculated growth
rates were determined from mass-balance using initial and final
glass MgO contents (with the initial MgO content equal to
11.35 wt.% and the final glass composition corresponding to
the composition at the end of the experiment; the fraction
of olivine and the growth rates are then derived from the
difference of magnesium content; see Supplementary Material
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for details). In essence, these values provide theoretical maximum
attainable growth rates.

RESULTS AND INTERPRETATIONS

Textural and Morphological
Characteristics
Olivine is the only crystallizing phase in the experimental
charges. The total olivine content estimated by mass-balance
calculation shows that olivine crystallization occurs as a two-
step process, with a high crystallization rate phase followed
by a low crystallization rate “plateau” where additional
crystallization is minimal (Figure 2 and calculations available
in the Supplementary Material). This evolution is typical of
a rapid response to disequilibrium, and slower attainment of
an equilibrium state (Avrami, 1939; Johnson and Mehl, 1939;
Kirkpatrick, 1981). A near equilibrium crystal content is reached
after∼3 h for a−1T = 60◦C,∼6 h for a−1T = 40◦C, and∼12 h
for a −1T = 25◦C, consistent with an undercooling dependence
of crystallization rates. Higher degrees of undercooling result
in higher crystal content, reflecting a larger disequilibrium.
The rapid increase in crystallization rates is well observed at
−1T = 60 and 40◦C, but becomes slightly delayed at 25◦C, and
significantly delayed at 10◦C. Run products contain phenocryst-
size olivine with various two-dimensional morphologies. Single

FIGURE 2 | Percentage of olivine crystallized vs. time after reaching the final

isotherm (hours). Olivine volume fraction is obtained by mass-balance from

the MgO content measured in the glass before and after crystallization (see

Supplementary Material for details). Each point represents the average of

three to eight electron microprobe spots per experiment, typically five to six

spots. Error bars show the 2σ variation in the analysis. Global trends for each

temperature were calculated from the Avrami equation ϕx = 1 – exp(–kv IG3t4)

with ϕx the crystal volume fraction, I the crystal nucleation rate, G the crystal

growth rate, t the time, and assuming a volumetric factor kv = 4π/3 for

spherical crystals. No attempt was made to utilize growth or nucleation rates

from the experiments to calculate these curves. Instead, parameters (see

Supplementary Table E) were chosen to best fit the data, to provide

first-order predictions of the topology of crystallization rates.

crystals are randomly oriented in all runs. Olivine from the
−1T = 60◦C and −1T = 40◦C series generally exhibit skeletal
crystals (Figures 3C–H) and the −1T = 25◦C series reflects
a transition between hopper/skeletal and polyhedral habits
(Figures 3A,B). True dendritic crystals – defined here as a
branch-like habit with no apparent overall faceted form –
are not produced in any of the runs. Short runs at high
undercooling reflecting the initiation of growth (Figures 3C–G)
show more acicular and smaller crystals. Longer experiments
(>6 h, Figures 4A,D) display a high density of >1 mm
crystals (see variation of the crystal size in Table 1), with the
appearance of growth sub-units or “buds” (e.g., Welsch et al.,
2013) (Figure 4A). Short experiments with −1T = 40–60◦C
(Figures 4B,C,E) grow preferentially along the a-axis direction.
The lack of preferential growth with small undercooling (e.g.,
−1T = 25◦C runs, Figures 3A,B) suggests that growth along a
preferential direction increases with the undercooling. Primary
olivine branches form rapidly (<0.5 h for −1T = 40–60◦C)
after reaching the final temperature (Figure 3G), and an outer,
faceted shell forms after a few minutes to a few hours depending
on the degree of undercooling (Figures 3C–G). After typically
a few hours, skeletal olivine (Figures 3D–H) display secondary
branches that often track the outer shell interfacial directions,
and which connect the primary branches. These secondary
branches progressively fill the crystals and lead to partial or
complete entrapment of open and closed hour-glass inclusions
(Figures 3D,E).

Growth Rates
Growth rates are first presented by examining crystal sizes
obtained from 3D µCT renderings of the −1T = 40–60◦C runs.
Measurements of the olivine were performed considering the
edges of the crystals, and not with the maximum elongation of
the primary branches. The error associated with this assumption
reaches 10% for the fastest calculated growth rates, but is <5%
for the lowest calculated growth rates. The maximum crystal size,
observed systematically along the a-axis, increases slightly with
time for all runs, although there is significant overlap between
the different runs (Figure 5B). Values range between 120 µm for
short runs (e.g., 1.5 h at −1T = 60◦C) and 1400 µm for the
longest run analyzed (18 h at −1T = 60◦C). In −1T = 60◦C
runs, olivine crystals display a linear increase in the average a-/b-
axis ratio during the first 6 h (Figure 5B) from a/b = 4 after 1.5 h
to 7 after 6 h (Figure 5A). Then, the subsequent decrease of the a-
/b-axis ratio can be interpreted by maturation of crystals through
growth along the b-axis. A more gradual increase of the a-/b-
axis ratio is observed for −1T = 40◦C runs. The a-/b-axis ratio
increases with time (3–6 for t = 1.5 h runs and between 2 and 15
for t = 18 h runs). This ratio is more variable for the−1T = 60◦C
runs compared to the −1T = 40◦C runs. The same general trend
is observed for the a-/c-axis ratio, with less departure from the
main positive trend (c.f. Supplementary Table D). The highest
values of the a-/b-axis ratio correspond to early skeletal crystals
which are growing under high disequilibrium conditions with the
melt. Smaller crystals that likely nucleated later during the run
and larger, more mature crystals both have lower a-/c-axis and
a-/b-axis ratios, likely reflecting a lower degree of undercooling.
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FIGURE 3 | BSE images of experimental olivine at different times and temperatures showing processes of growth and ripening. Panels (A,C,G) and (B,D,H) display

shorter and longer experimental durations for each undercooling, respectively. Sections elongated along the c-axis in panels (C,D,G,H) are commonly observed in

2D. However, 3D scans reveal that true elongation is most often along the a-axis, illustrating how sectioning effects can influence measured growth rates. Panels (E)

and (F) are examples of two overgrown seeds in the same charge at –1T = 40◦C, 48 h, showing how seed size has a strong influence on growth rate and

morphology along a given direction.
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FIGURE 4 | Volume rendering of experimental olivine at different times and temperatures. (A) Crystals from an experiment at −1T = 60◦C, 18 h; (B) Experiment at

−1T = 60◦C, 6 h; (C) Experiment at −1T = 60◦C, 3 h; (D) Experiment at −1T = 40◦C, 6.5 h; (E) Experiment at −1T = 40◦C, 1.5 h; (F,G) Microscope and

secondary electron image showing hourglass melt inclusions (m.i.) and the well-faceted morphology of a crystal from the 1820CE eruption of Kı̄lauea volcano that is

also elongated along the a-axis.

Maturation along the b-axis starts after 6.5 h and 18 h for
a −1T = 40 and 60◦C, respectively (Figure 5B), meaning
that lowering of the degree of undercooling or disequilibrium
has a key role for maturation. A similar evolution is observed
along the c-axis (c.f. Supplementary Table D). Maturation
along the b-axis is faster close to the liquidus temperature.
The consequence is that the volume of trapped glass inclusions
globally increases with undercooling, and is also proportional
to the size of the crystals (inclusions vary from 10−4 mm3 for

a 400-µm olivine to 5 × 10−3 mm3 for a 1100-µm olivine
crystal). The olivine maturation process is more obvious when
the crystal size exceeds 700 µm. Compared to experimental
runs at −1T = 40–60◦C, most of the natural olivine crystals
(skeletal, polyhedral, and budded crystals) from the 1820CE
eruption of Kı̄lauea volcano have lower a-/b-axis ratios between
0.5 and 5. Extrapolation of our growth model to these natural
crystals would indicate protracted maturation over timescales
greater than 18 h.
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TABLE 1 | Average length of experimental crystals measured in 3D (n = number of crystals measured) along the three crystallographic axes a, b, and c.

−1T (◦C) t (h) n Axis length (±10 µm) mean G (m/s) max G (m/s)

a-axis b-axis c-axis

60 1.5 8 127–321 39–72 87–197 4.0 · 10−8 5.9 · 10−8

60 3 12 310–674 65–108 93–244 4.6 · 10−8 6.2 · 10−8

60 6 13 381–1137 67–161 140–419 3.1 · 10−8 5.3 · 10−8

60 18 23 348–1387 64–187 112–420 1.3 · 10−8 2.1 · 10−8

40 1.5 7 277–641 100–120 137–222 8.0 · 10−8 1.2 · 10−7

40 3 5 587–817 60–144 203–276 6.4 · 10−8 7.6 · 10−8

40 6.5 10 658–1289 97–391 274–652 3.9 · 10−8 5.5 · 10−8

Growth rate values are given both as averages of all the measurement along the longest axis in 3D for each charge, as well as maxima.

The calculated volume of all experimental and natural olivine
follows the same power law when considering the three axes
independently (Figure 5C). The volume of olivine crystals
increases with time, with values barely attaining the range
measured for natural olivine (0.1–4 mm3) for the longest runs
(6.5 h at −1T = 40◦C or 18 h at −1T = 60◦C). Crystal
>0.1 mm3 are especially scattered around these main trends for
the a-axis. The threshold at 0.1 mm3 marked the transition from
a crystallization regime during the first hours to a crystallization
and maturation regime.

Growth rates, estimated from 3D renderings andMgO content
of experimental charges, slowly decrease with time, with the
shortest run time associated with the highest values around
10−7 m/s (Figure 6). Longest experiments thus yield the lowest
values for growth rates. This temporal decrease in growth rate
may be in part associated with integration of size data over
longer experimental durations (e.g., Hammer, 2008; Brugger and
Hammer, 2010). This integration effect may be deconvoluted
by computing the growth rate as the change in crystal size
between two successive experiments with different durations (i.e.,
rather than integrating the final size over the total duration)
(see Supplementary Table B). Both calculation methods display
a decrease in growth rate with time, though the effect of time
integration becomes important after 3 h.

Two dimensional estimations of growth rates are consistent
with previous values from Jambon et al. (1992). Both 3D
measurements and MgO chemistry-obtained growth rates are
within the same order of magnitude ∼10−8–10−7 m/s for a
−1T = 40–60◦C (Figure 6). The 3D values are one order of
magnitude higher than those from Jambon et al. (1992) for
−1T = 40◦C runs, and within the same order of magnitude
for −1T = 60◦C. The major difference in the present dataset
is the decrease of growth rate with undercooling from 40 to
60◦C undercooling. This decrease is likely due to the transition
from growth-controlled crystallization to nucleation-controlled
crystallization. This competition between nucleation and growth
rates is inferred to commonly lead to fewer, larger crystals
at low undercooling and numerous smaller crystals at high
undercooling (e.g., Waters and Lange, 2013). The trade-off
between how a crystallizing mass is distributed around fewer
or more numerous crystals is well known and described by
the Avrami equation (1939). Nucleation rate calculated from

this equation using the 3D-measured growth rates and crystal
fractions is about 105 olivine/m3 at −1T = 40◦C and 106

olivine/m3 at −1T = 60◦C, consistent with a shift toward
undercooling values where nucleation becomes influential.

In some experiments it was possible to measure the 2D size
of overgrown crystal seeds. Compared to 2D data from crystals
that nucleated homogeneously in the charge, seed overgrowths
generally yield lower growth rates. Values hover around 10−10–
10−9 m/s at −1T = 25◦C, 10−10–10−8 m/s at −1T = 40◦C and
10−9–10−8 m/s at −1T = 60◦C, about one order of magnitude
lower at −1T = 25◦C, and comparable to newly formed crystals
at −1T = 40–60◦C.

DISCUSSION

The results presented above provide us with important cons-
traints on growth rate of olivine as a function of time and
undercooling. They highlight the relatively rapid growth kinetics
of olivine in dry tholeiitic basalt, the comparatively slower
process of maturing to larger phenocrysts, and importance of
considering 3D morphology for growth rate calculations. The
next sections examine the implications of these results in the
context of (1) natural phenocryst growth, (2) growthmechanisms
and element partitioning, and (3) the link between the presence
of skeletal crystals in basalt magma andmagmamixing processes.
Subsequently, (4) a new development model for olivine is
proposed, (5) the controversy surrounding the competition
between growth and diffusion and its influence on compositional
zoning is discussed in light of newly obtained growth rates, and
(6) the applicability of the results to other basalts.

Growth of Olivine Phenocrysts in Natural
Magmas
Our experiments show that phenocryst-size olivine frameworks
can be formed in 1–2 h. Previous growth rate estimates
(Donaldson, 1975; Armienti et al., 1991; Jambon et al., 1992;
Wallace andAnderson, 1998; Ni et al., 2014) implied formation of
mm-sized olivine crystals would take at least tens of days (Wallace
and Anderson, 1998) or even tens of years (Mangan, 1990). The
morphology of experimental crystals matches that of natural
crystals (e.g., the 1820CE Kı̄lauea olivine), with a tendency to be
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FIGURE 5 | Continued

elongate along the a-axis and contain large hourglass inclusions.
Crystal buds observed in natural olivine (e.g., Welsch et al.,
2013) also form in the longer experimental charges. The broad

FIGURE 5 | 3D measurements of the a- and b-axis dimensions of

experimental olivine for 40 and 60◦C of undercooling, illustrating processes of

crystal growth and maturation. (A) a-/b-axis ratio vs. time after reaching

isotherm; number of crystals n = 78. (B) a-/b-axis ratio vs. length of the a-axis

for different run durations with 40 and 60◦C undercooling. Experimental olivine

is compared to natural olivine of different sizes from the 1820CE Kı̄lauea

eruption. Natural macrocrysts were photographed with a stereomicroscope in

the three directions for axis length measurements. Green arrows extrapolate

this ratio that could be interpreted as an evolution of the degree of maturation

along the b-axis, typically occurring after a few hours and for crystals longer

than 700 microns. A roughly similar linear trend in (B) marks the main

trajectory of growth before significant maturation occurs. Error bars: gray lines

correspond to the standard deviation and the measurement error on each axis

was estimated at 10 microns for experimental charges. (C) Volume of

experimental and natural olivine (in log unit) vs. length of the a-, b-, and c-axis.

The maturation along the b- and c-axis reduces the crystallization along the

a-axis and explains the lower best fit residual for the a-axis (R2 = 0.7).

range in crystal sizes in longer experiments may be related to
differences in the timing of nucleation (smaller crystals nucleate
later), and/or controlled by the competition of crystals for olivine
component from the melt (crystals able to grow quicker were
less impeded by other crystals). The crystal size-experimental
duration relationships indicate that for undercoolings between
25 and 60◦C, the induction time for crystallization is <3 h
(<20 min for a −1T = 60◦C). Such small induction times
imply that there is no significant barrier to crystal nucleation
at the beginning of our experiments. This rapid nucleation
process for moderate-to-high undercooling likely diminishes
greatly after the first generation of olivine forms. Also, at equal
analytical resolution, the 40 and 60◦C undercooling experiments
have notable differences in the number density of crystals,
with the 60◦C runs showing more individuals. The notable
decrease in 3D-derived growth rates from −1T = 40–60◦C
is associated with an increasing influence of nucleation on
how the crystallizing mass is distributed. The undercooling
region around 40◦C can therefore be regarded as a sweet-
spot for the formation of phenocrysts: growth rates are near
their maxima, while nucleation rates are still low. The limited
number of undercooling values examined herein precludes a
precise resolution of this region, and future experiments are
needed to fully demonstrate the decreasing trend in growth
rates at high 1T.

Knowledge of the pre-eruptive history of the magma and
the control over the presence or absence of nuclei at the
beginning of the experiments is essential to make an analogy
between experiments and natural mafic rocks (Faure et al.,
2003). Natural basaltic rocks usually display large variation of
olivine textures with skeletal and more mature olivine cargo
(e.g., Milman-Barris et al., 2008), where both olivine dissolution
and crystallization processes may be involved. Like pre-existing
olivine in a magma chamber, seeds introduced in the experiments
can undergo dissolution and rim growth, therefore allowing
the influence of pre-existing substrate on growth rates. Growth
rate values obtained for overgrowth rims are much lower
compared to those of crystals that nucleated homogeneously in
the charge (Figure 6), suggesting that the presence of a pre-
existing surface is an important parameter for growth kinetics.

Frontiers in Earth Science | www.frontiersin.org 9 November 2019 | Volume 7 | Article 300

https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


Mourey and Shea Forming Olivine Phenocrysts in Basalt

FIGURE 6 | Growth rate (m/s) vs. undercooling (◦C). 2D estimates from this and other studies (e.g., Armienti et al., 1991; Jambon et al., 1992) are compared with 3D

data along with values calculated from mass-balance. The latter are obtained by calculating the dimensions of a single crystal representing all the crystallized mass

within an experiment, and are thus theoretical maxima. Error bars for the 3D data coincide with the minimum and maximum calculated growth rate for crystals of

different sizes.

The crystallizing mass is distributed around a larger surface
during rim overgrowth, resulting in lower values of growth rates.
Seed overgrowth often occurs more isotropically, lacking the
strong preferential growth direction observed in homogeneously
nucleated crystals. Compared to newly formed crystals, rims are
by definition exposed to a greater surface area of melt, meaning
that olivine-forming components are more readily available
and less easily locally depleted. At medium undercooling, the
growth of primary branches is hence less favored for overgrown
olivine than for olivine grown after homogeneous nucleation.
Extrapolation of these results to natural magma reservoir systems
suggests that old crystallized olivine subject to thermal and
chemical disequilibrium do not grow at the same rates as new
olivine crystals. The same thermal history in amagmatic chamber
can thus lead to a large variation of growth rates for old and new
cargo undergoing homogeneous nucleation or rim overgrowth.
This variation could explain the low calculated growth rates
based on bulk olivine cargo with crystal population density data
(Armienti et al., 1991).

Growth Mechanisms and Consequences
for Element Partitioning in Olivine
The transition from polyhedral to skeletal olivine was explained
by Faure et al. (2007) as an excess of chemical supersaturation
at olivine corners associated with stronger local disequilibrium

(Berg, 1938), thereby promoting preferential growth along
diagonal branches. Protuberances on crystal corners pierce
through the regions that are least depleted in olivine-forming
components (boundary layers) to create elongated crystals
(Hammer, 2008). The increase in disequilibrium at moderate
undercooling has been associated with the development of a
layer-spreading nucleation mechanism (Faure et al., 2007). For
medium undercooling values investigated in our experiments
(25–60◦C), spiral growth and layer-by-layer growth are often
cited as dominant mechanisms for interface reaction (Ni et al.,
2014). The hopper/skeletal morphologies instead suggest that the
growth rate was primarily limited by chemical diffusion (Ni et al.,
2014) with the formation of chemical gradients at crystal–liquid
interfaces (Figure 7 and Faure and Schiano, 2005).

Under the diffusion-controlled growth regime, the high
growth rates extracted from our experiments also bear important
consequences for element partitioning in olivine. Elements that
are either highly compatible (Mg, Ni) or incompatible (Al, P) in
olivine will be rapidly depleted or enriched in boundary layers
(Figures 7, 8, Milman-Barris et al., 2008; Shea et al., 2015b),
causing depletion or enrichment in the crystal compared to
equilibrium concentrations (Lasaga, 1982; Watson and Müller,
2009). In one experiment, the presence of boundary layers in
Mg during diffusion-controlled growth caused the Kd to attain
fairly low values 0.27–0.28 (equilibrium Kd values range between
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FIGURE 7 | Chemical maps of magnesium (A) and iron (B) of a skeletal olivine

that crystallized in 20 min, subject to 60◦C of undercooling. The presence of

wide boundary layers at the crystal–liquid interface suggests that

crystallization occurred under the diffusion-controlled growth regime.

0.3 and 0.345, Roeder and Emslie, 1970; Matzen et al., 2011)
mostly due to lowering of the Mg partition coefficient DMg

(Figure 8). Rapid growth may therefore impact our ability to
discern equilibrium vs. disequilibrium in a basalt assemblage.
Shea et al. (2015b) andWatson et al. (2015) calculated that growth
rates approaching 10−7 m/s were needed to explain two- to
threefold enrichments of trace elements like P or Al. A major
issue with the boundary layer model as proposed previously
was that high undercoolings that may be difficult to achieve
in natural systems (e.g., −1T = 110◦C) were needed to raise
growth rates to levels that induced enough enrichment in these
elements (Jambon et al., 1992). The present results show that
growth rates estimated from 3D can attain these values without
necessitating extreme undercooling conditions. A companion
paper based on the same experiments (Shea et al., 2019) fully
explores the consequences of rapid growth for P and Al, and
shows that the boundary layer enrichment model works for
certain elements like Al but not for P. Regardless of the peculiar
behavior of P, the concentration of other elements is clearly
affected by disequilibrium caused by rapid growth, which may
even affect Fe–Mg contents in olivine (Figure 7). Our results
relax the requirement for unrealistically large undercooling and
may pave to way to better understanding the extent to which
olivine major and trace element compositions can be controlled
by disequilibrium processes.

Origin of Skeletal Crystals
Previous experimental studies focusing on the formation of
spinifex and dendritic olivine have shown that preferential
elongation of olivine occurs either at low cooling rate of 1–5◦C/h
under a thermal gradient (spinifex, Faure et al., 2006) or at high
cooling rates of 1639–2182◦C/h (dendritic, Faure et al., 2007).
The formation of dendritic olivine has also been explained as
a competition mechanism between the growth of dendrites and
the growth of the parental hopper crystals (Faure et al., 2003).
Skeletal olivine morphologies with “stair-like” hopper cavities
and elongated open glass inclusions parallel to the (010) and
(021) faces form at moderate–high cooling rates (Faure et al.,
2007) but the major parameter controlling the morphology is
the undercooling (Faure et al., 2003). The formation of glass
inclusions in phenocryst-sized skeletal olivine is experimentally
enhanced by applying several cooling–heating cycles (Faure and
Schiano, 2005). These results suggested that glass inclusions in
natural olivine could form during cycles of magma convection
(Colin et al., 2012). However, experiments from Ni et al.
(2014) produced skeletal olivine in basaltic melt under static
conditions, suggesting that convection is not essential to form
these crystals. Here, we propose that the transition between
skeletal to hopper crystals is directly related to the decrease
of the undercooling with time, which can occur isothermally.
The formation of natural hopper-to-skeletal phenocrysts such
as those from Kı̄lauea (Shea et al., 2015b and this study) does
not necessitate thermal convection but can result from sudden
undercooling of 25–60◦C and a maturation phase exceeding 18 h.
This magnitude of undercooling can result frommagma recharge
and mixing, where the exact degrees of thermal and chemical
(i.e., constitutional) undercooling depend on the temperature
and chemical differences between mixing end-members (e.g.,
Lynn et al., 2017). Skeletal and hopper olivine elongated along
the a-axis are frequently found in active effusive volcanoes like
Stromboli (Metrich et al., 2010), Etna (Spilliaert et al., 2006),
Piton de la fournaise (Welsch et al., 2013), mid-oceanic ridge
pillow basalt (Colin et al., 2012), and Kı̄lauea (Figures 4F,G),
where mixing processes are inferred to be common (Viccaro
et al., 2006; Corsaro et al., 2009; Vinet and Higgins, 2010; Pioli
et al., 2014; Shizimu et al., 2015; Lynn et al., 2017; Petrone et al.,
2018; Sundermeyer et al., 2018). These observations support that
mixing between cooler degassedmagma with a hotter undegassed
magma can promote rapid hopper/skeletal olivine crystallization
and glass inclusion entrapment (Wallace and Anderson, 1998).

Updated Model for the Development of
Skeletal Crystals
Based on observations of olivine morphology in natural samples
from La Reunion, Welsch et al. (2013, 2014) proposed that the
development of skeletal olivine involves the rapid propagation of
primary branches along the [101] direction, leading to elongation
of crystal units along the c-axis. The dominance of olivine
elongated along the a-axis over crystals elongated along b or
c-axis in our experiments suggests that faster growth along
the b and c-axis may occur under different thermal histories,
where thermal and/or compositional disequilibrium are lower or
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FIGURE 8 | Influence of rapid olivine growth on Fe–Mg partitioning in a run performed at –1T = 60◦C and 1.5 h dwell time at the final conditions. Transects A–B and

C–D show the presence of boundary layers in Mg during diffusion-controlled growth (change of 1–2 wt.% between far field and interface) around two different

crystals from the same charge. Values on the backscatter electron images give Fo content measured at different locations. Both (A) and (B) are around Fo83.5.

Equilibrium Kd values range between 0.3 and 0.345 (Roeder and Emslie, 1970; Matzen et al., 2011). Rapid growth appears to cause the Kd to decrease to

0.27–0.28 mostly due to the lower Mg partition coefficient DMg (by contrast DFe does not vary significantly since boundary layers in Fe are much more subtle).

less abrupt. The decrease in growth rate along the a-axis with
respect to other axes (Figure 5B) with decreasing undercooling
agrees well with this scenario. Despite important differences in
the direction of the main growth axes, our experiments agree
with the inferred direction of primary branches proposed by
Welsch et al. (2014) along the a–c plane. The rapid formation
of an outer shell (a few minutes at −1T = 60◦C) connected to
these primary branches leads to entrapment of glass inclusions
(Figure 3D). These large glass inclusions are then variably
segmented by secondary branches originating from the primary
structure without necessitating thermal fluctuations. The final
stage is the complete isolation, along (010) and (021) faces, of
round glass inclusions. The development of the primary branches
seems closely linked to the growth of the (010) and (021) faces
and the hexagonal shape of the cavities with the macro-steps
described inside the crystal track the different secondary branches
(Figures 9A,B). The propensity for olivine to readily develop this
outer shell compared to other phases such as feldspar or pyroxene
may partly explain why glass inclusions are abundant in olivine.

Implications for Chemical Zoning in
Olivine: Growth vs. Diffusion
The accuracy of timescales retrieved from diffusion modeling of
chemical zoning patterns measured in natural crystals depends
partly on the assumption that gradual compositional changes

were not continuously acquired during crystal growth (Costa
et al., 2008). Rapid growth is therefore an essential tenet
of successful geospeedometry applications in the context of
magmatic processes. This assumption can be tested rigorously by
examining Fe–Mg isotopes in zoned olivine (e.g., Oeser et al.,
2015) or by focusing on skeletal crystals that preserve multi-
stage magma mixing histories (Shea et al., 2015b). In the latter
study, it was proposed that if olivine crystallization commonly
occurred through formation of initial diagonal branches, then
any concentric zoning pattern would be the result of diffusion,
not growth. The kinetic competition between growth and
diffusion is therefore critical in resolving the issues of growth vs.
diffusion-induced chemical zoning. Our results can be placed in
this context by comparing the distances traveled during olivine
growth with distances of element transport in olivine (Fe–
Mg, Dohmen and Chakraborty, 2007; Li, Dohmen et al., 2010;
Figure 10). Li is one of the fastest diffusing elements in olivine,
and provides us with an upper limit for competing with growth
rates. The calculations show that growth proceeds at a much
faster pace than diffusion of Fe–Mg and Li on timescales of
minutes to hours. Growth-induced zoning could occur during
this period if the fraction of olivine crystallizing is significant
enough to change the melt composition substantially. In the
experiments, the low overall fractions crystallized (<10 vol.%)
mean that little to no zoning in Fe–Mg occurs (e.g., Figure 7).
Once growth rates slow down, diffusion progressively becomes an
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FIGURE 9 | (A) Cross-polarized photograph of two skeletal olivine crystals

elongated along the a-axis that crystallized in 45 min with 60◦C of

undercooling. The variation in the birefringence is associated here with

variations in thickness; Primary (“p”) and secondary branches (blue regions,

symbol “s” in the figure) are thicker than hourglass hopper cavities regions (in

yellow, “m.i.” for melt inclusion in the figure). (B) 3D model of a skeletal crystal

elongated along the a-axis with hour-glass inclusions representative of

experimental crystals. The primary and secondary branches are distinguished

from the outer shell. In this view, the outer shell traps the glass inclusions and

the primary and secondary branches segment the melt pockets. The crystal

infills and grows further along the b-axis during the maturation process.

efficient mechanism to transport elements from rim toward the
inside of a crystal. Thus, growth is likely to occur as rapid pulses
during thermal and/or compositional perturbations (e.g., magma
mixing), while diffusion should be responsible for most gradual
compositional changes observed in erupted mineral cargo.

Applicability of Growth-Rate Results to
Other Basalts
The growth rate data derived from the present study are most
directly applicable to Kı̄lauea tholeiitic magmas, which are H2O-
poor (<1 wt.%, e.g., Gerlach, 1986; Wallace and Anderson,
1998; Tuohy et al., 2016). This section addresses how the results
may or may not be extrapolated to other basalt types (mid-
ocean ridge basalt MORB, large igneous provinces LIP, wet arc
basalt, komatiites).

FIGURE 10 | The early competition between growth and diffusion in olivine as

a function of temperature. Distances attained after 1–6 h of olivine growth and

1–24 h of diffusion of Li and Fe–Mg are calculated as x = Gt with G the growth

rate and x =
√

Dt, respectively [diffusivities from Dohmen and Chakraborty

(2007) and Dohmen et al. (2010), see Supplementary Material for details,

average and maximum growth rates are from this study and are bound by the

black rectangular symbol thickness]. This comparison shows that the early

history of an olivine – and therefore its chemical make-up – is dominated by

growth. Diffusion is inefficient at these short timescales even for faster

elements like Li. After ∼3–6 h, growth slows down (cf. Figure 6), near final

crystal sizes are reached, and diffusion gradually becomes the dominant

mechanism to induce or modify compositional zoning in olivine.

Development of skeletal olivine morphologies likely
occurs under the diffusion-controlled growth regime (e.g.,
Hammer, 2008; also see the section “Growth Mechanisms and
Consequences for Element Partitioning in Olivine”). In this
regime, diffusion of the main crystal-forming elements in the
melt (Mg, Fe, and Si) toward the olivine interface controls the
transition from polyhedral to skeletal growth. Since partitioning
of Si and Fe between olivine and melt is not very far from unity,
and they do not get depleted or enriched significantly in the
boundary layer, growth rates may largely be determined by the
mobility of Mg in the melt (e.g., Donaldson, 1975). Extrapolation
of the present relationships between undercooling and growth
regime to other basalt types will thus depend on whether Mg
diffusivities are comparable. MORB, LIP, and Komatiite magmas
are also H2O-poor; hence, Mg diffusivities depend mostly on
temperature. Although their temperatures differ in the mantle,
MORB and LIP are on average comparable to near surface
Kı̄lauea basalt temperatures in the shallow crust (1100–1250◦C,
Fisk, 1984; Ho and Cashman, 1997; Thordarson and Self, 1998;
Helz et al., 2014). Our growth rate results are therefore expected
to apply there as well. On the other hand, Mg diffusion is likely
much faster in hotter Komatiite melts (Green et al., 1975),
meaning that the formation of boundary layers may require
additional undercooling than the range applied for the Kı̄lauea
basalt. Finally, element diffusivities in the melt also depend
on water content. In wet arc basalts, addition of H2O in melts
increases element diffusivity, meaning that diffusion-controlled
growth and thus skeletal branching of olivine may be harder to
achieve. While H2O-rich arc basalts tend to be colder than dry
tholeiites, the effect of temperature on the magnesium diffusivity
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is apparently smaller than the effect of water [see Zhang et al.
(2010) for a summary]. For instance, DMg = 7.3 × 10−12 m2/s
at 1200◦C for a dry basalt while DMg = 4.5 × 10−11 m2/s for
the same basalt at 1050◦C with 6 wt.% H2O (Zhang et al., 2010),
suggesting that the addition of H2O is not compensated by a
decrease in temperature. Nonetheless, skeletal olivine can be
found in arc basalt, where additional undercoolingmay also incur
due to decompression-induced degassing (e.g., Kuritani, 1999).
Additional experiments are therefore required to test whether
the degrees of undercooling required to initiate the diffusion-
controlled growth regime and drive rapid growth are indeed
higher in hydrous arc basalt, as would be predicted by these first
order element diffusivity considerations.

CONCLUSION

Phenocryst-size olivine can form in a magma chamber a
few hours after a thermal disequilibrium that can be readily
induced by common magma mixing processes. Our experiments
performed under low-to-moderate undercooling conditions
(10–60◦C) prove that it is possible to form skeletal and hopper
olivine under isothermal conditions after an initial perturbation.
Local thermal gradients or magma convection are not sine
qua non-conditions for the development and maturing of
phenocrystic olivine. Our results show that olivine growth is
marked by the rapid development (a few hours) of an outer
shell that enables the confinement of glass inclusions. Polyhedral
olivine produced at lower undercooling (10 and 25◦C) support
the notion that relaxation of undercooling with time drives the
transition between different crystal morphologies. 3D renderings
of experimental charges showed that the development of olivine
is a two-step process with preferential crystallization along the
a-axis followed by maturation along the other axes. Natural
olivine with low a-/b-ratios <5 presumably results from a
protracted maturation period along the b-axis. Importantly, the
order of magnitude difference between 2D and 3D growth rates
illustrates the significance of considering the real complexities of
olivine morphologies.

For moderate undercooling between 25 and 60◦C, growth
rates calculated for seed overgrowths (rims) are one order of
magnitude lower than homogeneously nucleated crystals. The
same thermal history in a magmatic chamber can lead to a large
variation of growth rates for old and new cargo undergoing
homogeneous nucleation and/or growth on existing crystals. The
widespread occurrence of both olivine archetypes (elongated
along c or a) in natural samples may therefore be associated

with (1) their formation under a wide range of undercooling
conditions and/or (2) the coexistence of both newly grown olivine
(elongated along a) and olivine formed bymultiple growth events
where overgrowth rims are less prone to skeletal branching and
elongation along a. Finally, the decrease in growth rate with
undercooling at 60◦C illustrates the importance of considering
both nucleation and growth in yielding final crystal populations
in magmas, where moderate undercooling (−1T = 40◦C) may
result in larger phenocrysts than high undercooling conditions.
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