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Rheological transitions and the progress of melting of crustal rocks
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Abstract

High-grade igneous and metamorphic systems which possess a variable percentage of melt, may undergo a transition
between crystal-supported and fully fluid behavior. The melt-fraction interval over which this transition occurs is not well
constrained. We have conducted six series of numerical simulations of crustal melting using melt-fraction intervals between
0.05 to 0.15 for this mechanical transition. The results of these simulations demonstrate the dependence of convection
and progress of melting on the rheological transition between solid and melt. Convective heat flux varied by a factor of 8
over the duration of the simulations (160 yr) and the mass of melt produced varied by nearly a factor of 4. The onset of
convection in simulations with the most gradual rheological transition was suppressed. Convective heat flux and progress
of melting were more sensitive to the melt-fraction interval for the rheological transition than to the composition of a range
of crustal protoliths. The rheological transition between solid and melt may be one of the dominant factors controlling the

thermal evolution of high-grade crustal rocks. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The rheological transition between solid and melt
may strongly influence the thermal evolution of
high-temperature igneous and metamorphic systems,
Changes in the viscosity and density, as a function of
the local melt fraction, contribute to the efficiency of
convective heat transfer. Quantitative thermophysical
models for such systems require constitutive equa-
tions which include the variability in rheological
properties over the full range of melt fraction. Two
end-member rheological states can be recognized in
natural systems: (1) fully fluid behavior; and (2) a
nearly rigid solid with a crystal-supported pore struc-
ture. The transition between these end-members need

* Corresponding author. Tel.: +1 (206) 543-1975; Fax: +1 (206)
543-3836: E-mail: barboza@u.washington.edu

not be abrupt, but will vary as a function of the sys-
tem properties and the strain rate. In this study, we
demonstrate that the choice of the melt-fraction in-
terval for the rheological transition can significantly
influence the predicted thermal evolution of crystal—
melt mixtures during melting or solidification.

One model for the rheological transition from
crystal-supported to fully fluid behavior is an abrupt
transition over a small melt-fraction interval. The
melt fraction at which this transition takes place has
been termed the rheological critical melt percent-
age [1], or critical melt fraction (CMF) [2]. The
CMF model assumes that a large change in rock
strength occurs over a small melt-fraction interval
that falls between 28 and 50% melt. This model
was inferred from the results of low-melt-fraction
deformation studies in which this transition may
have been observed [1,2]. The CMF model is also
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Fig. I. Schematic depiction of the CMF model. When the local
melt fraction (/') is less than the CMF. the melt percolates
through a rigid solid matrix. When the CMF is exceeded. the
solids are suspended in the melt and increase the cffective
kinematic viscosity of the mixture (v) relative to the crystal-free
melt (v').

in agreement with theoretical calculations and the
results of experiments with dilute suspensions [3-5].
Fig. 1 schematically depicts the CMF model for
the transition from a crystal-supported system to a
suspension with the concomitant increase in the vis-
cosity of the mixture. Empirical relationships for
the viscosity of suspensions and data from relevant
deformation cxperiments are illustrated in Fig. 2.
However, the results of several low-melt-fraction
deformation experiments (Fig. 2) arc not in accor-
dance with those of the earlier studies {6,7|. These
experimental results indicate that there may be a
melt-fraction interval over which local variations in
melt fraction, composition, microscopic pore geom-
etry, and strain rate dictate local variations in the
rheological response of the mixture. In addition, Vi-
gneresse et al. [8] and Wildemuth and Williams [5],
based on experimental results and field observations,
suggested that the rheological transition may pro-
ceed through two or more stages rather than occur
at a single melt fraction. Sawyer [9] observed that
the experimental work supporting the CMF model
was conducted in the brittle deformation regime. The
majority of crustal melts are generated in the plastic
deformation regime which may obscure an abrupt
rheological transition. These experiments and obser-
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Fig. 2. Summary of experimental results related to the CMF.
(1) The maximum differential stress prior to sample failure at-
tained in three low-melt fraction deformation experiments. A
large decrease in rock strength as a function of melt fraction
was observed in the experiments of van der Molen and Paterson
[2], leading to the inference of the CMFE. This change in rheo-
logical behavior was not observed in the experiments of Rutter
and Neuman [7] and Rushmer [6]. (b) The effective viscosity
(shear stress/strain rate) of several experiments. This figure also
depicts empirical and theoretical relationships for the viscosity
ol viscous suspensions {2.40].

vations document the uncertainty in the applicability
of the CMF model for a wide range of geological
conditions.

This uncertainty may be significant, because the
general validity of the CMF model is often assumed
when inferring crustal magmatic processes from geo-
logical data. For instance, the periodic loss of grain—
grain contiguity during heating has been used to
explain the episodicity of deformation, metamor-
phism, and granitoid magmatism in low-pressure,
high-temperature metamorphic terranes [10]. Tec-
tonic surges, or the rapid displacement of high-grade
crustal blocks, have been ascribed to weakening of
the crust where the regional melt fraction exceeds the
CMF [11]. The CMF model has been used to explain
why basaltic magmas preferentially enter fissures as
dikes and why rhyolites are most often represented
by ash flows rather than lavas [12]. The agmatic and
schlieric structures in migmatites, localized mag-
matic shear zones, the contact relationships between
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granitoid intrusive suites, and the phenocryst content
in lava flows and dikes have all been attributed to the
loss of solid contiguity at the CMF [2,13,14].

A rheological model consistent with the experi-
mental work of Rushmer [6] and Rutter and Neu-
mann [7] would include a wider melt-fraction inter-
val than assumed in the CMF model. However, the
degree to which a more gradual rheological transi-
tion may influence interpretations of crustal mag-
matic processes is unknown. Crustal melting is one
process in which the progress of melting and rate
of heat transfer has been ascribed to the rheologi-
cal transition between a partially molten solid and
a viscous suspension [15-17]. We have conducted a
series of transient numerical simulations of crustal
melting in which we quantify the impact of the alter-
native rheological model on convective heat transfer
and melting progress. Our resuits indicate that the
form of the rheological transition may be one of the
dominant controls on the dynamics of heat and mass
transport during crustal anatexis.

2. Continuum model

We have adopted a two-phase continuum—mixture
formulation to model crustal melting. This approach
permits constitutive equations to be included in the
governing equations which model the mechanical
behavior of the mixture with increasing melt frac-
tion. A comprehensive discussion of the continuum
equations for double-diffusive heat and mass transfer
in phase-change systems is available [18-22]. The
variable viscosity form of the mixture continuum-—
conservation equations for phase change and convec-
tion in two dimensions are:
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The nomenclature for the formulae are presented
in Table 1.

The continuum-mixture governing equations
(Eqs. 1-4) require thermodynamic functions that
link the enthalpy and composition to the lo-
cal melt fraction. A pseudo-binary was projected
from the 10 kbar NKM (Na,O-Al,05;-K,0-Al, 05—
MgO+FeO) silica-, alumina-, and titania-saturated
pseudo-ternary to generate this data. A discussion
of the theory, limitations, and assumptions of this
projection is presented elsewhere | 18,23].

The rheology of the mixture is implemented by
source terms that account for the different flow
regimes as a function of the local melt fraction. For
example, the last term on the right-hand side of the
momentum conservation expression (Eq. 2) is the
Darcy drag source term [19]. This relationship ac-
counts for viscous drag between the solid and the
interstitial melt as a function of the permeability, and
provides the dominant balance between buoyancy and
pressure when the melt fraction is low. According
to the CMF model, with increasing melt fraction the
solid grains lose contiguity over a small melt-fraction
interval and form a viscous suspension with the melt.
In our new physical model, the Darcy source imparts
a drag on the mixture over a wider melt-fraction in-
terval. In this way, we account for the additional drag
resulting from the local variability in flow regimes
within the melt-fraction interval over which the me-
chanical transition for the mixture occurs.

The dynamic viscosity of the suspension must in-
clude the contribution of the crystals, as well as the
varijable temperature and composition of the melt.
Following Oldenburg and Spera [28], the permeabil-
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Table 1
Key to the nomenclature in use for this study
Symbol Description Unit
& heat capacity at constant pressure of constituent a J/kg'K
C solute concentration in the mixture
ct solute concentration in conslituent a -
DY diffusion coefticient of constituent a m’/s
[ mass fraction of constituent a =°
gt volume fraction of constituent a -
gi component of gravitational acceleration m/s*
k thermal conductivity J/sm-K
K; 1th component of anisoptropic permeability m?
L specilic latent heat J/K
r slatic pressure or isotropic stress of the mixture Pa
! time s
T temperature °C
v ith component of mixture velocity of constituent a m/s

e coefficient of solutal expansion of constituent a 1/K
Bt coeflicient of thermal expansion of constituent a 1/K
E melting efficiency -
v heat flux ratio -
y* mass of constituent a per unit volume of constituent a ke/m?
r permeability switching function =
K thermal diffusivity m?/s
P viscosity switching function -
fel mass of mixture per unit volume of the mixture kg/m?
P! mass of constituent a per unil volume of the mixture kg/m?
" dynamic viscosity of mixture Pa-s
s dynamic viscosity of constituent a Pa-s
v kinematic viscosity of mixture Pu-s
v kinematic viscosity of constituent a Pa-s
Subscript
0 reference value

Superscript
¢ liquid phase
S solid phase

* Dimensionless.
ity and dynamic viscosity relationships are:
TN
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We assume that, at low melt fraction, the per-
meability is related to the local melt fraction by
the Blake-Kozeny-Carman equation (Eq. 5) [24].
K, is a constant dependent on the multiphase re-
gion morphology [25]. This relationship is consid-
ered generally valid in the laminar flow regime and
for melt-volume fractions less than 0.5 [26]. At
high melt fraction, the dynamic viscosity of the
melt is calculated using the Shaw model [27] and
the drag from suspended crystals is modeled by the
Krieger-Dougherty relation [40] (Eq. 7) as presented
in Wildemuth and Williams [5].

Following Oldenburg and Spera [28], mechanical
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differences between the solid and melt are imple-
mented by arctangent switching functions (Egs. 6
and 8) multiplied to the relevant terms in the gov-
erning equations [28]. Both the permeability and
the dynamic viscosity are switched in this manner.
These switching functions ensure that the Darcy
drag source is included when the local melt frac-
tion (f%) is low and the viscosity contribution of
suspensions is included for ff > 0.5. We initiate
the transition between crystal-supported and fully
fluid behavior at f¢ = 0.5 in all simulations as
this value may be important in magmatic systems
[13,29]. The melt-fraction interval over which the
rheological transition takes place is determined by
the permeability switching-function power law (¢ in
Eq. 6). We do not smooth the viscosity switch-
ing function, as a more gradual transition to a
viscous suspension would increase the local mix-
ture viscosity at a given melt fraction. Therefore,
our results are an upper end-member for convec-
tive heat transfer with respect to the mixture vis-
cosity. The remaining source terms accounting for
the energy of phase change are discussed elsewhere
[18,19,30].

We consider six values of ¢ which span a range of
possible gradations of the rheological transition. At
one limit is the traditional CMF model that requires
the Darcy drag source vanish over a small increase
in melt fraction between 28 and 50% melt. The CMF
mode! is implemented in the ¢ = 10 simulations
where the Darcy drag source approaches zero be-
tween 0.5 < f! < 0.57. More abrupt rheological
transitions ({ > 10) were tested, but did not pro-
duce appreciably different results than the ¢ = 10
simulations. The rheological transition occurs over a
wider melt-fraction interval for smaller values of ¢.
The permeability and kinematic viscosity (= p/p),
modified by the switching functions with the various
power laws, are illustrated in Fig. 3. The shapes of
the viscosity profiles in Fig. 3 are discussed in detail
elsewhere [23].

3. Model assumptions

We assume that the source region remains
undrained through the duration of the simulations
(160 yr). Also. our implementation of the mixture
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Fig. 3. Plot of the kinematic viscosity and permeability against
melt fraction (f%). The two viscosily curves represent the vis-
cosity of the melt (v') and the effective viscosity of the melt +
crystal mixture (v), v* and f* are both functions of temperature.
whereas v is a function of both temperature and f'. The two
permeability curves represent the CMF model (£ = 10) and the
most gradual rheological transition considered (& = 5). The four
other rheological transition models are bounded by these limits.
Viscous drag imposed on the interstitial melt approaches zero
where the permeability curves intersect the Darcy drag ~0 line.

model does not allow us to consider diapiric insta-
bilities of the growing melt layer into the unmelted
roof, Newhouse and Pozrikidis [31] have carried out
a linear stability analysis of the growth rate of di-
apiric instabilities. The amount of time before the
amplitude of the diapiric instabilities doubles is ap-
proximately an order of magnitude longer than the
duration of the simulations. Therefore, diapiric in-
stabilities are unlikely to be significant on the time
scales considered in the simulations.

The mixture model does not allow for relative mo-
tion between phases in the viscous flow regime, so
processes such as crystal settling are not considered.
This assumption does not limit the utility of the mix-
ture model if the particle motion is dominated by the
flow field of the carrier fluid. This is likely to be the
case as long as typical velocities of the crystal-melt
mixture exceed the predicted Stokes settling veloci-
ties of the dispersed crystals. Assuming the particle
Reynolds number is less than one, the settling veloc-
ity of crystals can be obtained by equating the Stokes
drag formula to the gravitational buoyancy force
[32]. Stokes settling velocities calculated for 1-10
cm crystals are less than typical average velocities of
the crystal-melt mixture in the viscous flow regime.
Therefore, differential motion between the crystals
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and melt is unlikely to significantly influence the
flow of the mixture.

In the development of the governing equations
(Egs. 1-4) we assume: (1) the velocity of the solid
phase is zero (vy = 0); (2) the mixture is fully sat-
urated (g° + g* = 1); (3) the flow of the melt is
laminar and Newilonian; (4) the Boussinesq approxi-
mation is valid; (5) local thermodynamic equilibrium
is (T¢ = T* = T) maintained; (6) the phase specific
heats are constant, though not necessarily equal; (7)
the diffusion of species in the solid phase is negligi-
ble; (8) the solid phase is rigid and free of internal
stresses; and (9) the permeability of the partially
molten solid is isotropic [37]. The assumption of
mixture saturation and a stress-free solid also implies
that the phase densities and thus the phase volume
and mass fractions are equal (o = p*. f' = g').

4. Model description and geological motivation

We defined a model protolith with a non-linear
relationship between temperature and melt fraction
(melt productivity) based on the metapelite used in
the experiments of Vielzeuf and Holloway [33]. De-
hydration melting of biotite in this rock composition
may produce up to ~55% melt over a small tem-
perature interval near 850°C, thereby exceeding the
CMF. This lithology thus provides a useful mechan-
ical end-member for our calculations, as the CMF
is exceeded at lower temperatures than for many
crustal rocks [34]. The phase relations were experi-
mentally derived by Patifio Douce and Johnston [38]
using their own data along with those of Vielzeuf
and Holloway [33] and Le Breton and Thompson
[39]. The model equilibrium melt productivity curve
is compared to the experimental data in Fig. 4.

The model dimensions and boundary conditions
are based on conditions expected in the vicinity of
a 200-m-wide basaltic sill in the mid-to-lower con-
tinental crust (underplating) [23]. The 200 x 200 m
computational domain was represented by a 70 x 70
node, variable-spaced grid, refined in both dimen-
sions toward the heated boundary (Fig. 5). The solu-
tions are assumed to be symmetric around the right
margin of the computational domain. A grid refine-
ment study was undertaken to ensure that the simu-
lations were independent of the spatial and temporal
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Fig. 4. Plot of the relationship between temperature and melt
fraction (melt productivity) for the two lithologies considered
in the study. The solid line illustrates the melt productivity of
the model metapelite based on the composition considered by
Vielzeuf and Holloway {33]. The dashed line is the hypothetical
crustal composition with a more linear melt productivity. The
circles are the experimental data of Vielzeuf and Holloway [33].
The melt productivity of the hypothetical crustal composition
was constructed so that both systems had the same melt fraction
at the contact temperature ( Toonc)-

grid discretization. Particular attention was paid to
the grid dependence at the initiation of convection.
Heat flux over the first 2 years of the CMF model
simulations (¢ = 10) varied less than 1% after in-
creasing the density of the vertical distribution of
grid points by a factor of four.

At the start of the simulations, the temperature
of the country rock was uniform with a value of

70 x 70 grid. Grid refinement
in x and y toward the heated
strip

%=0 u=v=0 Teontact
—100m —w
-—200mee
Fig. 5. Schematic of the computational domain. We used a
70 x 70 node grid with a refinement factor of 1.6 in x and 1.4 in
y.
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Table 2
Values for the various material properties and for the initial and
boundary conditions used in the numerical simulations

Thermophysical and rheological properties
Specific heat (J/kg-K) 1.04 % 10°
Thermal conductivity (W/m-K) 1.9

Density (kg/m?) 2.507 x 10°
Kinematic viscosity (m?/s) see lext
Schmidt number (v¢/D) 1.0 % 10°
Latent heat (J/kg) 1.0 x 10°
Permeability coefficient (rn?) 5.56 x 10710
Thermal expansion coefficient (K~') 1.05 x 107+
Solutal expansion coefficient 1.55 x 107!
Critical melt fraction 0.5

Initial and boundary conditions

Pelite starting composition 0.325

Initial temperature (°C) 600.0
Contact temperature (°C) 1000.0
Total time duration of simulations (s) S x 107

600°C. The roof and walls were thermally insulated.
We implemented basaltic underplating by fixing the
temperature along a 100-m strip from the center
of the lower boundary to the right wall to 1000°C.
Free-slip conditions were assigned to the right wall
and no-slip conditions on the remaining boundaries.
A summary of the various model parameters and
boundary conditions used in the simulations is given
in Table 2 and Fig. 5.

We based the numerical algorithm on the control-
volume formulation [35] and used the PHOENICS
algorithm [36] to solve Egs. 1-4. The mass fractions
were updated iteratively following the procedures
outlined in Prakash and Voller [30]. Details of the
numerical procedures and other aspects of this ap-
plication of the PHOENICS algorithm are provided
elsewhere [18,23,30].

5. Results and discussion

In previous studies, we demonstrated the sensi-
tivity of convective heat transport on the melt pro-
ductivity (increase in melt fraction with temperature)
of the protolith, viscosity of the melt, and the melt
fraction at which the rheological transition takes
place (CMF) [18,23]. In the ensuing sections, we
demonstrate the influence on convective heat trans-
fer of the rheological transition between a partially

molten solid and a viscous suspension. Five sets of
simulations were performed, using the same values
for the CMF and K|, but with differing values of ¢£.
The CMF model is approximated in the simulations
in which ¢ = 10, where the rheological transition
occurred over the smallest melt-fraction interval.

5.1. Initiation of convection

In all of the simulations, convection initiated with
buoyant instabilities along the contact adjacent to
the right margin of the computational domain. As
convection developed, the instabilities propagated
toward the left edge of the heated strip. The ini-
tial separation between the upwellings was approxi-
mately 20-25 m. Upward propagation of the melting
front led to merging of the buoyant crystal-melt
plumes. In all cases, when the cavity aspect ratio was
approximately 1:1, convection was dominated by
a single counterclockwise-rotating convection cell.
This evolution in the style of convection proceeded
most rapidly in the ¢ = 10 simulations.

We defined the initiation of convection to be when
the heat flux across the heated strip was elevated by
1% relative to conduction. In the £ = 10 simulations
(our closest approximation for the CMF model),
convection began approximately 0.8 years after initi-
ation when the boundary enclosing the region which
exceeded the CMF had propagated 1.1 m from the
contact. This is somewhat further than would be pre-
dicted based on buoyant thermal instabilities alone.
The critical Rayleigh number (Ra.;,) for the onset of
thermal convection in a fluid heated from below is
approximately 1000 or 2000 [32]. We assume a Ra,
of 2000 and invert the Rayleigh number to obtain the
theoretical thickness of the melt lens at the onset of
convection:

pi Ragg

h=23

3 [ ——— 9
pOga AT >

Using typical values obtained in the simulations,
we calculate the theoretical thickness of the melt
lens prior to convection to be between 0.3 and 0.7
m. We have found that, for the pelite system dur-
ing underplating, double-diffusive effects can delay
the onset of convection and impede convective vigor
[ 18]. Therefore, theoretical estimates based on ther-
mal buoyancy alone may underestimate the time to
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the onset of convection and overestimate convective
vigor during the anatexis of some crustal rocks.

We found the time duration prior to the initia-
tion of convection was sensitive to the melt-fraction
interval for the rheological transition in addition
to double-diffusive effects. More gradual transitions
(¢ < 10) increased the amount of time and the
minimum height of the melt lens before convection
began. For instance, 160 years after initiation of the
simulation with the most gradual rheological tran-
sition (¢ = 5), the boundary enclosing the region
exceeding the CMF had propagated approximately
35 m from the simulated contact with the sill. Al-
though this is over 100 times more distant than
would be predicted by Eq. 9 for convection to begin
by thermal buoyancy alone, the temperature profile
in the crustal rocks was conductive. Our results indi-
cate that classical dimensioniess analysis and numer-
ical simulations that assume an abrupt rheological
transition may significantly underestimate the time
required before the onset of convection.

5.2. Influence of rheological transitions on the
progress of melting

Fig. 6 depicts the thermal state of the system,
after 79.3 years, for simulations using three differ-
ent rheological models. Viscous flow of the crystal-
melt mixture, indicated by the velocity vectors, is
enclosed within the region which exceeds the CMF
(f* = 0.5). The CMF is approximately coincident
with the biotite dehydration-melting isopleth. The
distance above the heated strip that the isopleth prop-
agated as a function of time is illustrated in Fig. 7
for the three simulations. Along the right wall of the
computational domain, the height was 137 m after
79.3 years for the & = 10 simulations. For £ = 8
and ¢ = 6 the isopleth had propagated 120 m and 61
m respectively. The distance between the predicted
positions increased as a function of time. Therefore,
the relationship between convective heat transfer and
the melt-fraction interval for the rheological transi-
tion can change the predicted positions of isotherms
by up to a factor of two.

Fig. 8 depicts the efficiency of melt generation
(£) as a function of time for the five series of simula-
tions. E = 2.0 indicates that twice as much melt was
generated as was predicted to have been produced at

Height above Contact (m)

175 125 75 25

Distance from
Center of Sill (m)

Fig. 6. Sample results 79.3 years after the initiation of the
simulations with £ = 10. 8, and 6. Contours are of temperature
in °C. Viscous flow, indicated by the velocity vectors, is enclosed
by the region exceeding the CMF (/' = 0.5). Typical melt
velocities in the porous flow regime are 6-8 orders of magnitude
less than viscous flow velocities in the mixture.

200

® R
(= ] (=)

Height of Biotite Dehydration-
Melting Isopleth (m)
5
[V
I
[}

0 50 100 150 200
Time (years)

Fig. 7. Distance the biotite dehydration isopleth had propagated
as a function of time. for simulations with & = 10, 8, and 6.
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Fig. 8. Melting efficiency (E) as a function of time predicted by
the simulations with the various rheological models. We define
E as the mass of melt generated in the simulations relative to
the mass of melt predicted to be generated in the absence of
convection.

the same time by conduction alone. After 95 years,
E was approximately 3.0 in the ¢ = 10 simula-
tions. The simulations using ¢ = 5, however, at no
time produced more melt than would be predicted
by conduction alone. We conclude that predictions
of melting progress in high-grade igneous and meta-
morphic terranes may vary significantly within the
range of the uncertainty in the rheological transition
between solid and melt.

5.3. Sensitivity of thermal evolution to rheological
transitions

Fig. 9 depicts the change of the thermal flux ra-
tio (¢) as a function of time for the various values
of . We define ¢ as the ratio of the average heat
flux across the heated strip measured in a convection
simulation relative to conduction. The flux ratio is
thus analogous to the Nusselt number which is often
used to characterize the efficiency of convection for
steady-state convective heat transport. For example,
¥ = 2.0 indicates that the heat flux is twice that of
conduction. Convective heat flux did not monotoni-
cally increase, which resulted in some scatter in .
This observation is consistent with other experiments
and simulations, where such irregularities have been
attributed to the time-dependent nature of the solidus
front growth rate [37]. Accordingly, the curves in
Fig. 9 are a best fit to the computed flux ratio.

After 79.3 years, ¥ = 5.6, 4.6, and 2.0 for the
simulations with ¢ = 10, 8, and 6, respectively.
The ¢ = 8 and ¢ = 6 simulations resulted in a 17
and 65% reduction, respectively, in the efficiency
of convective heat transfer relative to the £ = 10
simulation. The flux ratio continuously diverged as
a function of time. However, the largest change in
# occurred for £ = 5, 6, and 7. For instance, after
approximately 143 years, ¢ was 7.35 and 7.13 in
the £ = 10 and & = 9 simulations, respectively.
Thus, a factor of one decrease in ¢ caused a 4.3%
reduction in the efficiency of heat transfer. However,
decreasing ¢ from 8 to 7 resulted in a 33% reduction
in heat transfer. Therefore, # was more sensitive
to changes in { in systems with a more gradual
rheological transition.

5.4. Relative importance of melt productivity and the
rheological transition

In another study, we evaluated changes in the
heat transfer and progress of melting as a function
of the melt productivity of the protolith (increase in
melt fraction with temperature) [18]. We compared
the convective heat transfer during anatexis of two
protolith compositions: (1) the pelitic composition
adopted in this study with a non-linear increase in f*
with temperature; and (2) a hypothetical composition

8.0 =10
&=9
2 =8
260 <
b
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540 ¢=7
=
o
_g 201/ - &
,’
= A (=5
0.0 Hypot'hetical protolith

0 50 100 150 200
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Fig. 9. Heat flux ratio (#) as a function of time predicted
by the simulations with the various rheological models. We
define ¥ as the heat flux across the heated strip calculated
during the simulations relative to that predicted in the absence
of convection. The dashed line indicates # for the hypothetical
composition with the linear melt productivity and & = 10.
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with a linear meit productivity. The melt productiv-
ity curves for the two lithologies are compared in
Fig. 4. The melt productivity of many crustal rocks
fall between these extremes [34]. The two compo-
sitions thus represent end-members for a continuum
of possible melt productivities from crustal rocks.
The various boundary and initial conditions of the
simulations were identical to those of this study.

Fig. 9 depicts & as a function of time for the hy-
pothetical composition with linear melt productivity
and ¢ = 10. This figure illustrates that convective
heat transfer may be significantly suppressed dur-
ing melting of less fertile protoliths. For example,
after 79.3 years # = 2.0 for the hypothetical pro-
tolith with the linear melt productivity. For the model
pelite at the same time, ¥ was 280% larger. However,
the variability in ¢ resulting from the tested rheolog-
ical transitions exceeds the predicted variability as a
function of protolith composition. Adopting £ = 5
for the model protolith composition, for example,
suppressed convection to the extent that the calcu-
lated heat flux was equivalent to conduction through
the duration of the simulations. We conclude that, for
a wide range of fertile crustal rocks, the rheological
transition between solid and melt may be one of
the dominant factors controlling convective vigor in
crustal magmatic systems.

6. Conclusions

The results of low-melt fraction deformation ex-
periments indicate that the rheological transition be-
tween crystal-supported to fully fluid behavior may
be more gradual than stipulated by the CMF model.
However, it is uncertain what impact this may have
on interpretations cf geologic processes that appeal
to the loss of contiguity at the CMF.

The hybrid model of Oldenburg and Spera [28]
may be easily adapted to accommodate a more grad-
ual rheological transition. Using the modified Old-
enburg and Spera [28] model, we conducted numer-
ical simulations to evaluate the relationship between
crustal anatexis, convective heat transfer, and the
rheological transition. A more gradual rheological
transition may significantly delay the initiation of
convection. An insignificant amount of convective
heat transfer was observed in the £ = 5 simulations,

even though the boundary enclosing the region which
exceeded 50% melt had propagated 34.7 m from the
contact. Heat flux was between one (¢ = 1.0) and
eight times (# = 8.0) that of conduction alone,
depending on the selection of rheological models.

Both the rheological transition and the lithology
of the protolith contribute to convective heat flux.
Two protolith compositions were analyzed which
bracket the melt productivity of a wide range of
common crustal rocks. We found that convective
heat transfer and melting were more strongly in-
fluenced by the selection of rheological transition
model than by the melt productivity of the protolith.
We conclude that the mechanical behavior of high-
melt-fraction igneous and metamorphic systems may
be a dominant factor influencing the generation of
felsic melts.
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