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ABSTRACT
Archaean orbicular granitoids from western Australia were investigated to better understand
crystal growth processes. The orbicules are dioritic to tonalitic spheroids dispersed in a granitic
host magma. Most orbicules have at least two to three concentric bands composed of elongate
and radially oriented hornblendes with interstitial plagioclase. Each band consists of a hornblende-
rich outer layer and a plagioclase-rich inner layer. Doublet band thicknesses increase, crystal
number density decreases, and grain size increases from rim to core, suggesting crystallization
was more rapid on the rims than in the core. Despite these radial differences, mineral mode and
bulk composition of each band are similar, indicating limited crystal-melt segregation during
crystallization. These observations lead us to suggest that the orbicules represent slowly quenched
blobs of hot dioritic to tonalitic liquids injected into a cooler granitic magma. The oscillatory bands
in the orbicules can be explained by rapid, disequilibrium crystallization (supercooling). In parti-
cular, a linear correlation between bandwidth and radial distance from orbicule rim can be
explained by transport-limited crystallization, wherein crystallization timescales are shorter than
chemical diffusion timescales. The slope of this linear relationship corresponds to the square root
of the ratio between effective chemical diffusivity in the growth medium and thermal diffusivity,
resulting in effective chemical diffusivities of 3 × 10−8 m2/s. These high effective diffusivities require
static diffusion through a free volatile phase (fluid) and/or a strong advective/convective compo-
nent in the fluid. Regardless of the mechanisms, these effective diffusivities can be used to estimate
growth rates of ~10−6 m/s or 0.4 cm/hr. Our results indicate that crystals can grow rapidly, possibly
facilitated by fluids and dynamic conditions. These rapid growth rates suggest that centimetre or
larger crystals, such as in porphyritic and pegmatitic systems, can conceivably grow within days.
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Introduction

The abundances, sizes and shapes of crystals in mag-
matic systems reflect the thermal, compositional and
dynamic evolution of magmas. Crystallization is the
dominant control on magmatic differentiation, with
crystal size and density partly controlling the efficiency
of solid-melt segregation. Crystals may also influence
volatile transport and generation of overpressures
through their influence on bubble nucleation by provid-
ing nucleation surfaces within the magma (Hurwitz and
Navon 1994; Klug and Cashman 1996; Sparks 2003).
Finally, crystal abundance, shape and size can strongly
influence magma rheology (Costa 2005).

Of interest here is quantifying how fast crystals can
grow and what controls their growth rates in natural
systems, but constraining growth rates in natural sys-
tems is challenging. Radioactive isotopes have been
used in magmatic systems to estimate magma residence
times (Vance and O’nions 1990; Christensen and
DePaolo 1993; Reid et al. 1997), providing upper bounds

on the rates of crystal growth (cm on timescales of
100 ky). Experimental studies, however, indicate that
crystal growth can be rapid, on the order of cm/day or
faster (Jahns and Wayne Burnham 1958; Lofgren 1974a,
1974b; Donaldson 1976; Swanson 1977), but the extent
to which experimental conditions can be translated to
natural systems is unclear. Rapid crystal growth (cm in
<1 ky) has been suggested through modelling of trace
element diffusion profiles in phenocrysts in rhyolitic
systems (Gualda et al. 2012b; Shea et al. 2015a, 2015b),
but whether such rapid growth rates operate in plutonic
conditions is unclear.

Additional approaches are needed to quantify growth
rates in nature. Diffusion modelling of trace element
zonation, often assumed to be imparted by changes in
composition or temperature of the magma, constrain
crystal residence time and thus provide an indirect
bound on crystal growth rate. More recently, zonation
patterns have been suggested to be directly related to
rapid crystal growth (Watson and Thomas 2009; Huang
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and Andreas 2012) rather than reflecting changes in
external forcings (Ginibre et al. 2007; Druitt et al. 2012).
If so, the trace element content of a crystal might poten-
tially be used as a speedometer.

Here, we gain insight into crystal growth through
a case study of magmatic orbicules. We use spatial varia-
tions in chemistry and textures to constrain crystal growth
rates. These orbicules are ideal because they are shown to
have formed by quenching of hot magmas injected into
cooler magmas, allowing us to constrain crystallization
times from thermal modelling. We use such constraints
on cooling time to place bounds on crystal growth rates.
We then explore the use of textural analyses as indepen-
dent constraints on crystal growth rates.

Geologic setting and samples

Geologic and petrologic description

Six samples of orbicular granitoidswere acquired from the
Boogardie quarry at Mount Magnet in western Australia
(−28.06116, 117.48503) (Figure 1). The orbicular granitoids
come from a ~ 2.7 Gy old pluton and are concentrated in
a 60 × 35 m oval-shaped body (Bevan and Bevan 2009;
Fetherston 2010). The outcrop is composed of a felsic
matrix, interspersed by spherical to oval-shaped mafic
orbicules. The orbicules have diameters of ~8–12 cm
and are slightly more mafic (dioritic to tonalitic) than the
granitic host. Our samples represent individual orbicules
that weathered out of the rock. The felsic host rock con-
sists of quartz, plagioclase and biotite. The contact
between the orbicules and the felsic matrix is generally
sharp (Figure 1), but all orbicules display a thin biotite-rich
rind separating the orbicule from the matrix (Figure 1).
These biotite-rich rinds are reminiscent of those that

mantle mafic enclaves (Farner et al. 2014) and are inter-
preted to represent reaction rinds. In many areas, the
orbicules are abundant, packed so tightly that only
a thin (~cm-scale) layer or septa of the host pluton sepa-
rates adjacent orbicules. In some cases, orbicules are
slightly flattened against neighbouring orbicules.
Evidence for inter-penetration of orbicules or physical
erosion of orbicule mantles is minimal. The above obser-
vations hint that the orbicules were emplaced into
a viscous body, most likely a crystal-rich magmatic
mush, undergoing ductile deformation. The orbicules
themselves are characterized by a series of concentric
bands, with each band consisting of a mafic (hornblende-
rich) outer layer and felsic (plagioclase-rich) inner layer,
which together are referred to here as a doublet (Figure
2). The repetition of doublets results in a black-and-white
oscillatory pattern to the whole orbicule. The width of
each doublet band increases towards the core (Figure 2).

We also analysed one Cretaceous orbicule (CA-1,
Figure 2(g)) from the Green Acres gabbro (33.7, −117.1)
complex in the Peninsular Ranges Batholith in southern
California, USA (Berger 2014). These orbicules are part of
a hornblende gabbro intrusive complex and occur as loca-
lized swarms along contacts between different batches of
magmas. They resemble the Australian orbicules, but the
thicknesses of the doublet bands are much thinner, result-
ing in finer and more numerous banding in the orbicules.

Petrographic and textural observations

Orbicules were sliced down their mid-sections and
polished. Each band is composed of radially oriented
hornblende crystals separated by more equant plagi-
oclase crystals (Figure 2). Grain boundaries between
plagioclase and hornblendes are undulatory. The

Figure 1. (a) Location of the Boogardie quarry as designated by the mineral icon. Geologic base map from Raymond et al. (2012); dark
pink areas represent Archaean igneous and metamorphic basement. (b) Rock slab of orbicule swarm in felsic plutonic matrix. Note
general lack of penetrative deformation between orbicules. Note also that each orbicule is surrounded by a fine-grained black biotite-
rich rind. (c) Digitally enhanced version of (b) to highlight mafic rims and layers (red).
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outward (towards the rim) pointing end of hornble-
nde crystals tends to terminate at the same relative
radial distance from the centre of the orbicule, while
the inward (towards the core) pointing ends termi-
nate at variable lengths and appear to taper inwards
to a termination point. The uniform distance of out-
ward termination gives rise to sharp outer boundaries
for each doublet band. The outer part of each doub-
let is hornblende-rich, gradually becoming more pla-
gioclase-rich inward within each doublet band.
Doublet bandwidth increases inward as does average
grain size within each band. We also see that grain
number density decreases inward.

To better quantify some of these radially varying
textures, samples were photographed and processed
through ImageJTM image processing software (data
presented in Table 1). Hornblende area fraction in
each band does not vary significantly from rim to
core (Figure 3(a)), indicating that the bulk chemical
composition in each band is homogenous from core
to rim. Hornblende grain size, which we determine by
shape analysis, increases from the rim of the orbicule
to the core (Figure 3(b)). Number density (number of
grains per unit area) of hornblende decreases from
rim to core (Figure 3(c)). Doublet band width

Figure 2. Photographs of six orbicular granitoid samples from western Australia (a-f) and one from California (g).

Table 1. Textural data.

Radius (R)
from rim
(cm)

Band
width
(ΔR)
(cm)

Hornblende
Fraction
(%)

Hornblende
grain size
(mm2)

Number
density
(n/cm2)

AUS-1 1.02 1.02 49.2 6.8 14.7
2.11 1.09 54.4 9.4 10.7
5.04 2.93 57.1 30.9 3.2

AUS-2 1.28 1.28 49.3 5.4 9.1
2.63 1.35 50.2 6.3 7.9
5.78 3.15 39.3 17.5 2.2

AUS-12 1.01 1.01 47.1 3.8 12.3
2.06 1.05 45.5 4.0 11.5
4.84 2.78 55.6 26.8 2.1

AUS-15 1.52 1.52 47.9 4.7 10.1
2.91 1.39 46.9 4.2 11.1
6.87 3.96 54.1 33.4 1.6

AUS-16 1.16 1.16 47.6 4.6 10.3
2.25 1.09 37.4 2.1 17.7
5.00 2.75 44.0 20.1 2.2

AUS-17 1.22 1.22 62.7 11.6 5.4
2.70 1.48 59.1 10.1 5.8
6.20 3.50 51.7 23.7 2.2

CA-1 0.09 0.09
0.15 0.06
0.26 0.11
0.40 0.14
0.62 0.22
1.36 0.74
1.53 0.17
2.55 1.02
3.26 0.71
4.24 0.98
5.50 1.26
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increases from the rim to the core (Figure 3(d)).
Samples were also scanned by micro-XRF to quantify

their major elements (see Appendix). XRF elemental
maps of a representative sample (AUS-1) are shown in
Figure 4. Spatial variations in mineralogy, such as the
mafic-felsic oscillatory banding, are also seen in the
chemical maps, particularly for Fe and Ca. These XRF
scanning results were further processed with ImageJ
and converted to false colour maps for Fe and Al as
shown in Figure 5. We then plotted intensities of various
elements as a function of radius to better explore radial
compositional variation. These transects were normal-
ized to the bulk average so that they could be presented
on the same scale (Figure 6). We see that Al, Fe, Mg, and
Ca show oscillations associated with the doublet bands,
but average elemental compositions remain constant
from rim to core, that is, the bulk composition of each
doublet is constant despite radial variation in grain size,
grain number density and doublet band width (Figure
6). These observations are consistent with the above
observation that bulk plagioclase-hornblende propor-
tions in each doublet do not change from core to rim.

We also analysed the compositions of hornblendes in
the different doublet bands. Major element maps from
wavelength-dispersive electron probe microanalysis are
shown in Figure 7 for sample AUS-1. It can be seen that

average hornblende compositions do not change from
orbicule core to rim. Zonation within individual hornble-
nde grains is minimal. In summary, bulk doublet compo-
sitions and mineral compositions appear not to vary
spatially within the orbicule.

Interpretation of textures

Many hypotheses have been proposed to explain how
orbicular granitoids form. We emphasize that rocks with
orbicular textures almost certainly do not all form in the
same manner. Some suggested processes include frac-
tional crystallization of small melt bodies within the host
magma, reactive nucleation on pre-existing xenoliths,
mingling of two different kinds of magmas, metasoma-
tism and liquid immiscibility (Moore and Lockwood 1973;
Durant and Fowler 2002; Sylvester 2011; Smillie and
Turnbull 2014; Ballhaus et al. 2015; McCarthy et al. 2016;
McCarthy and Othmar 2017). Our goal is not to discuss all
these different origins as our focus is on the particular
suite of orbicules studied here. Evidence of ductile defor-
mation of the orbicules indicates that the orbicules
formed while both the host magma and the orbicules
were still partially molten. The presence of biotite-rich
rinds mantling the orbicules is similar to that seen in
many magmatic mafic enclaves and undoubtedly reflects

Figure 3. Results of image analysis for six orbicular granitoid samples from western Australia. Parameters are plotted versus radial
distance from rim to core. (a) hornblende fraction in each orbicular band. (b) hornblende grain size in each band. (c) Natural logarithm
of the number density of hornblende in each band. (d) Band width.
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reaction between two lithologies not in thermal or che-
mical equilibrium (Farner et al. 2014). Thus, the presence
of biotite-rich reaction rinds rules out strict liquid immis-
cibility as suggested by Ballhaus et al. (2015) because truly
immiscible liquids would be in thermal and chemical
equilibrium. Strict liquid immiscibility is also not sup-
ported by the radial variation in grain sizes.

The simplest explanation is that the orbicules
initiated as hot, completely molten bodies, which then
underwent rapid cooling and crystallization. The
decrease in grain number density and the increase in
grain size towards the core suggests high nucleation
rates in the outer part of the orbicule and low nucleation
rates in the core, the latter favouring crystal growth. This
radial variation in nucleation density and grain size is not
easily explained by reactive or metasomatic processes,
but readily explained if the outer part of the orbicule
cooled faster than the interior. The constant composi-
tion of each doublet also does not support a reactive or
metasomatic origin.

We thus propose that these orbicules formed by
the injection of a hotter magma (perhaps super-
heated) into a cooler magma, with the former in
almost an entirely liquid state and the latter in
a more crystal-rich state. The textures are best
explained as a result of quenching. The lack of radial
variation in doublet composition suggests that crys-
tallization occurred at rates faster than liquids could
segregate from the crystals. Exactly how these hot
magmas were injected is not important for this
paper, but whatever the cause, the conditions for
injection must have been local given the limited
occurrence of these orbicule swarms to local out-
crops. In any case, if the orbicules were originally
hot, it is not difficult to envision scenarios in which
hot, molten liquids were introduced into the granitic
host through Rayleigh–Taylor type instabilities devel-
oped between two different magma bodies. One
possible scenario for such an origin could be the
underplating of a hot magma against a cooler

Figure 4. Micro-XRF elemental scans for sample AUS-1. (a) Al. (b) Fe. (c) Mg. (d) Ca (see Supplementary Table for data).
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Figure 5. False colour images for six Australia samples and one California sample. Fe is denoted by white to pink colour while blue
represents Al. (a) AUS-1. (b) AUS-2. (c) AUS-12. (d) AUS-15. (e) AUS-16. (f) AUS-17. (g) CA-1.

Figure 6. Transects of intensities of major elements as a function of radius for all Australian orbicule samples. Each transect was
normalized to the average intensity of every element of each sample. (a) Al. (b) Fe. (c) Mg. (d) Ca.
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magma body (Figure 8). This juxtaposition could
result in basal heating of the cooler magma body,
reducing its crystallinity and viscosity, which would

then allow hotter liquids from below to locally rise
into the heated base of the over-riding magma body.
Our proposed origin is consistent with the

Figure 7. Wave-length dispersive electron probe microanalytical elemental maps of hornblendes in different sections of an orbicule
(AUS-1). Bottom to top represents outer (rim) part of orbicule to central (core) part of orbicule (up direction points towards core). Note
there are no obvious changes in composition of hornblendes from orbicule rim to core.

Figure 8. A series of cartoons showing how orbicular granitoids from western Australia may have formed. (a) First, a hot dioritic
magma underplates and heats a cooler granitic magma. (b) Heating melts the crystals at the bottom of the cooler granitic magma,
reducing the crystallinity and viscosity of the bottom of the granitic magma body. (c) This then allows the dioritic magma to be
injected into the cooler granitic magma in the form of blobs. (d) The dioritic blobs cool and solidify to form the orbicules with
concentric bands.
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interpretation of Bevan and Bevan (2009) and
Fetherston (2010) for the same rocks.

Given this hypothesized origin by mafic injection, the
question arises as to why these radial textures are not com-
monly found in theubiquitousmafic enclaves found inmany
plutonic systems as such enclaves are widely thought to
represent evidence of mafic-felsic magma mixing. We note
that where mafic and felsic magmas indeedmingle, quench
rinds on themafic lithologies are seen (Wiebe 1994), inmany
cases leading to dendritic crystal growth and oscillatory
layering (e.g. comb layering). However, the majority of
mafic enclaves do not show such features because most
mafic enclaves represent already solidified rock fragments
when they were entrained into felsic magmas, and thus do
not represent bonafide liquid-liquid mingling. In fact, most
mafic enclaves are angular (Farner et al. 2014) and many of
the reported quench rinds seen on enclaves are actually
reaction rinds (Liao et al. 2013; Farner et al. 2014).

Quantifying crystal growth rates

Cooling timescales

We assume that the time allowed for crystals to grow
cannot exceed the elapsed time for melt to completely

solidify. A maximum constraint on the crystal growth time
and aminimum constraint on crystal growth rate can thus
be derived from the solidification time of a melt. We
modelled the cooling of the spherical blobs through con-
ductive cooling to obtain the solidification time of an
initially crystal-free dioritic melt (Figure 9(a)). If the melt
or fluid in the blob were undergoing thermal convection,
growth times would be even shorter and growth rates
faster. We used a thermal conduction equationwith latent
heat, where T is temperature, t is time, and r is radial
distance from the core (following Lee et al. 2015):

@T
@t

¼
r2

@

@r
r2
@T
@r

� �
þ L
Cp

dF
dT

@T
@t

(1)

Tðt ¼ 0; r � R�Þ ¼ To

T t ¼ 0; r > R�ð Þ ¼ T1

@T
@r

ðr ¼ 0Þ ¼ 0

In the above, R* is the radius of the spherical orbicule
(~7 cm), Cp is specific heat capacity (1.0 × 103 J/(kg K) for
diorite and 0.95 × 103 J/(kg K) for granite (Somerton

Figure 9. Temperature profiles across the boundary between a hot dioritic orbicule and the cooler host granitic magma. (a) cartoon.
(b) The relationship between crystal fraction and temperature for the dioritic and granitic magmas as calculated from MELTS
(assuming 4 wt. % bulk H2O). (c) The thermal diffusion model results show that the temperature profiles change with elapsed
time. Initial temperature of the dioritic magma is 1100°C and 600°C for the host granite. (d) The average cooling rate profile within the
orbicule where r = 0 denotes the orbicule core and r = 7 cm for the rim.
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1992)), κ is thermal diffusivity (4.5 × 10−7 m2/s for both
diorite and granite at 600–1000°C (Hartlieb et al. 2016)),
L is the total latent heat of crystallization (4 × 105 J/kg for
both diorite and granite (Lange et al. 1994)), F is crystal
mass fraction, and dF/dT is a measure of how F varies with
temperature. Specific heat capacity, thermal diffusivity
and latent heat of crystallization are all assumed to be
constant. The term on the left side of Equation (1)
describes the temperature change of the magma as
a function of time and space. The first term on the right
represents the transfer of heat via conduction and
the second term represents a heat source through the
release (or absorption) of latent heat of crystallization (or
melting). The term dF/dT in the latent heat term was
parameterized using Rhyolite MELTS (Gualda et al.
2012a; Ghiorso and Gualda 2015) for the generalized
dioritic and granitic bulk compositions (see Appendix).
We assumed a homogeneous initial temperature T0 of
1100°C for the hot dioritic melt and a time-constant far
field temperature in the granitic host T1 of 600°C (infinite
half-space approximation). Based on our parameterization
of F(T), we find that a cooling of ~350°C below the liquidus
results in approximately 70–80% crystallization (see also
Lee et al. (2015)) (Figure 9(b)). This crystal fraction is above
the critical fraction at which mineral grains begin to form
an interlocking framework (Moitra and Gonnermann
2015), so we take 750°C to represent the temperature at
which unimpeded crystal growth effectively terminates.

Equation (1) is solved numerically (see Appendix) and
our results are shown in Figure 9(c). This thermal model
allows us to calculate average cooling rates as a function
of radius. We can estimate average cooling rate dT/dt at
a given radius by dividing the temperature difference
between initial temperature (1100°C) and the tempera-
ture of solidification (750°C) by the average time to cool
through that temperature interval. These modelled cool-
ing rates are plotted as a function of radius in Figure 9(d),
where it can be seen that cooling rates are, of course,
faster on the rims. The core of the orbicules solidifies
within ~2.5 h, corresponding to an average cooling rate
of ~2.3°C/min (Figure 9(d)). However, cooling rates are
much faster on the rims, such that the rims fully crystal-
lize in <1 hr, corresponding to an average cooling rate of
~6.4°C/min (Figure 9(d)). Given average crystal lengths
on the rim of ~6 mm, this suggests crystal growth rates
of ~1.8 × 10−6 m/s (0.65 cm/hr) at the rim. Similar calcu-
lations done on the core crystals yield growth rates of
~1.1 × 10−6 m/s (0.40 cm/hr) for 10 mm long crystals in
the core, a factor of ~1.5 slower than on the rims.

We note that our thermal models assume that the far-
field temperature T1 of the granitic host does not change
with time, which implicitly assumes that the host pluton
does not cool off during the formation of the orbicule or

that it does not heat up from the cumulative addition of
hot orbicules. The former assumption is reasonable
because we assume that pluton cooling timescales (kys)
are much longer than orbicule entrainment and quench-
ing timescales (hours). The latter assumption is valid only
if orbicules, at the time of their cooling, are sufficiently far
enough from each other that they do not influence the
thermal evolution of their nearest neighbours. The mini-
mum distance between orbicules for our model to be
valid is the thermal conduction length scale, which
would be approximately 1–2 orbicule diameters, suggest-
ing that our infinite half-space assumption is clearly an
approximation given the slightly smaller separation dis-
tances observed. Our cooling times may thus be under-
estimated and our crystal growth rates over-estimated
based on thermal modelling alone, although it is also
possible that the orbicules were more widely spaced
before they accumulated. If any convective component
existed in the orbicule, our calculated timescales are
upper bounds and crystal growth rates minimumbounds.

Nucleation rate versus radius

Our thermal models allow us to use effective average cool-
ing rates to compare to our estimates of nucleation density.
In Figure 10(a), we plot the natural log of nucleation density
versus modelled cooling rate, yielding a curved positive
correlation. This positive correlation between nucleation
rate and cooling rate is consistent with nucleation theory,
corroborating our suggestion that these orbicules cooled
inward from the rim into the core. Further insight can be
had by plotting nucleation density versus degree of under-
cooling. By multiplying average cooling rate dT/dt (as in
Figure 9(d)) by the total time for crystallization of the
orbicule, we can also plot effective undercooling as
a function of radius (Figure 10(b)). This, in turn, allows us
to plot nucleation density versus undercooling degree and
compare to the empirical relationship describing nuclea-
tion rate (I) versus the average degree of undercooling

lnðIÞ ¼ � A
TΔT2

� B
T
þ C (2)

where T is the average effective temperature of the
system at radius r, ΔT is the average undercooling
given by ΔT ¼ TL � T , where TL is the liquidus of the
melt, and A, B and C are constants (Neilson and
Weinberg 1979; Lasaga 2014). To use Equation (2), we
can obtain a time-averaged nucleation rate I by dividing
nucleation density N by the average time for cooling,
which increases towards the core. In Figure 10(c), it can
be seen that the natural logarithm of nucleation density
correlates negatively with the inverse of the square of
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undercooling degree (1=ΔT2), which is consistent with
theory if T in Equation (2) is approximately constant as
should be the case if undercooling is small. For large
undercoolings (rim), a deviation from this theoretical
relationship can be seen both in the data (Figure 10(c)).
In any case, the observed spatial distribution of nuclea-
tion density is consistent with our hypothesis that orbi-
cules formed by rapid cooling of hot blobs of magma
emplaced into a cooler host magma.

Kinetic controls on formation of oscillatory banding

As discussed above, the most distinctive feature of the
orbicules is the series of mafic-felsic doublet bands, with
doublet band thickness increasing towards the core. We
hypothesize that the thickness of each doublet band is
controlled by the flux of growth nutrients to the crystal,
which, in turn, is limited by diffusional transport of nutri-
ents in the growth medium (magma). If the rate of crystal
growth is limited by the diffusional supply of ‘nutrients’,

Figure 10. (a) Positive correlation between natural log of nucleation density and cooling rate. Each symbol type represents a different
orbicule. (b) An example of undercooling degree versus radius from core to rim at time t = 1 h. Undercooling degree is higher at the
rim than at the core. (c) Natural log of nucleation density versus the inverse of the square of undercooling. Straight red line is a least-
squares fit through the low undercooling data. When undercooling rates are high (rim), the data deviate from the linear relationship
with 1/ΔT2.

10 J. ZHANG AND C.-T. A. LEE



then rapid crystal growth will lead to a nutrient-depleted
chemical boundary layer in the growth medium ahead of
the advancing crystal front (Figure 11(a)). This nutrient-
depleted boundary develops if crystal growth rates are
comparable or faster than the diffusive flux of the nutri-
ents in the magma back towards the crystal. At steady
state and in one dimension, crystal growth rate dxc/dt
relates to the diffusive flux as follows (Lewis et al. 2015)

ρx
dxc
dt

¼ Dρm
dCm
dxm

(3)

where ρx and ρm are the densities of the crystal and melt,
D is the effective chemical diffusivity of the rate-limiting
nutrient in the growth medium m, Cm is the mass con-
centration of the rate-limiting nutrient in the growth
medium and dCm/dxm is the compositional gradient in
the growth medium at the crystal-melt boundary. At
steady state, this gradient is approximated by dividing
the compositional difference ΔCm across the chemical
boundary layer by the thickness of the chemical bound-
ary layer Δxm. The chemical boundary layer thickness
depends on the chemical diffusivity (D) of the nutrients
and scales with time as

ffiffiffiffiffiffi
Dτ

p
, where τ represents the

elapsed time for crystal growth. This elapsed time corre-
sponds to the average crystallization time because after
the system has cooled below the solidus, crystallization
is complete and chemical diffusion is effectively arrested.
Thus, for rapid cooling, there is insufficient time to trans-
port far-field nutrients to the growing crystal, quickly
terminating crystal growth and resulting in narrow
bands. The elapsed timeτ for crystals to grow is the
thermal diffusion timescale, which must scale with the
radial distance from the rim of the orbicule, R, to the
doublet, that is, τ � R2=κ. By non-dimensionalizing the
chemical diffusion equation using the thermal diffusion
timescale as the characteristic time (and ignoring the
small effect of latent heat), the following scaling
between the thickness of each doublet and the radial
distance of the doublet from the margin is

ΔR
R
,

ffiffiffiffi
D
κ

r
(4)

This scaling indicates that the thickness of the doublet
band should correlate linearly with radial distance from
rim, increasing in thickness towards the core. Most
importantly, the slope of the line is given by

ffiffiffiffiffiffiffiffi
D=κ

p
,

Figure 11. (a) A cartoon showing how crystal growth is controlled by the flux of nutrient from the growth medium (melt) to the crystal.
Co represents far-field concentration in melt and Cm represents concentration in melt at the advancing crystal-melt interface. (b)
Bandwidth versus inward radius R of the orbicule. The olive green circles represent the California sample while all others represent
western Australia samples.
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which means that if thermal diffusivity κ is known, then
the effective chemical diffusivity of the rate-limiting
nutrient is known. In Figure 11(b), we show that our
observed ΔR scales linearly with R in both the Australia
and California orbicules, consistent with our hypothesis
for orbicule growth through quenching.

Linear regression of ΔR versus inward radius R yields
a slope of ~0.57 for the Australian orbicules and ~0.25
for the California sample (Figure 11(b)). For a thermal
diffusivity of ~10−7 m2/s for silicate melts at ~1000°C
(Eriksson et al. 2003), this slope yields an effective che-
mical diffusivity of ~3 × 10−8 m2/s for the Australian
samples and ~6 × 10−9 m2/s for the California sample.
Because these are effective chemical diffusivities, we do
not know which element this chemical diffusivity corre-
sponds to. We assume that this effective diffusivity
represents that of the molecular species needed to
make hornblende. In this regard, we note that chemical
diffusivities of various cations in silicate melts, such as
a dioritic melt, are on the order of 10−12 − 10−11 m2/s
(Baker and Hélène 1994), far slower than that inferred
here. This large difference between our estimate of
effective chemical diffusivities and that from experimen-
tal constraints may imply our crystal growth models are
wrong. However, our independent constraints on
growth rates are reasonable given the short (hours)
thermal lifespan of the orbicule as described above.

One way to reconcile the high effective chemical
diffusivities inferred here is if there is an advective com-
ponent in the growth medium (melt or fluid) in addition
to chemical diffusion. For example, we have not consid-
ered the possibility of internal convection within the
orbicule. With advection, the width of the diffusive
boundary layer would be substantially reduced, giving
rise to steep chemical gradients that would drive more
rapid crystal growth. Reduction of the width of the
diffusive boundary layer would be manifested as high
effective chemical diffusivities.

Another possibility is if the diffusivities reflect trans-
port through an aqueous fluid rather than a silicate melt.
If the orbicule had saturated in water during crystalliza-
tion, a free fluid phase would be released. If the free fluid
phase were interconnected, a fast diffusion pathway
would be generated and the diffusivity of interest
would be through the fluid phase, not the silicate melt.
Chemical diffusivities through water are much faster
than through silicate melt. For example, the chemical
diffusivity of Mg in water at 25°C is 7.05 × 10−10 m2/s (Li
and Gregory 1974), but at 800°C is 5.8 × 10−8 m2/s,
approaching that determined in this study (extrapolated
using the method in Nigrini (1970)). The factor of five
lower effective diffusivities calculated for the California
sample compared to the Australian samples is

noteworthy. Given the more mafic composition of the
orbicule and host pluton in the California samples, we
speculate that the California samples would have had
less free water available, resulting in a smaller fraction of
interconnected free fluid pathways and thus a smaller
effective diffusivity. In any case, such high effective dif-
fusivities are not unreasonable as apparent diffusivities
for alkalis in aqueous fluids can be as high as 10−8 m2/s
as constrained experimentally by Morgan et al. (2008).

Estimating rates of crystal growth

We conclude that these high effective diffusivities likely
reflect the combination of the presence of a free fluid
phase and internal advection within the orbicule.
Regardless of what generates these high effective diffusiv-
ities, we can still use these values to estimate crystal
growth. Fast effective diffusion through fluids would
enhance the efficiency by which nutrients are transported
in the growth media to the growing crystals. Assuming
crystal growth is limited by diffusive transport through
a boundary layer, we can approximate crystal growth
rates from the following equation (identical to Equation
(3) except density terms have been dropped)

dxc
dt

,D
ΔCm
Δxm

(5)

where Δxm is the width of the chemical boundary layer
in the melt ahead of the advancing crystallizing front.
This equation is valid even with fluid advection; advec-
tion serves to thin the boundary layer. We take Δxm to
approximately equal the width of each orbicule doub-
let band (Δxm~ΔR) and ΔCm to be the extent of super-
saturation across the boundary layer. To solve for ΔCm
in Equation (5), we assume a binary system with only
two endmembers: hornblende and plagioclase. For
steady-state crystal growth, we can assume that the
melt is saturated and in equilibrium with hornblende
at the crystal-melt interface whereas the far-field melt is
supersaturated in hornblende with a bulk composition
defined by the hornblende component in the initial
magma itself. Therefore, ΔCm denotes the difference
between bulk composition and the composition at
hornblende saturation in the melt. The hornblende
saturation composition in the melt decreases with
decreasing temperature so ΔCm increases as tempera-
ture decreases.

The above concept is illustrated in a binary phase
diagram where temperature is plotted as a function of
composition X, with plagioclase and hornblende serving
as endmembers (Figure 12(a)). The top diagonal lines
represent liquidus lines. The horizontal line represents
the solidus, below which the system is solid. The
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intersection of the liquidus and solidus represents the
eutectic. Extrapolation of the liquidus lines (dashed) for
each mineral phase to temperatures below the eutectic
represents metastable extensions.

We can consider an orbicule with an initial bulk
chemical composition A to the left of the eutectic
(Figure 12(a)). Let A cool from an initial temperature
T0 to a temperature T1 below the eutectic. At T1, horn-
blende composition of the melt at saturation (meta-
stable) is defined by point C, which lies at the
intersection of the horizontal line T-T1 and the meta-
stable liquidus of hornblende. Therefore, the ΔC
marked in Figure 12(a) represents the difference
between bulk hornblende concentration and its satura-
tion at T1. ΔC can be approximated by dividing the
undercooling degree (ΔT) by the slope of the liquidus
of hornblende (dT/dC), that is, ΔC = ΔT/(dT/dC), with ΔT
is bounded from our thermal models. The only
unknown parameter is the slope of the liquidus of
hornblende in the hornblende-plagioclase binary
phase diagram. We approximated the slope with that
of the liquidus of diopside in the diopside-anorthite
binary phase diagram, corresponding to 2.8°C/%
(Osborn 1942) or a ΔC of ~0.7 for an undercooling
degree ΔT of ~200°C. We recognize that this approach
in estimating ΔC is crude, but we are only interested in
order of magnitude estimates on growth rates so
uncertainties in the above analysis are acceptable.
This approach yields growth rates of ~1.0 × 10−6 m/s
or ~0.4 cm/hour. The rapid growth rates estimated
above by diffusion-controlled growth models are

consistent with that bounded independently by our
above thermal modelling.

On the origin of plagioclase-hornblende oscillatory
banding

The kinetic model above can now help us qualitatively
understand how hornblende-rich and plagioclase-rich
doublet bands originate (Figure 12(b)). We can approx-
imate crystallization in this system via a binary eutectic. If
the original melt composition is slightly off eutectic,
disequilibrium crystallization can lead to preferential
crystallization of one phase over the other, that is, crys-
tallizing in proportions that exceed that defined by
equilibrium crystallization stoichiometry. This concept
is illustrated with the binary phase diagram in
Figure 12(a), following Porter et al. (2009). A similar
approach was taken by London (2014).

A melt with an initial bulk chemical composition
A that is slightly off-eutectic (towards the hornblende-
rich side) cools from an initial temperature T0 to
a temperature T1 below the eutectic. If cooling is faster
than crystallization can occur, the system would be con-
sidered to have undercooled and thus be supersaturated
in all of the crystallizing phases. The degree of super-
saturation for a particular phase will scale with the
degree of undercooling, which can be approximated
by the difference between the temperature of the liquid
T1 and the temperature of the liquidus line (or meta-
stable extensions of the liquidus) for each phase at bulk
composition A. For the bulk composition considered,

Figure 12. (a) A schematic hornblende-plagioclase binary phase diagram showing how disequilibrium crystallization (undercooling)
can cause oscillatory banding in the orbicules. For an undercooled off-eutectic liquid of composition A, hornblende supersaturation
(ΔThb) will initially be greater than plagioclase supersaturation (ΔTpl), forcing preferential crystallization of hornblende and the
generation of a hornblende-rich layer. If crystallization is rapid, the fluid in front of the growing crystal front will become depleted in
hornblende component and enriched in plagioclase component (composition of fluid in boundary layer evolves from A to B to C),
eventually driving the fluid to preferentially crystallize plagioclase. Once plagioclase is crystallized, further undercooling drives the
liquid back to hornblende-enrichment, resulting in the process repeating. The width of each band is controlled by the rate of
undercooling, which decreases inward. (b) An example of one band, where both hornblende and plagioclase crystallize, but the ratio is
controlled by relative supersaturation. Arrows show direction of secondary diffusion within the fluid.
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supersaturation at T1 is given by ΔThb and is greater than
that of plagioclase ΔTpl. Plagioclase and hornblende will
both crystallize, but the driving force for hornblende is
greater and thus would promote an excess of hornble-
nde crystallization compared to plagioclase. However,
excess hornblende crystallization will drive the residual
melt within the crystallizing boundary layer to become
more enriched in plagioclase component and depleted
in hornblende component, causing the residual melt to
migrate towards the plagioclase-rich end-member
(point B). When the degree of plagioclase supersatura-
tion exceeds that of hornblende supersaturation, the
residual melt preferentially crystallizes plagioclase.
Further cooling causes the local system to switch back
to hornblende over-saturation, repeating the sequence
and thereby generating oscillating mafic-felsic doublets.
Key to this process operating is that diffusion timescales
of essential nutrients (e.g. Al (Acosta-Vigil et al. 2003)) are
comparable to timescales of crystal growth and cooling.
If cooling rates are too fast relative to chemical diffusion,
the system will quench homogeneously with insufficient
time to generate any boundary layer effects. If cooling
rates are too slow, then crystallization will occur near
equilibrium, preventing the build-up of chemical bound-
ary layers.

Conclusions, caveats and implications

Compositional and textural mapping of magmatic orbi-
cules from Australia and California (USA) show that the
orbicules are composed of concentric bands of alternat-
ing mafic and felsic layers. Band widths increase, crystal
number densities decrease, and grain size coarsens
inward from the rim, but at scales greater than one
band, the orbicules show no radial compositional zona-
tion. These observations are consistent with orbicules
forming by quenching, perhaps through the injection
of hot dioritic liquids into a cooler granitic magma
host. We estimated cooling timescales based on
a conductive cooling model, bounding crystal growth
rates to be at least ~10−6 m/s or ~0.4 cm/hr. We showed
that the oscillatory banding is controlled by disequili-
brium crystallization, wherein hornblende preferentially
crystallizes, resulting in the diffusive growth of
a chemical boundary layer enriched in plagioclase com-
ponent, which in turn causes preferential plagioclase
crystallization. We also developed a method for obtain-
ing the effective chemical diffusivity of crystal-forming
nutrients, arriving at ~10−8 m2/s, which is many orders of
magnitude greater than diffusivities in silicate melts, but
similar to that in water at elevated temperature. We
suggest that high effective diffusivities reflect transport
through fluids and/or require a strong advective

component. These high effective diffusivities in dynamic
fluid-rich systems lead to rapid crystal growth. Our work
may have implications for the growth of large, metre-
scale crystals in other fluid-dominated systems.
Pegmatites represent the residual liquids formed after
extremely late stage crystallization of a magma, resulting
in extreme enrichment of incompatibles like Li, B, and H2

O (London 2008). This enrichment of H2O may lead to
a large amount fluid exsolution through which structu-
rally essential elements and ‘nutrients’ can be trans-
ported through growth media to lead to rapid crystal
growth. Finally, we acknowledge that our conclusions
are based on the validity of our textural interpretations,
which may not be unique. Our interpretations and
hypotheses can be tested by future studies.
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Appendix

Analytical methods

Six Australian orbicule samples (AUS-1, AUS-2, AUS-12, AUS-15,
AUS-16, AUS-17) and one California sample (CA-1) were
scanned with a micro-XRF element mapper (Horiba XGT
7000) at Rice University. Each sample was scanned for ~2
h using a 400 μm spot size with a 50 kV beam. Results were
processed by ImageJ. The major element maps of hornblendes
in the different doublet bands were done by wavelength dis-
persive electron probemicroanalyzer (EPMA) at Rice University.
Si, Al, Fe, Mg, Ca, K, Na, and Ti were mapped for one hornble-
nde grain in each doublet band (rim, mid, core; Figure 7) with
a voltage 15 kV, current of ~50 nA, and dwell times of 10 ms.

Numerical models

Equation (1) is non-dimensionalized as r� ¼ r
R� ; t

� ¼ t
τ , and

T� ¼ T�T1
ΔT , where ΔT ¼ T0 � T1, resulting in

@T�

@t�
¼ 2kτ

R�2
1
r�
@T�

@r�
þ kτ

R�2
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þ L
CpΔT
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Letting τ ¼ R�2
k yields

@T�

@t�
¼ 2

r�
@T�

@r�
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CpΔT
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The discrete form of equation A2 using finite element differ-
ences is

1� L
CpΔT

dF
dT�

� �
Tiþ1
n � Tin
Δt

¼ 1
r�
Tinþ1 � Tin�1

Δr

þ Tinþ1 � 2Tin þ Tin�1

Δrð Þ2 (A3)

where the superscript on T represents time and the subscript
denotes the spatial grid. Δt is the time step and Δr denotes the
spatial interval. Rewriting Equation (A3) using the implicit
method, we obtain

1� L
CpΔT

dF
dT�

� �
Tiþ1
n � Tin
Δt

¼ 1
n� 1ð ÞΔr

Tiþ1
nþ1 � Tiþ1

n�1

Δr

þ Tiþ1
nþ1 � 2Tiþ1

n þ Tiþ1
n�1

Δrð Þ2 (A4)

which can be rearranged to yield

Tin ¼ � n� 2
n� 1

βTiþ1
n�1 þ 2βþ 1ð ÞTiþ1

n � n
n� 1

βTiþ1
nþ1 (A5)

where β ¼ Δt
Δrð Þ2 = 1� L

CpΔT
dF
dT�

� �
. In this case, β is not a constant

and it changes with dF
dT� . dF

dT� reflects how fast crystal fraction

changes with temperature. To solve for dF
dT� , we used the

thermodynamic program MELTS (Gualda et al. 2012a; Ghiorso
and Gualda 2015) to generate a parameterization for crystal
fraction (F) as a function of temperature (T). A model bulk
chemical composition of dioritic orbicules was chosen (Gao
et al. 1998) and representative granite (Kemp and
Hawkesworth 2005); since we are interested in order of mag-
nitude constraints, generalized values are adopted. The chosen
compositions may be different from our samples but the exact
composition is not critical for our parameterizations, given
uncertainties in thermal models. We assumed a bulk closed
system water content of 4 wt% for F(T) calculations. Detailed
equilibrium crystallization diagrams for both diorite and gran-
ite can be obtained by running P-T sequences in the MELTS for
the estimated bulk chemical compositions at ~0.03 GPa, corre-
sponding to ~1 km depth. The exact pressure is also not
important as we are only interested in understanding the
general behaviour of F versus T (Figure 9(b)). The MELTS results
show that the liquidus for diorite and granite is 1095°C and
936°C, and solidus for diorite is 720°C and 679°C for granite.
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