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This work evaluates the origin of mafic microgranular enclaves in granites through a process of magma splitting
at the boundaries of ascent conduits, where an intermediate, high-silica andesite magma separates into two
magma systems without a continuous change, one of Qz-dioritic composition and high-crystal content and an-
other one of granite (sensu lato) composition and mostly liquid. Asemi-quantitative approximation considering
the balance between advective and diffusive heat transfer has been followed, considering an order of magnitude
procedure to estimate the thickness of the thermal boundary layerwithin an instantaneously emplaced dike. The
resulting temperature gradient across the dike, and the expected geochemical variation evidenced by previous
experimental results, have been used to determine crystallinity, viscosity, flow velocity, and shear stress profiles
at a single transverse section, at 500MPa of lithostatic pressure. The Qz-dioritic magma generated at the borders
of the dike develops a strong crystallinity gradient, with a mafic chilled margin near the external contact of the
dike, while crystal fraction remains very low (b10 vol%) in the differentiated granitic melt in the dike interior.
The mafic chilled margin has a predominantly brittle behavior and can be broken by movement of the dike
and host rock into fragments of sizes comparable to those observed in nature. Reheating and remelting of dike
walls generates a strong decrease in the viscosity of the mush close to the internal geochemical contact with
the granitic melt. This process leads to the formation of highly deformable channels that can entrain fragments
of the previous chilled margin giving place to schlieren and enclave swarms, among many other structures.
The process can be repeated through the sequential ascent of distinct magma batches transporting themafic en-
claves up to their final level of emplacement in granitic plutons and batholiths.
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1. Introduction

Maficmicrogranular enclaves andmonogenic swarms are character-
istic features of I-type granites, whose origin has been widely debated.
They have been considered as either external o cogenetic to its host
granite (see, e.g.,Castro etal., 2008 and references therein). In turn,
cogenetic enclaves can have a restitic (e.g.,White etal., 1999) or an igne-
ous origin (like the autoliths of e.g. Fershtater and Borodina, 1977). The
processes leading to the interaction between enclaves and host can
occur at any depth from the source region, through the ascent conduit,
to the emplacement level (Barbarin, 2005; Barbarin and Didier, 1992).
Mixing and mingling of distinct coeval magmas have been commonly
cited as relevant processes to understand the geometrical and geochem-
ical relations of mafic microgranular enclaves and host granites
(Barbarin and Didier, 1991; Frost and Mahood, 1987; Vernon, 1983).
The physical mechanisms proposed for the formation of mafic enclaves
and swarms are very varied, including the disruption of synplutonic
dikes (e.g.,Fernandez and Barbarin, 1991; Pitcher, 1991), forcible injec-
tion of mafic magma (e.g.,Sparks etal., 1977), large-scale convective in-
stabilities (e.g.,Huppert etal., 1984; Paterson, 2009), top-to-down
intrusions related to gravity instabilities and sinking enclaves (Castro
etal., 2008; Wiebe etal., 2006), and processes related to crystallization
at the walls of ascent conduits (Donaire etal., 2005). In the sense of
the last mentioned mechanism, some enclaves have been recently
interpreted by Rodríguez and Castro (2017, 2018) as magmatic to
nearly solid fragments dragged from the chilled margins that form at
the sidewall of magma ascent conduits. Although that genetic mecha-
nism is supported by geochemical and experimental data (Rodríguez
and Castro, 2107 and references herein), a mechanical analysis is
pending. This work attempts to gain some insight into the physical fea-
sibility and constraints on the generation of enclaves and enclave
swarms at the sidewalls of magma conduits. Here, the ascent conduits
are treated as feeder dikes for simplicity reasons. The analysis of the
coupled mechanical and thermal evolution of dikes is in its infancy. No
analytical solution is available that simultaneously accounts for
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equations of elasticity, fluidmechanics and thermodynamics (Lister and
Kerr, 1991). Purely thermal models commonly assume an instanta-
neously emplaced dike of a given width, with initially uniform magma
and host rock temperatures. Thermal evolution of dikes can bemodeled
assuming two concomitant processes: diffusion of heat across the dike,
and advection of heat due tomagmaflow. Earlymodels (e.g.,Wilson and
Head, 1981), based on solutions of the thermal diffusion equation like
those of Carslawand Jaeger (1959), neglected the advective heat supply,
which overestimates solidification and blocking of dikes. However, ad-
vection cannot be ignored, and a balance between advective and con-
ductive heat fluxes reveals that the cooled region at the dike margins
(thermal boundary layer) cannot exceed a given thickness (Delaney
and Pollard, 1982; Bruce and Huppert, 1990; Lister and Kerr, 1991).
Also, the portion of the dike over which this conduction-advection
balance is established, which is initially close to the magma source, in-
creases with time (Lister and Kerr, 1991). Important geological implica-
tions can be drawn from the analysis of the evolution of temperatures
within the dike and its host rock. Those implications include critical
width of dikes to prevent freezing, generation of chilled margins,
remelting of chilled margins or dike walls, compositional and textural
zonation of dikes (e.g.,Bruce and Huppert, 1989, 1990; Delaney and
Pollard, 1982; Huppert and Sparks, 1989; Lister and Kerr, 1991), and
granitoid magma transport or batholith-filling rates (e.g.,Clemens and
Mawer, 1992; Petford etal., 1993, 2000), among others.

The temperature gradient generated across the thermal boundary
layer not only leads to magma freezing and formation of chilled mar-
gins, but it can also have profound chemical consequences causing dif-
ferentiation of silicic magmas. A process of geochemical fractionation
of an original high-silica andesitic magma to generate a Qz-dioritic
mush and a differentiated granitic melt, has been described and exper-
imentally tested by Rodríguez and Castro (2017) through magma crys-
tallization in a dynamic thermal gradient. Therefore, this work presents
an application of a simple, first-order approximation to the problem of
thermal evolution of dikes suffering differentiation. The results include
viscosity and flow velocity profiles and allow us discussing the genesis
of a range of magmatic structures commonly observed in ascent
Table 1
List of parameters and variables used in this work, with indication of selected values (where a

Symbol Meaning

ω Half width of the dike
ωc Critical half width
Sm, S∞ Stefan numbers
L Magma latent heat of solidification
cp Specific heat
κ Thermal diffusivity
TL Initial magmatic temperature
Ti Temperature at which the magma is effectively immobile
TH Initial far-field temperature (host rock)
η Melt viscosity of the initial high-silica andesite magma
ηm Melt viscosity (Qz-diorite and granite)
ηs Magma viscosity (Qz-diorite and granite)
A Distance from magma source to the point of observation
s Distance travelled by the magma
g Acceleration due to gravity
Δρ Difference in density between the host crust and the initial high-
ybl Thickness of the thermal boundary layer
Pe Péclet number
f Crystallinity
T' Dimensionless temperature, (T-TS)/(TL-TS)
Tl’ Dimensionless temperature at which one half of the magma has
σ1 Standard deviation of T' about the most probable value of crystal
b Scaling parameter for determining f
fm Concentration level of crystals for dense packing
B, n Parameters of the empirical equation to estimate the viscosity of
V Flow velocity inside the dike
y Distance from the dike wall to its center

(*) Dimensionless. Reference list: (1)Robertson (1988); (2)Eppelbaum etal. (2014); (3)this wo
conduits and plutons, like autoliths, enclave corridors and swarms, dou-
ble enclaves, schlieren, magmatic shear zones, back-veining structures,
boudin-like structures, and zoned phenocrysts.

2. Semi-quantitative analysis of flow in ascent conduits subjected to
geochemical splitting

2.1. Methodology

The procedure followed in this work considers a dike of half widthω
(see Table 1 for a list of the main parameters and variables used in this
work). The dike was emplaced instantaneously from a source region at
depth, although magma continues to flow through it. The original com-
position of the magma is of a high-silica andesite (see below). Immedi-
ately after emplacement, the dike experiences rapid geochemical
splitting and becomes compositionally divided in two zones with an
abrupt change in composition (splitting): a Qz-dioritic mush on the
margins and a differentiated granitic (sensu lato) melt in the interior.
The model is based on the experimental results of Rodríguez and
Castro (2017) simulating fractionation of a high-silica andesitic
magma at the vertical walls of ascent conduits, where thermal gradients
are normal to gravity. Those experiments evidenced that the fraction-
ation process is more effective in the experiments with horizontal
thermal gradients normal to gravity than in those performed to simu-
late gravity settling and compaction (Rodríguez and Castro, 2017).
Therefore, in correspondence with the above-cited experiments, forces
such as gravity or external deformation are not considered. As a result,
compaction and gravity settling (e.g.,Bachmann and Bergantz, 2004)
do not contribute in this particular case to magma fractionation. In the
experiments of Rodríguez and Castro (2017), differentiation occurs
through rapid lateral migration of a water-saturated silicate fluid (i.e.,a
process similar to the gas-driven filter pressing of Pistone etal., 2015).
The efficiency of the differentiation process has been evaluated, and it
occurs in only a few hours inside the experimental capsules
(Rodríguez and Castro, 2017). In natural silicic systems, and under the
filter pressing mechanism, differentiation can occur within times
ppropriate) and their references.

Units Value (ref.)

m –
m –
(*) –
J.kg−1 3.35 × 105 (1)
J.kg−1 .°C−1 1200 (1)
m2 .s−1 6.4 × 10−7 (2)
°C 1100 (3)
°C 875 (3)
°C 400 (3)
Pa.s 102 (3)
Pa.s –
Pa.s –
m 20,000 (3)
m –
m.s−2 9.8

silica andesite magma kg.m−3 340 (3)
m –
(*) –
(*) –
(*) –

crystallized (*) 0.5 (3)
linity (*) 1 (4)

(*) 30(1/2) (4)
(*) 0.7 (5)

dense suspensions (5) (*) 2.5, 2 (5)
m.s−1 –
m –

rk; (4)Marsh (1981); (5)Dingwell etal. (1993).



Table 2
Whole-rock chemical composition and liquidus and solidus temperatures of the starting
material (AGV2) and derived products (Qz-diorite mush and differentiated granitic melt)
for run CRH5 of Rodríguez and Castro (2017).

Rock type AGV2 Qz-diorite Differentiated
granite

SiO2 60.57 58.09 61.62
TiO2 1.08 1.20 1.18
Al2O3 17.27 17.78 18.03
FeOt 6.21 5.13 4.73
MgO 1.84 3.03 1.55
MnO 0.01 0.11 0.12
CaO 5.31 7.67 4.71
Na2O 4.28 3.71 4.04
K2O 2.94 2.43 3.35
P2O5 0.49 0.86 0.67
Total 100.00 100.00 100.00
Initial H2O content (wt%) 4.00 4.00 4.00
Sat. H2O content (wt%) (*) 8.50 9.50 9.50
TL (*) 1100 1132 1070
TS (*) 680 692 664

Chemical composition in wt% of oxides of major elements. Initial H2O content: 4 wt%.
Liquidus and solidus temperatures in °C. (*) Values determined with MELTS at 500MPa
(Asimow and Ghiorso, 1998; Ghiorso and Sack, 1995; Gualda etal., 2012). TL: Liquidus
temperature, TS: Solidus temperature.
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several orders of magnitude shorter than the longevity of crystal
mushes (Pistone etal., 2015). This very quick and highly efficient frac-
tionation processwas named by Rodríguez andCastro (2017) geochem-
ical splitting— the term that will be used throughout this work—, in
reference to the fact that fractionation splits the initial magma into
two distinct subsystems with no gradational transitions between
them: a crystal-rich cumulate or mush, and a fractionated liquid. Ac-
cording to experiments, this kind of differentiation operates in water-
bearing magmas crystallizing in a thermal boundary layer. Note that
this fractionation model differs from those based on crystal settling
and compaction (e.g.,Dufek and Bachmann, 2010) in that crystals can
remain relatively immobile during geochemical differentiation, and
fractionation takes place primarily by expulsion of a water-rich fluid
from the colder region (crystal mush) to the hotter, crystal-free, inner
region of the dike. Although geochemical differentiation takes place in
the cited experiments under static conditions of magma flow, the pro-
cess is believed to be even more effective in a dike with magma contin-
uouslyflowing through it (Rodríguez and Castro, 2017). Themechanical
model outlined in this work considers a stage of dynamic equilibrium,
with a fixed thermal boundary layer resulting from balance of heat ad-
vection and diffusion. It explores the rheological characteristics and
the mechanical response of continued, steady state magma flow along
an already differentiated dike. The model considers a horizontal, 1D
transect, normal to the dike walls and at a given pressure (500MPa, to
fit the experiments of Rodríguez and Castro, 2017). No transient stages
of cooling from the walls are here envisaged, although the effects of re-
peated intrusions and heating of country rocks are qualitatively
explored.

In summary, the model starts from an emplaced and chemically dif-
ferentiated dike, investigating the rheology and the kinematic effects of
flow on the evolution of structures affecting chilled margins and gener-
atingmafic enclaves and enclave swarms. The first step followed here is
to determine the critical width of the dike to prevent complete solidifi-
cation. Then, the temperature profile close to the dike boundaries is
established with approximate calculation of the thickness of the ther-
mal boundary layer. Afterwards, the experimental results of Rodríguez
and Castro (2017) are applied, including geochemical splitting across
the temperature gradient. Finally crystallinity, viscosity, velocity and
shear stress are computed along the 1D profile. The results allow us to
discuss the generation of a number of magmatic structures associated
with the origin of mafic enclaves and enclave swarms at magma ascent
conduits.

Balance of advective and diffusive heat transfer has been semi-quan-
titatively modeled for a single transverse section of the dike at 500 MPa
of lithostatic pressure, and located 20 km above the putative source re-
gion. The obtained temperature profile has been used, togetherwith the
geochemical variation expected at the studied transect according to the
experiments by Rodríguez and Castro (2017), to determine crystallinity,
viscosity and flow velocity profiles.

Distinct values ofω have been checked based on aminimum, critical
value (ωc) given by Petford etal. (1993):

ωc ¼ 1:5
Sm
S2∞

 !3=4
ηκA
gΔρ

� �1=4

ð1Þ

where Sm and S∞ are Stefan numbers depending on the magma latent
heat of solidification (3.35 × 105 J kg−1 ) and specific heat (1200 J
kg−1 °C−1 ), the initial magmatic temperature (TL = 1100 °C, Table 2),
the temperature at which the magma is effectively immobile (860–
875 °C, see below), and the far-field temperature of the host rock
(TH= 400 °C). On its turn, η is the initial melt viscosity (102 Pa s, see
below), κ is the thermal diffusivity (6.4 × 10–7 m2 s−1 ), A is the dis-
tance from magma source to the point of observation (20 km), g is the
acceleration due to gravity and Δp is the difference in density between
the host crust (2700 kg m−3 ) and the magma (2360 kg m−3 for the
initial melt, see below). The assumption of instantaneous dike emplace-
ment supports the use of the initialmelt viscosity instead a bulkmagma
viscosity. Latent heat of solidification and specific heat (Robertson,
1988), and thermal diffusivity (Eppelbaum etal., 2014), are representa-
tive values for dioritic to Qz-dioritic magmas. The host density is an av-
erage value for a metasedimentary crust (Daly etal., 1966). Accordingly,
the critical half width for the considered values is of around 0.3 m. Thick
dikes should retain original dioritic magma flowing at their central
parts, although the chemical splitting process still operates at theirmar-
gins. Estimation of the Reynolds number indicates laminar flow within
the dike for thicknesses well above the critical half width (ωc). Initial
values of melt viscosity, density, and maximum velocity (see below)
suggests that laminar flow will predominate for ω ≤ 34m.

The initial temperature profile across the half width has been esti-
mated with a first-order approximation determining first the thickness
of the thermal boundary layer (ybl) with the equation (Lister and Kerr,
1991):

ybl �
ω2s
Pe

� �1=3

ð2Þ

The Péclet number (Pe) is directly proportional to the half width of
the dike and to the average fluid velocity along the dike, and inversely
proportional to the thermal diffusivity. Average fluid velocity can be ap-
proximated from Δρ,ω and (Petford etal., 1993). Accordingly, Pe can be
given as:

Pe ¼ gΔρω3

12ηκ
: ð3Þ

Distance s travelled by the magma has been here equated to A. The
thickness of the thermal boundary layer steeply increases with ω for
values close to the critical half width, while the ybl/ω ratio decreases
for large dike thicknesses (Fig. 1). Given this variation, spatial coordi-
nates have been made nondimensional by the thickness of the thermal
boundary layer (ybl). In amanner similar to Delaney and Pollard (1982),
the temperature profile across the thermal boundary layer has been ap-
proximated as a linear function from the host-dike contact, where T=
(TL-TH)/2, to the isothermal inner part of the dike, where T= TL.

The benchmark run CRH5 of Rodríguez and Castro (2017) was pro-
duced using a stationary thermal gradient (from 1200 °C to 862 °C
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Fig. 1. Graph showing the variation of the thickness of the thermal boundary layer (ybl)
against the half-width of the dike (ω). See the main Text and Tables 1 and 2 for the
values of the main controlling parameters. The dashed segment correspond to half-
widths below the critical value (ωc) to prevent complete solidfication of the dike.
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across 9 mm), applied at 500 MPa during 315 h to the AGV2 standard
high-silica (N60% SiO2) andesite (Flanagan, 1967), with 4 wt% added
water. The results of that run (crystallinity and compositional profiles
as a function of temperature) are used here to analyze kinematic and
structural evolution in ascent conduits. In particular, the temperature
at which an abrupt compositional change was observed, indicating geo-
chemical splitting, in run CRH5 is of 970 °C (Fig. 2a). Liquidus and soli-
dus temperatures for AGV2, Qz-dioritic mush, and differentiated
granite, as well as the initial melt density for AGV2, have been deter-
mined with MELTS code (Asimow and Ghiorso, 1998; Ghiorso and
Sack, 1995; Gualda etal., 2012). Those data and the average chemical
compositions of starting material and splitting products determined
by Rodríguez and Castro (2017) and used in this work are shown in
Table 2.

Calculation of the viscosities of the distinct crystallizing systems
(AGV2, Qz-dioritic mush and differentiated granite) requires the previ-
ous determination of the viscosity of the silicate melt, which has been
obtained following the approximation of Giordano etal. (2008), an
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depicting the variation of crystal fraction with temperature for the starting material (AGV2) an
determined following the procedure explained in the main text. Actual values measured in exp
optimized model accounting for both near-Arrhenian and non-
Arrheniantemperature-dependent behaviors of a broad compositional
range of silicate melts. Melt viscosities have been calculated for the en-
tire range of temperatures between liquidus and solidus of each system,
in steps of 1 °C. The initial (liquidus) water concentration in themelts is
4 wt%, in accordance with the experiment CRH5, and it has been
recalculated as a consequence of the progressive crystallization of the
investigated magmas, up to the saturation limit determined with
MELTS(Table 2).

According to the empirical approach presented byMarsh (1981), the
variation of crystallinity with decreasing temperature has been deter-
mined as follows:

f ¼ 1
2

1− erf
b1
σ1

T 0−T 0
l

� �� �� 	
ð4Þ

with the dimensionless temperature (T') defined as:

T 0 ¼ T−TS

TL−TS
; ð5Þ

where TL and TS are the liquidus and solidus temperatures, respectively.
Tl’ is the dimensionless temperature atwhich one half of themagmahas
crystallized. Here, Tl’ is fixed at 0.5 (i.e. the temperature that exactly cor-
responds to the mid point between the liquidus and solidus tempera-
tures). MELTS predicts comparable Tl’ values for the studied
compositions, within an error of ±10%. On its turn, σ1 is related to the
standard deviation of T´ about the most probable value of crystallinity
and b1 is a scaling parameter. According to the discussion by Marsh
(1981), concerning the significance of these parameters, the following
values have been chosen, σ1 = 1 and b1 = (30)1/2 . Again, all the inter-
mediate temperatures between TL and TS, with intervals of 1 °C, have
been considered. The theoretical temperature evolution of crystallinity
for the three studied magmatic systems satisfactorily matches the ex-
perimental results (Fig. 2b).
AGV2
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The viscosity of the magma is directly dependent on melt viscosity,
but the presence of crystals has a profound influence on magma rheol-
ogy. For crystals contents in the range 0 and 10 vol% (f b 0.1), the
Einstein's (1911) equation has been applied:

ηs ¼ ηm 1þ 2:5 fð Þ; ð6Þ

where ηm is the melt viscosity, as determined with the methodology of
Giordano etal. (2008), and ηs is the magma viscosity. For crystallinity
between 10 and 30 vol% (0.1 b f b 0.3) the Einstein-Roscoe equation
(Einstein, 1911; Roscoe, 1952) has been used:

ηs ¼ ηm 1−
f
f m

� �−2:5

; ð7Þ

where fm is the concentration level of crystals for dense packing, for
which the shear viscosity of the system increases to infinity. Crystallin-
ity for dense packing is dependent on several parameters, and varies be-
tween 0.52 and 0.74 for spheres (e.g. Dingwell etal., 1993). Here a value
of 0.7 has been chosen for fm. For denser suspensions (0.3 b f b fm),
Dingwell etal. (1993) proposed the following empirical equation:

ηs ¼ ηm 1þ B
f
f m

n 1− f
f m


 �
2
4

3
5
n

; ð8Þ

with B≈ 2.5 for smooth-shaped particles, and n≈ 2 for strain rates cor-
responding to Newtonian behavior (Dingwell etal., 1993). The resulting
viscosities for the three analyzed systems (AGV2, Qz-dioritic mush and
differentiated granite, Fig. 3) are very similar for T N 950 °C, with a neg-
ative linear relationship between log(viscosity) and temperature. Ap-
proximate viscosity values vary from 101.7 to 103.5 Pa s, with slightly
lower viscosities for the Qz-dioritic composition. In contrast, viscosities
strongly differ at T b 950 °C, as a consequence of the distinct solidus
temperatures and rates of crystal fraction variation with temperature.
The viscosity of the Qz-dioritic system strongly increases approaching
the solid-state value at ca. 875 °C, which takes place at 860 °C for
AGV2 and 840 °C for the differentiated granite. The temperature of vis-
cosity inversion for Qz-diorite and granite is of around 964 °C, i.e.,near
the splitting temperature determined in experiment CRH5. Nondimen-
sional viscosities are computed normalizing by the melt viscosity of the
initial AGV2 magma.
AGV2
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Fig. 3. Variation of magma viscosity with temperature for the high-silica andesite AGV2
and the two magmas resulting from the geochemical splitting experiment CRH5 of
Rodríguez and Castro (2017): Qz-dioritic mush and differentiated granite. See main text
for the calculation methodology. The profile is constructed taking into account the
thermal gradient acquired during the initial stage of balance between heat diffusion
across the dike and heat advection along it. Thick continuous lines indicate the
theoretical viscosity profile across a dike where thermal gradient at the dike wall
triggered geochemical splitting. Temperatures below 900 °C strongly increase the crystal
fraction of Qz-dioritic mush, producing a pronounced viscosity gradient and, finally,
hampering determination of magma viscosity.
The flow velocity has been calculated assuming Poiseuille flow in-
side the dike (e.g.,Malvern, 1969):

V ¼ −
1
2
Δρg ω2− y−ωð Þ2

h i1
η
; ð9Þ

where y is the distance from the dike wall to its center. Magma
velocities have been normalized by the maximum flow velocity, corre-
sponding to that of the initial AGV2 melt at the central part of the
dike. Finally, the lateral variation of the shear stress (τ) resulting from
the velocity gradient across the dike has been estimated assuming lam-
inar flow (see above) as (e.g.,Malvern, 1969):

τ ¼ ηs
∂V
∂y

: ð10Þ

The resulting values of shear stress have been normalized by the
experimentally determined maximum possible strength of partially
molten granite for crystallinities of around 0.75 (≈ 1 MPa, e.g. Rutter
and Neumann, 1995), i.e.,just above the maximum crystal content
value of the rheological threshold known as the solid-to-liquid transi-
tion or rheological critical melt percentage (Rosenberg and Handy,
2005; see below).

2.2. Results

Using this first-order approximationmethodology it has been possi-
ble to construct profiles of themain relevant variables (nondimensional
temperature, crystal fraction, viscosity, flow velocity, and shear stress)
for a dike subjected to geochemical splitting (Fig. 4). The thickness of
the thermal boundary layer has been normalized to the unity such
that the resulting profiles are valid for any value of dike half width
above ωc. Crystal fraction remains very low (f b 0.1, i.e. b10 vol%) in
the differentiated granitic melt. On the other hand, crystallinity ap-
proaches 0.2at the Qz-dioritic mush close to the splitting surface,
while it attains 1.0 (mafic chilled margin) near the external contact of
the dike (Fig. 4b). Therefore, both the solid-to-liquid transition (SLT)
and the melt-connectivity transition (MCT) of Rosenberg and Handy
(2005) are reached at the Qz-dioritic mush. The SLT describes the tran-
sition from a liquid- to a solid-supported rheology and is analogous to
the rheological critical melt percentage of Arzi (1978). However, the
greater strength variation of the magma system is related to the MCT
(Rosenberg and Handy, 2005), corresponding to a crystal fraction of
around 0.93. Magma viscosities increase across the thermal boundary
layer, in parallel with the crystal fraction (Fig. 4c). No particular viscos-
ity jump has been observed at the boundary between the granitic melt
and the Qz-dioritic mush, as the effects of higher crystal fraction and
lower melt viscosity relative to granitic melt cancel each other in the
Qz-diorite. The SLT ismarked by a strong viscosity gradient in theQz-di-
oritic mush, while the effects of theMCT on themagma viscosity cannot
be explored here, as the involved crystal fraction is larger than fm. The
typical parabolic flow velocity distribution of plane Poiseuille flow, evi-
dent in the central part of the dike, is truncated within the thermal
boundary layer (Fig. 4d), and around 20–25% of the entire dike thick-
ness (for values at or close toωc), near its external wall, becomes virtu-
ally stagnant. This kinematically frozen zone affects the Qz-dioritic
mush, albeit a drastic decrease in flow velocity also affects the differen-
tiated granitic melt. No sharp variation in flow velocity has been
observed at the contact between Qz-dioritic and granitic systems.
Flow shear stress increases from the central part of the dike, where it
vanishes due to the absence of flow velocity gradients, towards its ex-
ternal boundary (Fig. 4e). A sharp increase in shear stresses is observed
at the differentiated granitic melt inside the thermal boundary layer. A
second step towards higher shear stress is verified at the interface be-
tween Qz-dioritic mush and differentiated granitic melt. Those steps
in the shear stress profile are due to both the effects of strong velocity

Image of Fig. 3


ybl

ybl

b

d

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
0.00
0.05

0.15

0.30

0.45
0.50

0.25

0.10

0.20

0.35
0.40

blyMCT SLT

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

MCT SLT

MCT SLT

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
0

0.1
0.2

0.4
0.5
0.6

0.3

0.8
0.9
1.0

0.7

splitting
surface

splitting
surface

splitting
surface

splitting
surface

Qz-diorite
mush

differentiated
granite melt

Nondimensional
temperature

Crystal
fraction

1.0

0.9

0.8

0.7

0.6

4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5

0.0

Nondimensional distance

Nondimensional distance

log (nondim.
viscosity)

a

c

ybl

Nondimensional distance

Nondimensional distance

Nondimensional
flow velocity

e

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
-5

-1

-3

-4

-2

blyMCT SLT
splitting
surface

Nondimensional distance

log (nondim.
stress)

f

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
-5

-1

-3

-4

-2

bly
splitting
surface

Nondimensional distance

log (nondim.
stress)

strength strength
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gradients and increases in magma viscosity. Finally, shear stresses
strongly augment close to the SLT as a consequence of the sharp rise
of magma viscosity.

Rising of host temperatures above half the temperature difference
between the initial melt and far-field host temperatures is implicit in
models predicting remelting of chilled margins and country rock (e.g.,
Bruce and Huppert, 1990). This is a consequence of the maintained
flow within the dike such that heat flux from the magma exceeds the
flux into the country rocks (Bruce and Huppert, 1989, 1990; Lister and
Kerr, 1991). To approximately simulate this process, the far-field host
rock temperature has been arbitrarily raised from 400 to 750 °C, and
crystal fraction, magma viscosity and magma flow velocity profiles
recalculated according to the new conditions (Fig. 4, dashed lines).
The new host rock temperature was chosen to slightly exceed the
curve of dehydration melting of typical crustal protoliths (e.g.,Castro
etal., 2000; Patiño Douce and Harris, 1998; Thompson, 1982), therefore
allowing partialmelting of country rocks. As a consequence, crystal frac-
tion of the Qz-dioritic mush suffers a dramatic reduction, with f≈ 0.4at
the dike contact (Fig. 4b), resulting in remelting of the former chilled
margin. The crystallinity jump at the splitting contact almost disap-
pears. Both the SLT and the MCT vanish from the Qz-dioritic mush.
Therefore, magma viscosity is reduced within the thermal boundary
layer; with the Qz-dioritic mush less viscous than the granitic melt
close to the splitting contact (Fig. 4c), thereby enhancing deformation
localization within the Qz-dioritic mush near the interface with the dif-
ferentiated granitic melt. On the other side, flow velocities tend to ap-
proach a parabolic profile (Fig. 4d). Shear stress remains relatively
high within the thermal boundary layer, with only a minor drop near
the external boundary of the dike (Fig. 4f). Taken together, these obser-
vations indicate that a sort of remobilization or rheomorphic process
(Backlund, 1937; Reynolds, 1947) affecting the Qz-dioritic mush is pos-
sible, while the granitic melt is subjected to only minor changes.

Building of plutons and batholiths, as regions of magma accumula-
tion, is an inherently episodic and incremental process taking place
over hundred of thousands to millions of years (e.g.,Caricchi etal.,
2016; Coleman etal., 2004; de Saint Blanquat etal., 2011; Glazner etal.,
2004;Miller etal., 2009; Schaltegger etal., 2009; Zibra etal., 2014). Imag-
ing of pluton feeding systems is mostly based on geophysical surveys
(e.g.,Améglio and Vigneresse, 1999), owing to the rarity of exhumed
subvertical feeding structures (e.g.,Pitcher, 1997). Detailed geophysical
analysis of the three-dimensional shape of plutons commonly evidences
a reduced number of narrow conduits acting as feeder zones (e.g.,
Améglio etal., 1997; Aranguren etal., 1997; Hecht and Vigneresse,
1999; Taylor, 2007). Independently from the exact nature of these
feeder conduits, namely, self-propagating dikes or dike swarms, pre-
existing mechanical heterogeneities, active dilational structures in
shear zones (see, e.g. Petford etal., 2000), the long-lasting, incremental
growth of plutons probably requires reactivation of a common ascent
conduit. In order to simulate the renewed use of a former dike, the orig-
inal dike represented in Fig. 4 has been considered to become stagnant
and cooled until the isotherm of 750 °C attains the center of the body,
which implies a crystal fraction of 0.99 for the differentiated granitic
system. A new magma pulse is then allowed to intrude across the cen-
tral surface of the cooled and almost completely solidified dike,
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displacing it laterally. The thermal boundary layer developed in the new
magmabatch (Fig. 5a) originates geochemical splitting, a strong jump in
crystal fraction across the splitting surface (Fig. 5b), marked viscosity
and magma flow velocity gradients towards the contact with the old
magma batch (Fig. 5c, d), and comparatively high shear stresses within
the thermal boundary layer affecting both the Qz-dioritic mush and the
granitic melt (Fig. 5e).

3. Discussion

3.1. Implications of the model

Flow velocity and magma viscosity profiles have been used to draw
conceptual sketches showing themain textural (e.g.,crystal content and
grain size) and structural expected implications resulting from the
explored models. Once balance between heat advection and diffusion
and geochemical splitting is accomplished within the dike, the Qz-dio-
ritic mush exceeds the MCT (i.e.,f N 0.93) close to the dike wall
(Fig. 6a), generating a chilledmargin, characterized byfine grain size re-
gions and a predominantly brittle behavior (Rosenberg and Handy,
2005). Differential stresses transmitted from the host rock, together
with fluid pressure exerted from the interstitial melt (e.g.,Lister and
Kerr, 1991), can be enough to promote transient brittle behavior of
this near-solid carapace. Furthermore, because the intruding intermedi-
ate magma contains dissolved water, crystallization of the chilled mar-
gin is accompanied of excess fluid expulsion from the crystal-rich
mush. Eventual propagation of faults or tensile structures will localize
felsic residual melt and fluids in narrow veins that embrace angular
fragments of Qz-dioritic mush (Fig. 6b); this is a first step in autolith
generation. The size of the resulting fragments depends on the thickness
of the brittle zone. For reasonable critical dike thicknesses, transverse
dimensions of brittle fragments can range from a few centimeters to
several decimeters (taking into account the relative sizes of the thermal
boundary layer compared to reasonable dike half-width aboveωc repre-
sented in Fig. 1). Longitudinal lengths, parallel to the dike walls, are not
restricted by thermal considerations and can be considerably larger.
Existing data on average sizes of mafic enclaves and autoliths range
from around 10−3 to 100 m (e.g.,Barbarin, 2005; Barbey etal., 2008;
Donaire etal., 2005; Hodge etal., 2012), which includes the effects of
their formation and of later processes likemagma flow and deformation
(e.g.,Paterson etal., 2004;Williams and Tobisch, 1994). The enclave size
estimations of this work are in accordancewith the observed size range,
albeit a rigorous numerical comparison with natural cases cannot be
done due to those later processes modifying the enclave shapes and
size ratios.

The SLT threshold is also verified within the Qz-dioritic mush
(Fig. 6a). Deformation of the mush band located between the SLT and
the MCT is more ductile and distributed than in the brittle area
(Rosenberg and Handy, 2005), and becomes localized along a more or
less interconnected network of melt-rich channels (Fig. 6b). Finally, a
third rheological zone of the Qz-dioritic mush is located close to the in-
terface with the differentiated granitic melt. In that area, with crystal
fractions under the SLT, the solid framework breaks down enabling vis-
cous behavior of the Qz-dioritic mush (see the gray-shaded area of the
shear stress profile in Fig. 6a). The viscosity contrast betweenQz-dioritic
mush and granitic melt, albeit small, can trigger limited deformation of
the splitting contact during flow, with cuspate-lobate forms, and even
breakup of boudin-like or drop structures (Hodge etal., 2012;
Laumonier etal., 2015) from the Qz-dioritic system into the granitic
melt (Fig. 6b) that resemble symplutonic dikes and magma mingling
structures. In fact, this is a kind of magmamingling in which the two in-
volved magmas are cogenetic. The mingling model proposed by
Bergantz (2000) may be illustrative to understand the complex process
ofmechanical interaction between theQz-dioriticmush and the granitic
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Fig. 6. Idealized sketches showing some mechanical and structural implications of the results. Inset shows the location within the crust of the modeled dike section, at a pressure of 500
MPa and 20 km above the magma source. The considered initial country rock temperature is 400 °C. The initial parabolic arrangement of flow velocities within the dike infilled with the
AGV2 high-silica andesite, previously to the geochemical splitting is also depicted. The rectangle with a dashed border outlines the area enlarged in figures (a)to (d). After a temperature
gradient is established across the thermal boundary layer (tbl) and geochemical splitting takes place, the results of Fig.4 allow constructing a snapshot image of the crystallinity variation in
the Qz-dioritic mush and differentiated granitic melt (a). Taking into account magma viscosity and flow velocity, a sequence of structures can be predicted to develop in the dike margin
(b). Reheating of the system by continuedmagmaflow along the inner part of dike strongly reduces crystal fraction (c)and triggersmelting back, and remobilization of previous structures
(d). Seemain text for further explanation. The shaded areas in the shear stress profiles depict the viscous, deformable regions, i.e.,thosewhere the calculatedflow shear stresses exceed the
magma strength. Points I to V in (d)show the hypothetical location on the sketch of some natural structures shown in Fig.8. Point I: Fig.8a, b; point II: Fig.8c; point III: Fig.8d; point IV: Fig.8f,
g; point V: Fig.8 h, i.
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melt at the border of the dike, despite the dynamic state of a dike sub-
jected to a continuous flow ofmagma in its interior differs from the con-
ditions considered by Bergantz (2000).
Reheating of dikewalls leads to dramatic rheological changes, there-
fore modifying or even transposing the previous structures. Melting
back of the Qz-dioritic mush reduces its crystallinity (Fig. 4b;

Image of Fig. 6


Fig. 7.Geological sketch of the Puente del Congosto area, at the northern boundary of the Spanish Central Systembatholith (modified from Fernández andCastro, 1999). Note the elongate,
dike-shape form of the intruded granitic bodies, whose boundaries are mostly E-W oriented. The magmatic foliation and the contacts of the granitic bodies are highly dipping to sub-
vertical. The dashed rectangle depicts the location of the photographs shown in Fig.8. The enclaves are concentrated at the boundaries of the successive magma batches. The inset
shows the location of the Puente del Congosto area at the Variscan massif of Iberia.
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Burgisser and Bergantz, 2011), forcing the SLT and MCT surfaces to mi-
grate towards the dike walls, and even to eventually disappear (Fig. 6c).
Magma viscosity strongly decreases in the Qz-dioritic mush, and a
viscosity inversion is expected close to the splitting contact, where the
viscosity of granitic melt can exceeds that of the Qz-dioritic system.
The viscous deformable area enlarges to cover the entire thermal
boundary layer up to the external boundary of the dike (cf. shear stress
profile of Fig. 6c). This process allows entraining fragments of the for-
mer chilled margin.

3.2. Field examples

An excellent field case of lobate contacts indicating low viscosity of a
Qz-dioritic system relative to a granitic melt can be found in the Central
System batholith, Iberian massif (Figs.7 and 8d). Examples of the Span-
ish Central System batholith will be used in this discussion to illustrate
many of the structures resulting from the proposed process of enclave
and enclave swarm generation. In all cases, the examples are taken
from a zone where multiple granitic magma batches intruded
metasedimentary host rocks (Fig. 7). The granitic bodies in the selected
zone (north of Puente del Congosto, Fig. 7) are elongate to tabular and
dike-shaped, with highly dipping to subvertical contacts, while the en-
claves and enclave swarms concentrate close to the external boundaries
of each magmatic batch. These characteristics support the interpreta-
tion of most of the analyzed enclaves as formed by disintegration of
dikemargins. A channel of deformation localization appears at the gran-
ite-Qz-diorite contact (Fig. 6d), generating rapid remobilization and for-
mation of highly foliated bands of Qz-dioritic mush (schlieren or”
amoeboid” enclaves, Fig. 8f, g)that can become folded and kinematically
mingled with the granitic melt. Relative viscosities predict cuspate-lo-
bate interfaces with the granitic melt forming the lobes. Interestingly,
the veinlets of granitic melt formed within the Qz-dioritic mush in the
stage previous to remelting can develop boudin-like structures due to
the competence inversion (Fig. 6d). Removal and partial resorption of
large individual crystals during reheating can explain the formation of
zoned plagioclase phenocrysts with repeated resorption and growth
surfaces that characterize mafic microgranular enclaves (e.g.,Castro,
1990). Remelting of the chilled margin can be heterogeneous following
previous flow structures or any heterogeneity. Thus, remelting may fol-
low discrete veins (see above for their origin) isolating blocks that re-
main unchanged and that are the future mafic enclaves. Diffuse veins
in which a sharp boundary cannot be identified are typical in many
large enclaves that were dragged when they were in the process of dis-
ruption within the chilled margin of the feeder channel. Some enclaves
of the Central System batholith may indeed represent a partially
remelted zone of the rigid crust that formed at the external zone of the
thermal boundary layer of amagmaconduit (Fig. 8a, b). Blocks of the for-
mer chilledmargins can be entrainedwithin the rapidly flowing Qz-dio-
ritic mush to yield autoliths, enclave swarms, and double enclaves (e.g.
following the breakup mechanisms discussed by Hodge etal., 2012, or
profiting previous brittle fractures). Double enclaves are also observed
in the Iberian field cases mentioned above, where a Qz-dioritic enclave
is embraced by fine-grained bands that represent soft mush portions of
the same boundary layer (Fig. 8a, b). Leucocratic veins are indicative of
brittle failure of the chilled margin (Fig. 8c). Also, large tabular enclaves
with magmatic flow structures, representing disrupted mushes from
the contacts with the intruding granitic host, are observed in the Central
System batholith (Fig. 8 h, i). Those foliated blocksmay represent a crys-
tal-rich portion of the thermal boundary layer formed at the contact of
magma pulses and finally broken apart and enclosed by the granitic
magma. Similar processes of erosion of the chilled margin can result
from transient or external processes like (Rodríguez and Castro, 2018):
(1)increase in the ascent velocity of magma within the dike or (2)in-
crease in the width of the channel (see below). However, the model
discussed in this work predicts that remelting of the chilled margin to
generate monogenic enclave swarms also occurs by maintained flow
within the ascent channel (e.g.,Bruce and Huppert, 1990). Therefore, it
can be anticipated that fragmentation of the chilled margins of ascent
conduits is an inevitable process and it must be a universal mechanism
of enclave generation in granitic systems.

Image of Fig. 7


Fig. 8. Field relations of typical mafic microgranular enclaves in I-type granites of the Variscan massif of Iberia (Central System batholith). (a)Fine-grained enclave of Qz-dioritic
composition containing phenocrysts of plagioclase, which are concentrated along bands or weakened zones (b), leading to disaggregation of the enclave in fragments by separation of
the most crystalline parts, as indicated by black arrows in (b). Boreholes in (a)are 4 cm diameter. (c)Partially disaggregated fine-grained enclaves showing a network of leucocratic
bands formed by remelting as in the former case. In this, fine-grained leucocratic veins are visible at the central left part of the outcrop. (d)Irregular fine-grained Qz-dioritic enclaves
showing cuspate contacts with the host granite indicative of low viscosity compared with the host magma. Cuspate enclaves may represent Qz-dioritic liquids formed by remelting of
a previously crystallized chilled margin (see Fig.6d). (e)Portion of the primitive contact of a new magma pulse with the corresponding chilled margin, intruding into a previously
structured granitic mass. The thickness of the chilled margin is several decimeters, which is in agreement with that of the associated magma pulse (N30 m thick according to
Fernández etal., 1997). (f)Irregular, “amoeboid” enclave of a fine-grained Qz-diorite enclosed in a porphyritic monzogranites. The boundaries are sharp at the scale of crystals,
evidencing the magmatic state of two systems with similar viscosities. This represent a soft fragment of the mush region (g)from a primitive boundary layer formed at the sidewalls of
an ascent conduit. (h)Large Qz-dioritic enclave showing magmatic flow structures (i).

58 C. Fernández, A. Castro / Lithos 320–321 (2018) 49–61
Reheating also affects the host rock that can suffer partial melting
(Bruce and Huppert, 1990). Leucosomes resulting from this process
(Fig. 6d) are prone to mingle with magmas from the rapidly deforming
dikewall (e.g.,Laumonier etal., 2015).Moremassive channeling of these
anatectic melts inside the dike can explain the common observation of
leucogranitic facies at the center of zoned plutons.

Image of Fig. 8


Fig. 9. Results of sequential emplacement of a newmagma batch inside a nearly crystallized previous dike. See Fig.6 and main text for further explanation. The squared area in the lower
sketch depicts the possible location of the geometry illustrated in the natural case of Fig.8e.
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Reactivation of the dike with successive magma batches reproduces
the same sequence of events givingplace to new sets ofmagmatic struc-
tures (schlieren, enclaves and double enclaves, autoliths, boudin-like
structures, magmatic shear zones) cross-cutting or remobilizing previ-
ous structures within the laterally growing ascent conduit (Fig. 9).
Some good examples can be found in the Central System batholith,
where new magma pulses, intruding into previous (not completely
crystallized) magma batches, have been described elsewhere
(Fernández etal., 1997). In some cases, a narrow magmatic shear band
is formed at the contact (a deformable zone: see gray-shaded area at
the shear stress profile of Fig. 9), while towards the interior of the
new pulse (at the petrological splitting contact), viscosity contrasts

Image of Fig. 9


60 C. Fernández, A. Castro / Lithos 320–321 (2018) 49–61
favor that fragments of the partially crystallized chilled margin are sep-
arated and incorporated to the granitic mass forming small rounded
bodies (Fig. 8e, compare with Fig. 9). The new magma batch should
also modify the thermal and rheological characteristics of its nearly
crystallized magmatic host (e.g, see the deformed flow structure of
the old pulse in Fig. 8e), although such a process has not been specifi-
cally addressed in this work.

3.3. Limitations of the model

Apart from the explanation of distinct types of magmatic structures
in granitic plutons and batholiths, including the origin of some mafic
microgranular enclaves, the model faces some difficulties to be used as
a general methodology to interpret conditions of emplacement from
field observations. The considered lithostathic pressure (500MPa) and
composition of the initial melt (high-silica andesite) are a consequence
of the available experimental data that provide the necessary geochem-
ical information for the model (Rodríguez and Castro, 2017). Also the
distance above the magma source (20 km), and the initial country
rock temperature (400 °C), are external variables whose exact value
can significantly influence thefinal results. The assumptions of instanta-
neous dike emplacement and fast geochemical splitting as previous
steps for the mechanical interactions described in this work constitute
a first approach to a more complex process. Nevertheless, no analytical
solutions are available to deal with the simultaneous interaction of flow,
cooling and fractionation processes. Ascent conduits are complex, 3D
structures, and a complete knowledge of the processes taking place
along their entire length, from the source to the final emplacement
level, is needed. Departures from steady-state conditions due to exter-
nal stress sources, partial blocking of the conduit, increase or decrease
of the magma velocity at the internal part of the dike, and geochemical
changes in the original magma composition, amongmany other causes,
should be also examined inmore comprehensivemodels. Therefore, the
results of this work must be taken as a first approximation to a more
general problem.Newexperimental and theoretical work, aswell as de-
tailed field observations, is the prerequisite for obtaining more refined
and robust models, able to rigorously explain the complex evolution
of the ascent conduits in granitic systems.

4. Conclusions

This work shows the results of a first-order approximation to the
problem of thermal and mechanical evolution of a silicic magma
ascending through a dike that suffered geochemical splitting by crys-
tal-liquid separation. According to this process, an original high-silica
andesite magma is separated into a Qz-dioritic mush at the outer mar-
gin of a magma ascent conduit and a differentiated granitic melt at its
center. Following the thermal balance between heat advection and dif-
fusion, crystal fractions are low (f b 0.1 close to the chemical splitting
surface) in the granitic melt, albeit high crystallinities are attained in
the dioritic mush.

Once balance between heat advection and diffusion and geochemi-
cal splitting is accomplished within the dike, both the solid-to-liquid
andmelt-connectivity rheological transitions are reached in the Qz-dio-
ritic mush, and a Qz-dioritic chilled margin (f N 0.93) appears at the ex-
ternal contacts of the conduit. Brittle failure of this chilled margin can
result from the activity of differential stresses associated with the dike
and host-rock dynamics, which is a first stage in the generation of
mafic enclaves (autoliths). Remelting of the frozen zone due to the
maintained flow within the dike not only reduces the crystallinity of
the Qz-dioritic mush, but it also has drastic effects on the rheology of
the ascending magma. As a consequence, the Qz-dioritic body behaves
as a remobilized band able to further fragment the chilled margin and
to entrain the resulting mafic enclaves forming schlieren, enclave
swarms, boudin-like structures, rheomorphic bands, and double en-
claves, among other magmatic structures. Sequential reactivation of
the ascent conduit with successive magma batches can give place to a
wide variety of transposing, cross-cutting or remobilizing structures at
the final emplacement level. More general models are needed to fully
explain the complex mechanical and geochemical evolution of the as-
cent conduits that feed the large granitic plutons and batholiths.
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