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Abstract

The purpose in this thesis is 10 elucidate the physical processes governing the
thermal and compositional evolution of a magma and a continental crust surrounding it
from view points of the thermal and mass balances between the magma and the crust. |
refer to the sysiem that consists of the magma and the surrounding crust as "the magma
system” in this thesis. Since the temperature of a magma from the mantle is near or equal
to its liquidus and is commonly higher than the melting temperature of the crust, the mass
and energy balances in the magma system are governed by complex processes including
simultaneous melting and crystallization. These processes are discussed hased on the
theoretical analyses and the results of the analogue experiments.

The thermal transfer processes between a hot liguid and a cold solid have been
analized theoretically o understand the important factors which govemn the cooling of the
magma. The results indicate that when the solidfliquid interface migrates due 1o melung of
the crust and the liguid convects vigorously, the temperature of the liquid decreases very
rapidly regardless of the solid temperature, and that the liquid cools slowly in the other
cases. The analyses also suggest that when the magma is convective, the relationship
hetween the iemperature of the magma (T} and the melting temperature of the crust (Tiy)
is the most important factor to determine the thermal history of the magma. When T>Ty,,
the magma decreases in temperature rapidly and the crust melts (the rmpid cooling stage)
On the other hand. when T<Tyy, the magma cannot melt the crust and the temperature of
the magma decreases slowly (the slow cooling stage).

Analogue experiments have been carried out using a sawrated NH4Cl aqueous
solution and the solid mixture with eutectic composition in the NH4CI-H20 binary
eutectic system to consider the condition under which the melting and/or crystallization
occur at the roof and the floor of the magma chamber. When a cold solid mixture with the
eutectic composition is placed at the wp of a hot solution of higher NH4C1 content,

vigorous thermal convection occurs in the solution, which results in rapid melting of the

solid roof to form a stable melt layer with negligible mixing of the underlying liquid. On
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the other hand, when the cold solid mixtare is placed at the bottom of the hot solution, the
convection is driven by compositional instabilities due to floor melting as well as
erystallization just above the floor, Because the compositional convection carries a low
heat flux, the mte of melting and the temperature profiles around the floor do not differ
greatly from those that would be observed due to conduction alone. Unlike the roof
melting, the melt generated by the floor melting efficiently mixes with the overlying

solution. The compositional gradient generated by the compositional convection enhances

the It ion of the double-diffusive convective layers and decreases the upward heat
flux indirectly.
Another series of analogue experiments has been carried out 1o understand the

effects of the c

positional and the temy variation of the floor crust on the
evolution of the magma system. The NH4Cl contents and the initial iemperatures of the
solid mixtures were systematically changed in the experiments. As the NH4Cl content of
the solid becomes higher, the rate of the compositional differentiation of the liquid

decreases. This can be explained by two mechanisms. (1)As the NH4Cl content of the

solid becomes higher, the melting degree of the solid at the solidus becomes smaller and
hence the latent heat required by the migration of the interface between the solid and
partially molten zone (mush) decreases. Thus, the interface migration becomes faster and
hence the emperature gradient just above the interface becomes smaller. These effects
result in low heat flux from the mush 1o the interface and decrease the production rate of
the melt with low NH4Cl content. (2)As the NH4Cl content of the solid becomes higher,
the permeability of the mush becomes smaller. Thus, compaositional convection induced
by the instahility in the mush becomes less vigorous and the liquid of the low NH4C1
content mixes with the overlying solution less effectively. On the other hand, as the initial
temperature of the solid became colder, the rate of the compositional differentiation of the
liguid decreases. This is because as the initial temperature of the solid became colder, the

heat loss into the solid increases and hence the production rate of the melt of the low

NHACI content decreases.
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The implication for the thermal and compositional evolution of a magma system is
that, when a basaltic magma is emplaced in the continental crust, a silicic magma is
mpidly formed by the roof melting, and that the magmas evolve very slowly after the
temperatures of the magmas become as cool as the melting temperature of the crust. The
major effects of the floor melting would be that the liquid line of descent of the basaltic
magma can be greatly modified by mixing with the melt generated at the floor and the
interstitial hiquid in the mush and that the upward heat flux decreases due 1o the formation
of the double-diffusive layers. When the magma system evolves in this scenario, the
variations of the temperature and composition of the crust would affect the evolution of
the magma system in the following four points. (i) The temperature of the roof crust
gives little effect on the rate of the temperature decrease of the magma in the rapid cooling
stage but changes the amount of the melt generated by melting of the ool crust and the
cooling of the magma in the slow cooling stage. As the temperature of the roof crust is
colder, the amount of the melt generated by roof melting of the crust decreases and the
time scale of solidification of the magma becomes shorter. (i) As the meling lemperature
of the roof crust becomes higher due 1o the change in compositions, the transition of the
rapid and the slow cooling stages occurs at a higher temperature of the magma. (i) As
the temperature of the floor crust is colder, the amount of the melt generated by melting of
the floor crust decreases and hence the e of the compositional differentiation of the

basaltic magma decreases.

iv) When the composition of the floor crust changes, change

of its melting temperature and/or change of the degree of partial melting of the crust at the
constant melting tlemperature occur. As the melting temperature of the floor crust becomes
higher or as the degree of the partial melting of the crust decreases, then the amount of the
melt generated by melting of the floor crust decreases in both cases and the compositional

convection becomes less vigorous in the latier case. Therefore, the rate of the

compositional differentiation of the basaltic magma decreases.
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1. Introduction

A magma generated in the Eanth's mantle differentiates in a magma chamber in a
crust. Divergent features of erupting magmas are determined by the processes of the
thermal and compositional evolution in the crust (e.g. Tumer and Campbell, 1986).
Classical methods of petrology based on the equilibrium relations between phases allow
us to estimate the pressure and the temperature at which generation or fractionation of the

magma occurs. They, however, do not enable us 1o fully understand the mechanisms that

determing the temy and the composition of the erupting magmas, becanse they
give only the relationship b the intensive | such as |
I and comp but do not tell anything about the energy balance

between the magma and the crust.

The fundamental aim of this thesis is (o elucidate the physical processes govemning
the thermal and compositional evolution of the magma in the crust from view points of
both the mass and energy balances between magma and crust. 1 refer to the system that
consists of both the magma and the crust surrounding it as "the magma system” in this
thesis. One of the most important characteristics of the magma system is that when a new
magma is supplied into the magma system, the temperature of the magma is near or equal
to its liquidus and is commonly higher than solidus of a continental crust. Therefore, the
mass and energy balances in the magma system are governed by complex processes
including simultaneous crystallization and melting.

One of the proper approaches 1o understand such complex processes would be
experimental one in the analogous system. In order that the analogous system simulates
the natural magma system, the system should includes melting and crystallization
processes and the melt generated by melting and the residual liquid due 1w crystallization
is positively buoyant (e.g. Jaupart and Tait, 1995). In the previous studies, the heat

transfer and the liquid motion induced by melting and/or crystallization have been

igated experi lly using the

system having the above nature. I briefly




review these previous studies and the related theoretical studies on the processes at the
top or the bottom of the liquid in the following two paragraphs.

There are two important previous studies on the processes at the wp of the liquid,
which are Campbell and Tumer (1987) and Huppert and Sparks (1988a.b). Campbell
and Tumer (1987) experimentally investigated melting of the roof solid and
crystallization of the liquid. They observed the formation of two separate layers of the
malten solid and the original liquid, both of which began to convect thermally. Huppert

and Sparks (1988a,b) experimentally investigated melting of the roof solid and observed

hasically the same ph as Campbell and Tumer (1987). Huppert and Sparks

(1988a, b) developed the theoretical model on this system and clarified that the melting of

the roof solid accompanying migration of the solidfliquid interface proceeds very rapidly
and that the rate of the iemperature decrease of the liquid in this case is much larger than
the case in which no melting of the roof solid occurs.

The phenomena at the bottom of the liquid are very different from those at the top.
Either melting or crystallization at the bottom of the liquid has been studied previously.
Campbell (1986), Woods (1991) and Kerr (1994) experimentally and theoretically
investigated melting processes at the bottom of the liquid which does not crystallize.
They found that the light molien solid induces compositional convection and mixes with
the overlying liquid, and that the heat flux camied by the compositional convection
depends on the density difference between the molten solid and the overlying liquid. On
the other hand, Tait and Jaupart (1989, 1992), Chen and Chen (1991) and Chen et al.
(1993) experimentally investigated crystallization processes of the liquid cooled from
below. They all observed the formation of the mush where solid and liquid coexist at the
bottom of the liquid and two modes of the compositional convection: one is driven by
buoyant residual liquid within the mush and the other is associated with the thin
compositional boundary layer in the melt just above the mush surface, both of which are
possible theoretically (Worster, 1992). Compositional convection induced by these

instabilities carries a low heat flux under some conditons (e.g. Jaupart and Tait, 1995),

but it carries heat flux efficiently under other condition (e.g. Kerr, 1994),




The above reviews of the previous work suggest that there remain at least four
fundamental problems to understant the whole thermal and compasitional evolution of
the solid-liquid sysiem. First, Huppert and Sparks (1988a,b) did not cover all cases of
migrations of the liquid/solid interface and convective states of the liquid that might occur
in the natural system. Second, the system in which simultancous melting and
erystallization occur at the bottom of the liquid has not been investigated in the previous
studies. Third, the interaction between the processes at the top and bottom interfices of
the liquid is not understood. The natural magma system has both interfaces. The
interaction between the processes at both interfaces may significantly change the heat

transfer and the liquid motion of the magma system. Forth, there is no previous

experimental study in which the solid composition was changed sy ically. The solid
composition determines its solidus and liguidus and the mehing degree at some
temperature. Thus, the change of the solid composition is expected to change the
temperature at the solid/liquid interface and the amount and the composition of the melt

generated by melting of the solid.

In this thesis, | tackled the above four problems in the following three chapters on

the basis of the results of the theoretical analysis and the analogue expern using o
hot, NH4Cl agueous solution and a cold solid mixwre of ice and NH4CL

In §2, theoretical analyses on the heat transfer processes between a hot liguid and a
cold solid are presented. 1 consider various sets of the melting temperatures of the solid
and the liquid and the case in which the liquid is convective or noL. From the results of
the theoretical analysis, it is emphasized that a set of the crustal melting temperture and
the magmatic temperature is the most important to the thermal history of the magma
system and that the magma system has the two cooling stages of very different time
scales,

In §3. Latempt to give some solutions to the second and third problems. The heat
wransfer al the solidMiguid interface and the Tiguid motion of the system are discussed

using the results of the three analogue experiments in which the liguids were in contact

with the solids at the top of the liquid, at the bottom, or at both the top and bottom. The




results of the experiments indicate that the processes at cach interface give very different

effects on the evolution of the solid-liquid system, Their interactions are discusse
on the resulis of the three experiments,

In §4, Latiempt to give some solutions 1o the fourth problem, The analogue
experiments in which the liquids were in contact with the solids with various
compositions and temperatures at the bottom of the liquid. The results indicate that the
evolution of the system systematically changes, for example, in terms of the rate of the
melting and the compositional differentiation, as the compaosition and the temperature of

the solid change. The mechanisms of these s changes are considered.

In §5, I consider the thermal and compositional evolution of the natural magma

system and its time scale on the basis of all theoretical and experimental results,




2. Theoretical analyses on the thermal history of a magma

system

The heat transfer processes between a hot liquid and a cold solid are analyzed
theoretically in this section 1o understand the important factors that govern the thermal
history of the magma system. Huppent and Sparks (1988, b) clarified that the melting of
the roof solid accompanying migration of the solidfliquid interface proceeds very rapidly
and increases the rate of the emperature decrease of the convective liquid much more
than the case in which no melting of the roof solid occurs. | extend Huppent and Sparks
(1988a,b) and consider the various sets of the solid and liquid with the different melting

temperatures and the cases in which the liquid is convective or not
2.1. Thermal balance at the moving interface between the solid and the liquid

Consider a one-dimensional coordinate system with the z-axis and the liquid with
finite thickness in contact with the solid with semi-infinite thickness at z=a. The heat flux
from the liquid 1o the solid/liquid interface FT1. and the heat flux from the interface to the
solid FTS can only be balanced by the latent heat released or absorbed due 1o the
migration of the solid/liquid interface. Its relationship is given by

Fy = Frs+ Pf-d—ﬂ (2-1)
dt

where p is density and L is the heat of fusion. The second term of the right hand side is
positive when the solid melts and negative when the liquid solidifies (Fig. 2-1).

The heat transfer process in a solid is only conduction so that the lemperature
profile is governed by the diffusion equation. Thus the heat flux from the solid/Tiquid

interface to the solid is given by

ar
Frs =k, @2

where T is the temperature in the solid with respect to a fixed z-axis and kg is thermal

conductivity of the solid. When a cold solid is in contact with a hot liquid, FTs must be




very large initially. As time proceeds, however, FTS decreases rapidly as the conductive
temperature profile in the solid relaxes.

The heat flux from the liguid to the solid/Miquid interface in the case of the
convective liquid is different from that in the case of the stagnant liquid. When the liquid

is uniform in temperature due to vigorous convection, FTL. is given by
3

o u,[ o }

where T} is the uniform liquid temperature and Tj is the emperature at the interface, and

43

(r-1) (2-3a)

@, ki, ], v are thermal expansion coefficient, thermal conductivity, thermal diffusivity,
and kinematic viscosity of liquid, respectively . g is gravity acceleration and A is an
empirical constant (e.g. Tumer, 1979). Fr1_ is independent of the thickness of the
convective liquid layer and determined by the temperature difference between the intemal
liquid and the interface, when the unstable plumes produced continuously near the cold
interface and carry heat Mluxes and the liquid is thermally well-mixed within its interior.
This case arises, for example, when the liguid cooled from above. The heat flux
decreases as the liquid temperature decreases if the emperature of the interface is
constant.

When the liquid is stagnant, Fr1, is govemned by heat conduction like Frs, and is

en by

9T
Fy = _""J:T . (2-3b)

This case arises, for example, when the liguid cooled from below forms the stable
stratification in density.

Let us retumn equation (2-1) w consider the thermal balance at the solid/liquid
interface and its migration. When the position of the interface does not change, the
relationship FTL.=PT5 is held by the change of Ti; Ti increases when P11, becomes
relatively larger and Ti decreases when F1 relatively smaller. The change of Ti cannot
hold the relationship FTL=Frs when Fr1, becomes some larger value, because Ti must

be below the melting temperature of the solid. Then P exceeds PTS and hence melting

of the solid proceeds with Ti fixed at the melting temperature of the solid. Similarly, the
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change of Ti cannot hold the relationship FTL=FTS when FT1, becomes some smaller
value, because Ti must be above the melting temperature of the liquid. Then FTs exceeds
PrL and solidification of the liquid proceeds with Ti fixed at the melting temperature of
the liguid.

As discussed above, the melting temperatures of the solid and the liquid and the
thermal balance at the interface determine the migration of the interface. The melting
temperatures of a magma and a crust cannot be defined in a strict sense because they ane
multi-component material. When a multi-component material in solid state progressively
melts, they can be regarded as partially molien solid with mechanical strength when the
fraction of melt is low (Shaw, 1980). At this stage, the crystalline phases form an
interconnecied framework, However, beyond some critical melt fraction the
connectedness of the crystalline framework is destroyed and the partially molten solid has
been converted into pantially erystallized liquid. Experimental and theoretical studies
(Wickham, 1978; van der Molen and Pateron, 1979; Shaw, 1980; Marsh, 1981) indicate
that there is typically a very large variation in viscosity by up to ten orders of magnitude
for small changes of melt fraction and temperature in the vicinity of the critical melt
fraction (50-60%). We assume that the temperature at which the eritical melt fraction is
atained is a sensible value to ke as the effective fusion temperature(EFT) of the material
in applying the theory (Huppert and Sparks, 1988b), when separation of liquid and solid
phases does not occur.

EFT will vary according to the composition of the material, because it is determined
by the fraction of solid and liquid phases. The EFT of the solid is generally different from
that of the liguid. Therefore, we have to understand how the migration of the interface
changes by the set of the EFTs of the solid and the liquid. This problem is considered in
the following, when the liquid is convective or non-convective.

(1} Convective liquid

(i) When the EFT of the solid is equal to that of the liquid (Fig. 2- 2A), Ti is fixed

atits EFT and the position of the interface always changes as the solid melts or the liquid

solidifics. When the solid is in contact with the liguid, the finite heat flux FT7, expressed




in equation (2-3a) occurs simultancously with a large (initially infinite) conductive heat
flux Frs in the solid. As the conductive heat flux in the solid must initially exceed any
heat flux from the liquid, the formation of a chilled margin must be the first response
(Fig. 2- 2Aa). As time proceeds, however, FT§ decreases rapidly as the conductive
temperature profile relaxes. Thus there will come a time when FT1, exceeds Frs. From
then on melting at the interface occurs (Fig. 2- 2Ab). The previously solidified chilled
margin will remelt, followed by the initial solid, provided that the EFT is less than the
temperature of the liquid (Fig. 2- 2Ac). As T) decreases with time, Fr, decreases (see
equation 2-3a), there will come a time when FT'§ exceeds Fr1. again. The liquid begins

10 solidify (Fig. 2- 2Ad). When the liquid temperature becomes the EFT, convection in

the liquid ceases b there is no temp difference in the liquid. Then

solidification p is by thermal luction alone (Fig. 2- 2Ae).

(ii) When the EFT of the solid is lower than that of the liguid, solidification of the

liquid and melting of the solid occur simul ly. I do not ider this si
because it is unrealistic.

(iii) When the EFT of a solid is higher than that of a liquid (Fig. 2- 2B), Ti is fixed
at the higher EFT when solidification or melting of the initial solid proceeds and Ti is
fixed at the lower EFT when solidification or melting of the initial liquid proceeds. That
is, the migration of the interface occurs like the case of the uniform EFT although Ti is
different. It is noted, however, that the position of the interface does not change when Ti
is between the higher and the lower EFTs. This sitwation will occur between (b) and (c)
or (d) and (e) in Fig. 2-2A, and cannot oceur in the case of the uniform EFT.

(2) Stagnamt liguid

The migration of the interface position will change by the difference of the EFTs of
the solid and the liquid. It is not expected, however, that the difference of the EFTs
affects on the evolution of the temperature profile of the system qualitatively, because the

heat transfer processes in both the solid and the liquid are conduction alone.

2.2. Numerical calculations in the one di ional model.




According to the discussion in §2.1, it is suggested that the two phenomena,
‘migration of the interface” and “convection of the liquid®, govemn the thermal evolution
of the system. Therefore, 1 will quantify the effects of the two phenomena using the

numerical calculations on the one

| model of the following three cases:

Case 1: the interface migrates and the liquid convects vigorously (Fig 3b),

Case 2: the interface migrates and the liquid does not convects (Fig 3¢), and

Case 3: the interface does not migrate and the liquid convects vigorously (Fig 3d).

Consider that a layer of a hot liquid with an initial thickness Hp and temperature Ty
is in contact with a cold solid along a flat plane (z=a) and insulated at the other plane
(z=0) (Fig. 2- 3a). It is assumed that the solid has a very large thickness and an initial
uniform temperature Tee. I calculate the emperature profiles and the positions of the

interface, based on the thermal balance of the equations (2-1)-(2-4), The physical

parameter values and the ¢ used in the calculations are shown in Table 2-1. 1
assume that the phase change between solid and liquid occurs completely in one
temperature (830 “C) and that there is no volume change associated with the phase
change, because we focus upon the effects of "migration of the interface” and
“convection of the liquid®. In Case 3, it is assumed that the melting temperature of the
solid is too high to melt and that the melting temperature of the liguid is too low 1o
solidify.

The most important result is that the rate of the emperature decrease of the liquid is
significantly large regardless of the temperature of the solid when the solid/liquid
interface migrates due to melting driven by vigorous convection (Case 1), For example,
when the initial liquid thickness is | km, the time taken the liquid temperature to become
the melting temperature is about 300 years, and the time taken the liquid to solidify
completely is about 103 years (Fig. 2- 4a). Let us see the migration of the interface in

Case 1. The liquid is chilled initially but it remelts soon. Melting of the solid proceeds

rupidly until the liguid b its melting t When the liguid

temperature is the melting temperature, the amount of melting is almost maximum, Then,




solidification begins and proceeds slowly (Fig. 2- 4b). The time at which the liquid

temperature becomes the melting temperature in Case 1 is more than one order of

magnitude shorer than that in C: or 3. The results of the calculations in which the
initial solid temperatures vary from 150 10 675 °C indicate that the effects of melting of
the solid and convection of the liquid are much more important than the vanation of the
initial solid lemperature (Fig. 2-4a).

It is noted that the rapid decrease of the liquid temperature in Case 1 is not caused
by the production of a cold liquid due to melting of the solid and that it is not caused by
heat loss from the liquid into the solid. The cold liquid generated by melting of the solid
makes the mean temperature of the liquid decrease. The cooling processes of Case 2 and
3 and Case | afier the liquid iemperature becomes its melting temperature is governed by
heat conduction in the solid. They proceed very slowly (the time scale is 1046 years
when the initial liguid is 1 km thick). These facts indicate that the convection of the liquid

causes the interface temperature become higher and cannot qual

vely change the rate of
the heat transfer in the solid.

The model used in these calculations is not a full description of the physics of a
magma system. Therefore, we should know the general laws governing the thermal
history of the magma system from the results of the calculations rather than details. The
important points ane summerized in the following;

(1) Heat loss of the liquid is governed by conduction in the solid. This process
proceeds very slowly and is not qualitatively affected by the temperature at the interface
and the convective state of the liquid.

(2) The melting rate of the solid is determined by the heat flux from the liquid to the
solid/liquid interface when the liquid is convective vigorously.

(3) The mean temperature of the liquid decreases by the generation of the cold
liquid due to melting of the solid.

Itis inferred that the cooling of a magma in a crust has the two stages (Table, 2-2).
One is the rapid cooling stage in which the temperature of the magma decreases rapidly

when the crust melts accompanying the interface migration and the liquid convects



vigorously. The other is the slow cooling stage in which the crust does not melt or the
liquid does not conveet. The magma has the wmperature between the initial temperature
of the magma and the melting temperature of the crust in the mpid cooling stage. On the
other hand, The magma has the lemperature near or below the melting temperature of the
crust in the slow cooling stage.

The relationships between the initial thickness of the magma and the time periods of

the two stages in Case | are shown in Fig. 2- 5. The solid line shows the time at which

the difl b the liquid temp and the melting temperature becomes 5% 1o
the difference between the initial liquid wemperature and the melting temperature. This
time would be the time period of the rapid cooling stage. The dashed line shows the time
at which the initial magma solidifies completely. The time difference between the solid
and the dashed lines would be the time period of the slow cooling stage. The time period
of the rapid cooling stage is almost proportional to the initial thickness of the magma. On
the other hand, the time period of the slow cooling stage is almost proportional 1o the

square of Hp because the cooling is g | by thermal duction in the solid. Thus

the difference of the time periods between the rapid and the slow cooling stages increases

with the initial magma thickness.

2.3, Summary of the theoretical analysis

We can understand the imponant factor to the thermal history of the magma system.
The relationship between the temperature of a magma and the EFT of a crust is the most
imponant. When the temperature of a magma initially exceeds the EFT of a crust, for
example, when a basaltic magma is emplaced in a granitic crust, the temperature decrease

of the magma and the melting of the crust would initially proceed in the rapid cooling

stage until the emp of the magma b the EFT of the crust. Afier that, the
magma system will evolve in the slow cooling stage, if the EFT of the magma is higher
than the EFT of the crust (Fig. 2-6a). On the other hand, when the EFT of a crust initially

exceeds the iemperature of a magma, for example, when a dacitic magma is emplaced in a



pahrroic crust, the magma system would evolve in the slow cooling stage and would

have the magma as liquid for a long time period (Fig. 2-6a)

The results shown in Fig. 2- 5 indicate that the time period of the rapid cooling

stage is instantancous, compared with that of the slow cooling stage, in the magma

system with the possible length scale in the Earth. Therefore, I conclude t

the EFT of
the crust is the most important parameter o govemn the property of long-lived magma in
a magma system. The timing and the interval of the volcanic eruption must be considered
when we discuss the genesis of the volcanic ejecta.

My results in this section indicate that when we think about the evolving magma in
a crust as time proceeds, we have to consider the interaction between both the magma and
the crust. The importance of the compositional effects arises for further investigations, In
order o know the composition of the magma in the slow cooling stage and the liquid
motion at the interface between the magma and the crust, the density change and

separation of solid and liquid phases due to melting and crystallization must be

. These probl will be i i d using the analogue laboratory

experiments in the following sections.



Table 2- 1. Parameter value in the calculation.

Value Unit
Density (p) 2.6x103(s), 2.4x103(1) kg m3
Thermal conductivity (ks, kl) 2.4(s&1) Wm3 !
Specific heat 1.3x103(s&1) Tkeg! K1
Kinematic viscosity(v) 1.0x102 m2 -1
Latent heat of fusion(L) 2.9x105 J L'.g'l
Thermal expansion coefficient(c)  5.0x10-5 K-l
Meling temperature (Te) &50 K
Gravity acceleration(g) 9.8 m 52
Constant in Equation{3a) (1) 0.1

(s) : the value of the solid; (1) : the value of the liquid




Properties of the rpid cooling stage and the slow cooling stage

The rapid cooling stage The slow cooling stage
A crust melis A crust does not melt
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Fig. 2-1. Geometry near the solid/liquid interface. See the text,
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Fig. 2-2. The migration of the solid/liquid interface and the wemperature profile. Ti,
Ts, and Tm are the temperature at the interface, the EFT of the solid and the EFT
of the liquid, respectively. A: The case in which Ts=Tm. Figures of (a)-(¢) are
amanged in order of time. B: The case in which Ts>Tm. The situation that the

interface does not migrate can be beween (b) and (c) or (d) and (e) in A.
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Fig. 2-3. Definition scketches for the models of §2.2. (a) The initial condition, The liguid has the
temperature Tpy with the thickness Hy. The solid has the temperatureT.... (b) Case 1: The
interface migrates and the liquid convects. The internal temperature of the liguid is uniform
because of vigorous convection, (¢) Case 2: The interface migrates the liquid is stagnant. The
liquid temperature is not uniform because the heat transfer process in the liquid is conduction. (d)
Case 3: The interface does not migrate and the liquid convects. The internal temperature of the

liquid is uniform because of vigorous convection.
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temperature (T) versus time. In Case 2, the average temperature of the liquid is shown . (b)
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3. Analogue Experiments. Part 1 : Melting and Crystallization

at the Interfaces between the Liquid and the Overlying and/or

Underlying Solids

In this section, 1 present the results of the analogue experiments to consider the

condition under which the melting and/or crystallization occur at the roof and the floor of

the magma chamber. 1 focus on the thermal transfer processes theoretically in § 2, but
does not consider the mechanism of the liquid convection and the separation of the liquid
and solid phases in the partially molten or crystallized material. These processes are

imporant o imj the und fing of the temp and itional profiles in

the magma system.

When a basaltic magma is emplaced in a continental crust and forms a magma

chamber, the mechanisms of the ion will be significantly di at the roof and
the floor in the magma chamber (e.g. Tumer and Campbell, 1986; Jaupart and
Tait,1995). Consider the common case in which the melt generated by melting of the
crust and the residual liquid due to crystallization are positively buoyant. At the roof of
the chamber, the magma is cooled from above by the crust and becomes thermally
unstable. Therefore, the thermal convection occurs (Fig. 3-1a). On the other hand. at the
floor, the magma is thermally stable because it is cooled from below. Thus the magma is
thermally stable. However, the melt generated by melting of the floor crust and the

residual liquid released by the crystallization near the cold floor are positively buoyant

because of their compositional effects. Therefore, the compositional convection occurs
(Fig. 3-1h).
When these different mechanisms of ion and their i ion occur in the

magma system, they will give large effects on the heat transfer and the temperature and
compositional profiles of the system. 1 discuss the effects of the processes caused at the
roof and the floor of the magma chamber on the thermal and compositional evolution of
the magma sysiem, based on the results of the experiments using a hot liquid and a cold

solid in the binary eutectic system.
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3.1. Experimental technique and conditions

The system used in the experiments

Nawral magmas and crusts are multi-component materials and have complicated
phase relations in crystallization and melting. The impontant properties of multi-
component materials are (i) the change of its density due to both temperature and
composition and (ii) the coexistence of solid and liquid phases between the solidus and
the liquidus. The essence of the physics may be illustrated with a hinary eutectic system.
The experiments were carried out using the simple hinary eutectic system, NH4Cl-H20
(Fig.3-2). The physical parameter values are shown in Table 3-1.

The solid used in the experiments initially had the eutectic composition and the
temperature slightly below the eutectic iemperature (19.7wi%, about -16°C). The liquid
was saturated 28wt% NH4Cl agueous solution (23.5°C) (Fig.3-2). It is considered that
this system simulates the set of a basaltic magma and a granitic crust in the following two
points, (i) Crystallization of the liquid releases the light, cold liquid and (ii) melting of the
solid generates the light, cold liquid.

1 will present the results of the three experiments in this section. The three
experiments are called the roof experiment, the floor experiment and the both sides
experiment (Fig.3-3, Table.3-2). The roof experiment is that the liquid was in comact
with the solid at the top of the liquid. The floor experiment is that the liquid was in
contact with the solid at the bottom of the liquid. The both sides experiment is that the
liguid was in contact with the solid at both the top and the bottom of the liquid. The roof
and the floor experiments have been carried out o understand the processes caused at
each interface. The both sides experiment has been carried out to understand the
interaction between the processes at the roof and the floor. Only the geometry of the solid

and the liquid was diffe while other conditions were almost the same in this series of

the experiments.
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Apparatus

Experiments were carmied out in a Perspex tank with inner dimensions of 10x 10 x
30 cm high and 1 em wall thick (Fig.3-4). The side hole of the mnk and an irigator were
connected with a silicone tbe 10 adjust the level of the liquid in the roof and the both
sides experiment. All sides were thermally insulated from the laboratory with foam plastic
with 5 cm thick. The form plastic was removed periodically for a short time when visual
observations of the interface positions and the liguid motion were made. Flow
visualizations were made with the shadowgraph technique.

The temperatures were monitored using Alumel-Chromel (K type) thermocouples.
The maximum number of the thermocouples used in the experiments was 30, The
junction of each thermocouple coated with epoxy and was put near the center of the
experimental tank at fixed height at 1 cm vertical intervals. The wire of each thermocouple
was routed horizontally to the wall of the tank through the glass tube with 2.5 mm
diameter, and then vertically along the wall up to the top of the tank, because | want to
make the effect of the thermocouples on the ventical temperature profile as litle as

possible.

Procedure

The first step in each experiment was the preparation of a solid mixture of NH4Cl
and ice with the thermocouple array by cooling an NH4Cl solution of the eutectic
composition strongly. In the roof experiment, the solid was made in another tank with the
same horizontal size as the experimental tank. The eutectic NH4Cl solution was cooled in
the tank and removed from the tank as solid mixture afier it solidified completely. The
solid was suspended in the experimental tank. The tank was then filled with 28 wi%
NH4Cl solution until the level of the bottom of the solid and the run started. The level of
the liquid was adjusted by the imigator during the run. In the floor experiment, the solid
was made at the bottom of the experimental tank. Afier the eutectic solution solidified
completely, 28 wi% NH4Cl solution was poured into the tank until the objective level,
and then the run staried. In the both sides experiment, the roof and the floor solids were
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made in the same ways as the roof and the floor experiments, respectively. The liquid
was poured into the experimental tank until the objective level and was in contact with the
roof solid suspended. Then the run staned. The liquid is dyed in red 10 ohserve mixing
between the original liquid and the melt generated by melting of the solid.

During the experiments, the visual observations were made in every 5 minutes from
the start of the run to 30 min, every 10 minutes from 30 to 60 min, every 20 minutes
from 60 to 120 min, and then every 30 minutes. | observed the flow motion of the liquid,
the layer structure of the system, and the interface position of regions formed in the
experimental system.

The temperatures were sampled in every 3 seconds from the start to 30 min, every
12 seconds from 30 to 90 min, and then every 60 seconds throughout each run.

Samples of liquid were periodically withdrawn from the tank at several heights
(typically 4 heights at 3 cm vertical intervals) every 10 minutes from the start to 60 min,
every 20 minutes from 60 to 120 min, and then every 30 minutes throughout each run.
The refractive index of the liquid sample measured allowed deduction of the concentration

of solute to +0.2 wi%.

3.2. The roof experiment

Evolution of convection, crystallization and melting

I now give a description of the roof experiment. The three layers were formed
below the roof solid in this experiment. They are the upper liquid layer, the lower liguid
layer and the sediment layer.

As soon as the experiment started, heat flux from the liguid to the interface occurred
and melting of the roof solid and crystallization of the original liquid began to proceed
simultaneously (Fig.3-5) (Plate.3-1). The melt of the roof solid had the eutectic
composition and was less NH4Cl content than that of the underlying original liquid.

Since the density of the NH4Cl ag solution depends more strongly upon the




composition than the temperature, the melt of the roof solid formed a stable separate layer
(the upper liquid layer) of the eutectic composition between the roof solid and the
underlying liquid despite the fact that it was colder. The upper liquid layer was colorless
through the run and the interface between the upper and the lower liquid layers were casy
to follow visually (Plate.3-3). This fact indicates that the dyed original liquid was not
mixed into the upper liquid layer. The interface between the upper liquid layer and the
roof solid (the solid front) migrated upward due to melting of the roof solid and the
thickness of the upper liquid layer increased with time (Fig.3-6). The convective motion
was already observed in the upper liquid layer at 10 min and then was maintained through
the run. The interface between the upper and the lower liquid layer was very sharp and
almost al the constant position.

The original liquid which was initially saturated in NH4Cl formed the lower liguid
layer (Fig.3-5). The convection in the lower liquid layer was observed through the run
(Plate.3-2). I did not observe that there was no convective flow through the interface
between the upper and the lower liquid layers. At 40 min, the weak dyed layer with about
1 em thick could be observed just below the imerface between the upper and the lower
ligquid layers. This layer might form by a little mixing of the upper and the lower liquid
layers. Crystallization of NH4Cl crystals proceeded in the lower liquid layer cooled from
above. Most of NH4Cl crystals settled at the bottom of tank and formed the sediment
layer. A part of the crystal moved with the convective liquid in the lower liquid layer, The
thickness of the lower liquid layer decreased with time because the interface between the
upper and the lower liquid layers did not migrate while the thickness of the sediment layer
increased with time (Fig.3-6).

‘The sediment layer consisted of the settled NH4Cl crystals from the lower liguid
layer and the interstitial solution. The upward flow from the surface of the sediment layer

was nol ohserved.

Evolution of temy and itional profiles
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The upper liquid layer has the eutectic composition and higher temperature than the
eutectic iemperature. The thermocouple at 13 em high above the bottom of the tank
(almost lcm high above the interface between the upper and the lower liquid layers)
entered the upper liquid layer at 20 min and indicated that the temperature increased at that
height (Fig.3-Ta). At 25 min, the temperature at that height began 1 vibrate and
decreased to about -10 °C rapidly (Fig.3-7a). The interpretation of this change of the
temperature ai 13 em high is that when the temperature vibration occurred, the weak

convection became more vigorous. The Rayleigh number of the upper liquid layer is

expressed as
3
R, = gATH” 31
Kv

where o, g, AT, H, x and v are thermal expansion coefficient, gravity acceleration, the

iffe b I at the solid front and the interface between the upper and
the lower liquid layers, thickness of the upper liquid layer, thermal diffusivity and
kinematic viscosity, respectively. The Prandil number (= v/x) of the liquid in this
experimental system is 5.8 and hence the Rayleigh number in which the transition to
turbulent convection occurs is about 105 (Kurishnamurti, 1970b) (Fig.3-9). The
estimated Rayleigh number of the upper liquid layer increased with time and exceeded
105 at 20 10 25 min. The result of the experiment is consistent with the theory of fluid
mechanics. After the thermocouple at 14 cm high above the bottom of the tank entered the
upper liquid layer at about 40 min, the lemperatures at 13 and 14 cm high above the
bottom of the tank were almost equal (Fig.3-9a, Fig.3-10). This fact indicates that the
upper liquid layer was well-mixed thermally at this time.

The lower liquid layer has almost uniform temperature (Fig.3-10). The Rayleigh
number of the lower liquid layer was large enough to convects turbulently (Fig.3-8). The
temperature of the lower liquid layer was always equal to the liquidus temperature (Fig.3-

10) and decreased with time.

The sediment layer had the profile of the temf that increase d 1 (Fig

3-10). The change of the temy at the fixed position in the lowest part of the |

system is shown in Fig.3-Tc. The'temperature decreased when the thermocouples were in
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the lower liquid layer but increased temporally when they entered the sediment layer

(Fig.3-Tc).

Melting rate and heat transfer process

The heat transfer is discussed based on the melting rate of the roof solid. The
change of the melting thickness of the roof solid is shown in Fig.3-11. The melting
thickness of the roof solid increased rapidly between 20 min and 25 min, This fact

indicates that the heat flux from the upper liquid layer to the solid front increased by the

1o wrbulent ¢ ion in the upper liquid layer. This is consistent with the
consideration on the Rayleigh number discussed above.
1 estimate the heat flux from the vpper liquid layer to the solid front from 25 min o
100 min, This heat flux determines the melting rate of the roof solid. In the experiment,
the temperature of the roof solid was near the eutectic temperature. Thus, the heat loss

into the roof solid was negligible. Then the heat flux Fr is expressed as
da
dt

Fr=pL (3-2)

where p, L and a are the density of the roof solid, latent heat of fusion of the roof solid
and the position of the solid front. Therefore, Fr can be estimated from the migration mue
of the solid front. The relationships between Fr and the difference (AT) between the
temperature of the upper liquid layer and the temperature of the solid front (= the eutectic
temperature) are shown in Fig.3-12, Fr is roughly proportional to AT43, I conclude that
when the Rayleigh number is large, the heat flux to the solid front is determined by
vigorous thermal convection of the upper liquid layer, which can be expressed by
equation (2-3a).

The melting thickness of the roof solid is compared with the prediction of the
physical model (Fig.3-11). The melting thickness of the experiment is much larger than
the prediction of the model in which heat conduction is only the heat transfer process after
20 min. The melting rate of the experiment is smaller than the model of Huppert and

Sparks (1988a,b) in which it is assumed that both the upper and the lower liquid layers

are convective tarbulently from the initial state (Fig.3-11a). The melting rate in the
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experiment is also smaller than the model in which it is assumed that the upper liquid
layer is stagnant until 20 min and then becomes convective vigorously (solid line 1 in
Fig.3-11b). I cannot fully understand what causes the result of the experiments to differ
from these models. One possible reason is that the lower liquid layer was divided into
several layers. The formation of the weak dyed layer in the lower liguid layer was
ohserved in the experiments. Solid lines 2 and 3 in Fig.3-11b are the prediction of the
model in which the lower liquid layer is divided into 2 and 3 convective layers with the
same thickness, respectively. As the number of layers increases in a given thickness, the
temperature step between each layer decrease and hence the heat flux to cach interface

decrease.

Summary

The important results of the roof experiment are summarized in the following:

(1) The melt gencrated by melting of the roof solid forms a separate layer between
the roof solid and the underlying original liquid. Mixing of this separate layer and the
underlying onginal liquid is negligible.

(2) The heat flux from the upper liguid to the solid front layer is determined by the

thermal convection of the upper liquid layer.

3.3. The floor experiment

Evolution af convection, crystallization and melting

The characteristic of the floor experiment is the formation of two layers: one is the
mushy layer where NH4Cl crystals and interstitial aqueous solution coexist just above the
floor solid due to crystallization from the liquid and the other is the liguid layer (Fig.3-
13).

As s00n as the experiment started, the solid/liquid interface (the solid front)

1 d | ically by melting of the floor solid (Fig.3-14a, Plate.3-4,
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5). Simultancously, the mush formed by crystallization cooled from below (Fig.3-14b).
Crystallization of the system occurred in the mush and at the mush/liquid interface (the
mush front), but did not occur in the liquid above the mush front. The mush front grew
upward very rapidly in early 5 min. Then the mush front migrated upward more slowly,
and then began w migrate downward afier about 80 min. The downward migration of the
mush front from 80 to 170 min occurred by falling down of the whole mush with the
solid front that migrates downward by melting of the floor solid. The mush thickness
increased with time during this stage. Then the mush thickness began to decrease at 170
min. At this time, the crystals at the mush front remelied. This fact indicates that
crystallization and remelting occurred.

The convection began as soon as the experiment started and it continued through
the run. The cold, light liquid generated by melting of the floor solid and the light liquid
released by crystallization in the mush rose up as plume and mixed with the liquid above
the mush layer. This convection was the compositional convection caused by the
compositional change of the liquid. In the early stage, the many plumes violently rose up.
Gradually, the plume motions became weaker. 1 could see the two types of the plumes at
30 min: one was the narrow plume that disappeared at the middle height of the liquid and
the other was the thick one that reached up to the top of the liguid. The nammow plumes
gradually became weaker and then could not be observed at about 80 min. On the other
hand, the thick plumes could be observed through the run (Plate.3-6).

These two types of plumes have been reported in the previous experimental studies
about crystallization of the liquid cooled from below (e.g. Chen et al., 1993; Tait and
Jauparn, 1989.1992). They rep d that the compositional convection began by the

onset of the narrow plumes, followed by the onset of the thick plumes. It has been
observed that the narrow plumes rise up near the mush front while the thick plume rises
up from within the mush. Worster (1992) have been theoretically analyzed the linear
stability in the mush and found the independent two modes of the instability: one occurs

near the mush front and the other occurs within the mush. The former cormresponds to the

narrow plume and the latter to the thick plume. In my experiment, thick plumes existed in
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the carly stage of the experiment. This fact suggests that melting of the floor solid
enhances the onset of the thick plume, compared with the results of the crystallization
experiments.

1 could observe vertical conduits without crystals in the mush and holes of the wps
of the conduits on the surface of the mush front in the experiment. The conduits
penetrated o the botom of the mush. The thick plumes rose up from the holes on the
surface of the mush front. They have been called "chimneys” (e.g. Tait and Jaupan,
1992). The number of the chimney increased mpidly in the carly stage of the experiment
and reached a maximum. After that, the number of the chimneys began to decrease while

diameter of each hole increased with time,

Evolution of temperature and compositional profile

1 present the change of the wemperature profile of the experimental system (Fig.3-
15). The temperature in the mush increased upward through the run, and the temperature
gradient in the mush was larger than that in the liquid. The temperature in the liquid was
almost uniform and decreased with time from the stan of the run 10 20 min. From 2(0) w0
80 min, the temperature gradient at the lower part of the liquid was observed and the
temperature at the upper part of the liquid became lower than below by about 2 °C (25-60
min in Fig.3-15). This fact suggesis that the cold, light compositional plumes from the
solid front and the mush reached to the upper part of the liquid before they heated up to
the surrounding temperature and ponded there. From 80 min to the end of the run, the
temperature of the liquid increased upward, reached a maximum at the middle part of the
liguid, decreased upward, and increased upward again.

NH4Cl content of the liquid above the mush decreased with time because it was

continuously mixed with the compositional plumes with low NH4Cl content which

i of the melt i by melting of the floor solid and the interstitial liquid in
the mush (Fig.3-16a,b). All NH4Cl contents of the liquid at the fixed heights and at the

mush front decreased with time (Fig.3-16a). The liquid had the compositional profile that
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the NH4Cl coment decreased upward. The difference between the NHiCl contents at the
mush front and the uppermost part of the liquid increased with time (Fig.3-16h).

Now let us see the relationship between the temperature profile and the liquidus

profile esti 1 by the compositions in the liquid (Fig.3-16). The liquidus decreased
upward, corresponding to the upward decrease of NH4Cl content of the liquid. From the
start of the run to 60 min, the temperature at the mush front was lower than the liquidus
there while the temperature at the upper part of the liquid was higher than its liquidus.
The liguid ncar above the mush front was supercooled because this stage was before the
crystal-liquid interface reached thermodynamic equilibrium, After 80 min, the temperature
at the mush front was almost equal to the liquidus there, and all liquid above the mush
front had higher temperature than its liquidus.

The temperature at the mush front is equal to the liquidus of the liquid composition
there. The position of the mush front is d ined by both

and liquid

I | profiles changing with time. The migration of the mush front can be
explained in the following (Fig.3-16). 1 could assume the thermodynamic equilibrium in
the mush and at the mush front; the interstitial liquid in the mush and the liquid at the
mush front have the liquidus temperature. The temperature and the liquidus
corresponding to the composition at the mush front decreased with time. If the decrease
of the temperature at the mush front is more than the decrease of the liguidus due to the
decrease of the NHACI content of the liquid there, the highest point of liquidus migrates
upward and hence the mush front migrates upward, On the other hand, if the decrease of
the liquidos due to the change of the NH4C| content of the liquid at the mush front is
more than the decrease of the temperature there, then the highest point of liguidus

migrates downward and the mush front migrates downward.

Melting rate and hear flux
The migration of the solid front is determined by the heat flux from the mush o the

solid front. The migration of the solid front in the floor experiment is shown in Fig.3-18,

pared with the predictions of two physical models: one is the turbulent convection




maodel in which it is assumed in the wrbulent convection model that the region above the
solid front is thermally well-mixed by the compositional convection and hence has the
uniform temperature, and the other is the diffusion model in which it is assumed that the
liquid is not convect and the heat transfer process in the system is only the thermal
conduction. It can be seen that the migration of the solid front in the experimental result
was much smaller than that in the wrbulent convection model while is close to that in the

diffusion model, although the compositional ion could be observed in the

e i This fact indi that the fient just above the solid front
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wias close to that in the diffusion model in the experiment and suggests that the mush and
the liguid which were convective were not thermally well-mixed effectively by the
compositional convection. It is suggested, in other words, that the compositional
convection carry a low heat flux.

The ph that the compositional convection carries a low heat flux can be

seen ly in double-diffusive co ion when the diffusion coefficient of the
composition causing convective instability is smaller than the diffusion coefficient of the
heat making the system stable in density. Many further studies repon these phenomena
(e.g. Chen and Turner, 1980; Tait and Jaupari, 1989,1992; Chen and Chen, 1991;

Jaupart and Tait, 1995).

In order to und d this pt let us ider how ion carries a
heat. Generally, the iemperature of the upwelling flow is different from that of the
downwelling flow in a convective system. Convective heat flux occurs by this
temperature difference. When the convective instability due 1o cooling from above
oceurs, the temperatures of the downwelling plumes must be lower than those of the
upwelling plumes. Therefore, this convective plumes carry the heat flux necessarily. On
the other hand, consider that the convective instability occurs by the compositional

difference. If the cold, light upwelling plumes are heated up by the hot, dense

sumounding liquid and become the same temp as the ding liquid, the
upwelling plumes become lighier and the convective instability becomes larger. That is,

the convection is mainmined although it does not carry the heat flux.
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When the composition that makes unstable density gradient has much smaller
diffusion coeflicient than heat that makes stable density gradient, as occurring in this
experiment, the convection due to upwelling of finger-like plumes with low solutal
content and low temperature occurs and the plumes carry the vertical heat flux (Turner,
1979). The heat flux carried by the plumes depends on upwelling velocity, spacing and
figure (especially diameter) of the plumes because it is determined by the heat exchange
between the plumes and the surrounding mush or liquid. Thus when the upwelling
velocity and the diameter of the plume are small, the plumes cannot carry the heat flux
effectively because the horizontal temperature difference becomes small, and vice versa,

The temperature of plumes at the mush front was only a little lower (1~2 °C) than

the surrounding temperature in this experiment. This temperature difference is much

smaller than the I difference t the solid front and the horizontally
averaged temperature at the mush front. This result indicates that the horizontal
temperature gradient induced by the upwelling cold plumes in the mush relaxed rapidly
and that the plumes did not carry the vertical heat flux effectively.

The temperature gradient at the solid front resembles those that would be predicted
by the diffusion model in the experiment, whereas the liquid decreased in temperature
with time, the profile of which was relatively uniform. This profile is clearly different
from that the diffusion model (Fig.3-19). Additionally, the temperature at the upper part
of the liquid was a little lower than below. This indicates that the compositional

convection can somewhal carry the heat flux in the liguid region.

Summary
The important results of the floor experiment are summarized in the following;

(1) The convective plumes of the melt generated by the floor solid and the

interstitial liquid in the mush mix with the lying liquid, the composition of which

changes with time.

(2) Compositional convection cannot effectively carry a heat flux.
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3.4. The both sides expenment

Evelution of convection, crystallization and melting

In this experiment, melting at both the roof and floor solids and the formation of the
mush above the floor solid could be observed simultancously as soon as the experiment
started (Plate 3-T).

‘The system had the two liquid layers from the start of the run to 40 min : one is the
upper liquid layer of the melt generated by the roof solid and the other is the lower liquid
layer of the original liquid mixing with the compositional plume from the floor (Fig.3-
20b ), The interface between the lower and the upper liquid layers did not almost migrate
during this stage. As soon as the experiment started, the vigorous convection due to the
downwelling cold plume and the upwelling compositional plume in the lower liquid layer
could be observed (Plate.3-8). The thermal convection in the upper liquid layer could be
observed at 20 min. The mush above the floor solid grew by erystallization cooled from
below and by sedimentation of the crystals from the lower liquid layer cooled from above
(Fig.3-21).

From 40 min, the lower liquid layer was divided into several convective layer
layers (Fig.3-20c). Their thicknesses were typically 1~2 cm (Plate.3-9). The maximum
number of these layers is eight at about 90 min. The temperatures of the these layers
decreased upward (Fig.3-24).

The phenomenon that a liquid is divided into convective several layers is commonly
observed when a convective liquid has several components that cause the density of the
liquid to change (double-diffusive convection). When one component with smaller
diffusivity becomes stable and another component with larger diffusivity becomes
unstable in liquid density, the liquid layer was divided into several layers and each layer
was convective and exchanges the heat and the composition through the interface of the
layers by only diffusion process (e.g. Turner, 1979). In this both sides experiment, the

formation of the several convective layers in the lower liquid layer resulied from the

following two effects. (1) The compositional convection caused by melting of the floor
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solid and crystallization in the mush made the compositional gradient on which the
NH4CI content decreased uvpwards. In the floor experiment, 1 could observe the
compositional gradient in which the NHCl content decreased upwards. In other words,
the compositional convection made the liquid be stable in density on composition. which
has much smaller diffusivity than heat. (2) Cooling from above made the temperature
gradient on which the temperature in the liquid decreased upwards. That is, the liquid

became th Iy hle. The and compositional gradients by these two

effects would cause the lower liguid layer to divide into several convective layers, which
are called double-diffusive layers here after.

The interface between the upper and the lower liquid layers was very sharp and the
upper liquid layer was colorless by 80 min. Afier 80 min, the interface migrated
downward and the upper liquid layer gradually dyed (Fig.3-20d, Fig.3-21, Plate.3-9).
This fact indicated that overtuming between the upper and the lower liquid layers
proceeded. The double-diffusive layers in the lower liquid layers were eroded one by one
from above by the upper liquid layer. The interface inuously mi i d d and

reached the mush front at 250 min (Plate.3-11). In addition, I could observe the new
interface near the upper solid front at 160 min (Plate.3-10). The interface between this
new layer and the upper liquid layer also migrated downward with eroding the upper

liquid layer.

Evolution of temperature and compositional profiles

The iemperature change with time was complicated because the thickness and the
number of the layers formed in the upper and lower liquid layers changed.

1 present the change of the temperatures measured at the fixed points in Fig.3-22.
The position of the 13.2 cm was in the roof solid initially. Afier the thermocouple at 13.2
em high entered the upper liguid layer, the temperature of it increased by 50 min. Then it

fluctuated violently and began to decrease at about 50 min. It would be because the

became turbulent as the same ph were observed in the roof

experiment.
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The wmperatre at 13.2 cm high slightly decreased from 50 1o 70 min because the
temperature of the upper liquid layer was cooled from above (Fig.3-22a). Then the
temperature at 13.2 em high increased continuously from 70 to 150 min (Fig.3-22a). The
time when the temperature began (o increase was the time when the interface between the
upper and the lower liquid layers began 1o migrate downward. The increase of the
temperature resulied from the continuous mixing of the cold liquid in the upper liquid
layer with the warmer liquid in the lower liguid layer. The temperatures at 12, 11, 10 em
high also began to increase at 75, 11, 130 min, respectively (Fig.3-22b). These times
cormesponded to the times when the interface between the upper and the lower liquid
layers passed those positions.

At 150 min, the temperature of 13.2 cm high suddenly dropped. Then the
temperature of 12 em high also dropped up to the same temperature as 13.2 cm high at
170 min, followed by the iemperatures at 11, 10 and 8 em high at 200, 215, and 240
min, respectively. The time when the sudden drop of the temperature at each position
occurred was equal to the time when the interface between the new liquid layer (Fig.3-

20¢). The new liguid layer produced by melting of the roof solid was colder than the

liquid blow it, so that the temj ddenly dropped when the th ple at each

position entered the new liquid layer. On the other hand, the temperature of each position

afier the sudden drop in tlemp fually i 1. This was because the
temperature of the new liquid layer continuously increased by mixing with the underying
warmer liguid.

The temperatres in the mush did not fluctuate largely (Fig.3-21c). The
thermocouples at | and 2 em high were in the original liquid layer at the start of the run

and entered the mush at 4 and 30 min, respectively. The at these two

positions monotonically decreased. The thermocouples at (0 and -2 em high were at the
initial solid interface and in the floor solid at the start of the run, respectively. The
temperatures at these two positions did not change monotonically.

The composition of the lower liquid layer decreased with time (Fig.3-22a). The

compositions at 4 heights in the lower liquid layer were almost equal to the liquidus




compositions estimated by the emperature at their heights from the start of the run 1o 60
min (Fig.3-24). Afier 80 min, the NH4Cl contents of the lower liquid layer became less
than the NH4Cl contents of the liguidus estimated by the wemperatures, and, in other
words, the liquid became undersaturated (Fig.3-24). The NH4Cl conlent in the lower
liquid layer decreased upward like the results of the floor experiment. Thus the
compositional convection makes the body of the overlying liquid less NH4Cl and makes
the compositional profile that the NH4Cl content decreases upward in the overlying

liquid.

Formation of double diffusive layers and its stabiliry

The result of the floor experi indicated that c itional convection made the

compositional gradient in the liquid layer above the mush, in which the NH4Cl content of
the liquid decreased upward, The liquid above the mush became superheated because the
compositional plumes from the solid front and the interior of the mush were heated up in
the mush by the liquid and the crystals around the plumes until the plumes reach the mush
front and mixed with the liguid. In the floor experiment, the upper surface of the liquid
was insulated thermally and hence the temperature in the liquid increased upward.
Therefore, the liquid was stable thermally and compositionally (Fig.3-15).

In the both sides experiment, however, the liquid was also cooled by the roof
solid. The liquid with less NH4Cl content in the upper part of the lower liquid layer due
to mixing with the superheated compositional plume was cooled by cooling from above
50 that it became colder. The cold liquid of the upper part in the lower liquid layer became
unstable in density and fell down as downwelling plumes. These cold plumes were less

cong i while the

T and NH4Cl content of the liguid around the plumes
increased downward. Since the diffusivity of heat is much larger than that of chemical
species, the plumes would increase in iemperature rather than in NH4Cl content.

Therefore, the densities of the plumes would decrease by increase of their temperature

and could become equal to the liquid density around them before the plumes reach the

bottom of the lower liquid layer, 5o that the plume could not fall any more. The plumes




were heated up by the sumounding liquid because the liquid iemperature increased
downward. They again decreased in density and would twrn into the upward plume
These processes would cause the lower liguid layer to divide into several double diffusive
layers,

In the both sides experiment, [ observed that the upper liquid layer mixed with the
lower liquid layer by overtuming. This phenomenon could not be observed in the roof
experiment. Let us consider why phenomena occurred. This reason will be illustrated by

Fig.3-25. The lower liquid layer is on the liquidus at ty. The upper liguid layer is heated

up by the lower liquid layer and has the temp above its liquidus. Then the upper
liquid layer decreases in temperature as the lower liquid layer loses its heat by the upward
and downward heat fux and hence becomes cold. Thus the density of the upper liquid

layer increases with time (1) 0 13). On the other hand, the temp and compositional
path of the lower liquid layer is determined by two effects: one is cooling of the lower
liquid layer by heat loss and the other is mixing with the compositional plumes
superheated. The former effect makes the liquid keep on its liquidus but the later one
makes the liquid superheated. When the latter dominates the former, the liquid can
become superheated as time proceeded (12, t3). The upper and the lower liquid layers are

stable in density at 1z in Fig.3-25. If the and the ¢

I posi of the upper
and the lower liquid layers reach the set which is illustrated at 13 in Fig.3-25, the density
of the upper liquid layer exceeds that of the lower liquid layer and the overtuming
between the upper and the lower liquid layers begins.

It was ohserved in the both sides experiment that the temperature of the upper
liquid layer decreased from 50 to 70 min and the temperature of the lower liquid layer
became above its liquidus by continuos mixing with the compositional plumes after 60
min.

‘The formation of the double-diffusive layers and the overturning between the upper
and the lower liquid layers are very attractive phenomenon when the geological

implications are considered based on the experimental resulis. These phenomena are

governed by the delicate balances of the temperature and compositional changes. In this
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experiments, however, the heat flow from the outside of the experimental system was not
quantified. Thus | cannot discuss the number of the double-diffusive layers and the time
of the onset of the overtuming, which are important to heat transfer and chemical

evolution of the system.

Summary

The important results of the both sides experiment are summarized in the following;

(1) The thermal convection due to cooling at the roof solid and the compositional
convection due o melting and crystallization at the floor solid simultaneously oceur.

(2) The upper liquid layer which is separated chemically, the lower liquid layer
which is mixing with the compositional plumes, and the mush form in the early stage of
the experiment.

(3) The compositional convection makes the stable compositional gradient in the
liquid and the cooling from above makes the unstable temperature gradient in the liquid

above the mush front. These and itional gradi enhances the
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formation of the double-diffusive layers in the liquid.

3.5. Comparisons of the results of three experiments

The phenomena in the both sides experiment are approxi ly the superposition of
the phenomena in the roof and floor experiments in the following three points. (1)
Cooling of the liguid caused the thermal convection. (2) Melting and crystallization at and
near above the floor solid caused the compositional convection. (3) The formations of the
upper and the lower liguid layers and the mush occurred.

The interaction effects of the roof and the floor processes in the both sides

peri h , make the temp and compositional profiles and the heat

fluxes 1o the roof and the floor solids different from those in the roof or the floor

experiments. The interaction effects on the heat flux 1o the roof and the floor solids arc

discussed from view point of melting rate of the solid.




According to the results of each experiment, total melting thickness of the both
sides experiment is more than that of the roof or of the floor experiments (Fig.3-25a)
The melting thickness of the floor solid in the both sides experiment is as mush as that in
the floor experiment (Fig.3-26¢). On the other hand, melting thickness of the roof solid
in the both sides experiment is less than the roof experiment (Fig.3-26b). The similarity
of melting of the floor solid in the both sides and the floor experiments can be explained
in the following: the compositional convection cannot effectively carry a heat flux in
these experiments and the thermal convection gives no effect on the temperature profile in
the mush layer in the both sides experiment. The temperature change in the ligquid layer
above the mush affects melting of the floor solid by thermal conduction in the mush
layer. This process proceeds very slowly so that cannot change the heat flux at the
mush/solid interface during the duration of the experiment. On the other hand, Melting of
the roof solid in the both sides experiment is govemned by the convective heat fTux like the
roof experiment. Its heat flux is determined by the temperature difference between the
temperatures in the liquid and at the interface. Therefore, melting rate of the roof solid
decreases when the liquid temperature is relatively low (Fig.3-27). The temperature of the

upper liquid layer in the both sides experiment was lower than that in the roof experiment

because the lower liquid layer in the both side experi had lower temp by
cooling from above and below and hence the heat flux from the lower liquid layer to the
interface between the upper and the lower liquid layers. Mentioned above, the
compositional gradient generated by compositional convection enhances the formation of
double diffusive layers. Thus we can see that the compositional convection gives indirect

effect on the heat flux to the solidfMiquid interface at the roof solid.

3.6. Summary of the experimental results

I summarize the characters of the thermal and material transport in the solid-liquid

system, based on the results of the roof, the floor and the both sides experiments, in the

following;

a0
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(1) The liguid generaied by melting of the roof solid forms a separate lnyer with
negligible mixing with the underlying liquid. On the other hand, the liquid generated by
melting of the floor solid mixes with the overlying liquid, which changes in composition
with time.

(2) The solid/liquid interface at the 1op of the liquid causes the liguid to convect

thermally, while at the floor a liquid to conveet ¢ . This diff ¢

profoundly changes the mechanisms of the heat transfer, In compositional convection,
unstable plume becomes more buoyancy by the uniformalization of the horizontal

temperature. Therefore, convective motion is

aintained not to carry heat flux, On the

other hand, in thermal convection, the ure difference b upwelling and
downwelling flows causes the liquid 1 convect. When the temperature of upwelling flow
is equal to that of downwelling flow, thermal convection ceases. That is why melting of
the solid/liquid interface at the roof is governed by the convective heat flux and at the
Moor do not have the difference from the thermal conduction model,

(3) The compositional convection cannot effectively carry heat flux and hence give
less effect on the emperature decreasing of the liquid. However, it causes the formation
of the compositional gradient in the lower liquid layer. This compositional gradient
enhances the formation of double-diffusive layers and decreases the heat flux (o the roof.
Thus the compositional convection indirectly gives the effect on the heat flux of the

System.




with an agueous NH4Cl solution. The data have been collected from a voely of sources
including Intemational critical table (1 929), Chronological Scientific Tables (1995), Handbook

of Chemistory(1984), and CRC Handbook (1975) and Bennon and Incropera (1986b)

NH4Cl solid Hz20 solid  Aquaous solution

Density 1.52x103
Specific heat 1.60x103
Thermal conductivity 2.5
Latent heat of dissolution 2.2x10%
Viscosity

Solutal diffusion coefficient

Thermal expansion coefficient -
Salutal expansion coefficient -
Eutectic temperature -
Eutectic composition

Density of aqueous solution

p=(L000+a T+a T2+ C +a4CT+asCT2+a5C2+ a7 C”

0.971x103

1.77x103
2.2

3.34x105

See below
3.36x10%
0.62

1.3x10-3
2.0x10-7

3.83x104
0.257
-15.4
19.7

e 3-1. Prameter values of the experimental system. Values for the laboratory experiment

Unit

kgm
Tkt K1
Wm-l K1
Tkgt!
Pas
m? sl

K-l

wih

ap = -1.021x104, a3 = -3.320x10°6, a3 = 3.430x 103, ay = -1.854x10-3,
a5=1.840x107, ag = S1.817x10°5, a7 = 4.742x 107, ag = 4.244x 109

T and C is temperature (°C) and NH4Cl concentration{wi%) rspectively.

The relationship on the liguidus b

T(°C) = 4.69 C(NH4Cl wt%e) - 107.7
T(°C) = -0.780 C(NH4Cl wif)

temperature and composition
(C 2 19.Twt%)
(C = 19.7wi%)

2+ ag C272) x 107



Table 3-2. List of the experimental conditions
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Initial liquid Initial solid Mean iemperature  Run duration
Experiment | thickness (cm) thickness (cm)  of Initial solid (°C) {min.)
Roof 12.2 10.2 -15.5 150
Floor 12.0 17.0 -16.1 240
Both sides 12.2 Roof : 9.2 Roof: -15.5 260

Floor: 9.0

Floor: -16.2




Cooling

o
Crust
z
Roof
s ¢ S S
Thermal ¥
convection ¢ U
Magma
Magma (:' 5
Floor — @,\\
Compositional Py 2 : .
convection N \\\\-\\\\\\b\ Melting
Crust’

Figure 3.1. The mechanisms of convection at the roof and the floor
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Fig.3-3. Geometory of the three experiments.
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Fig.3-16. Change of the liquid compositions in the floor experiment. (a)
The NHACI content of the liquid versus time. Filled circle, small circle
and squere show the mean composition, the measured composition and
the composition of the mush front, respectively. (b) Change of the

composition profile. The base of the position is the initial solid front. The

figures in the legend show time (minute).
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Fig.3-17. Schematic scketch on the migration of the mush fronL (a) The case where
the mush front migrates upward. The rate of the temperature decrease is larger than
that of the liquidus comesponding to the liquid composition. (b) The case where the
mush front migrates downwand. The rate of the temperature decrease is smaller than

that of the liquidus ¢ ding to the liquid
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Fig.3-18. Change of the solid front in the floor experiment. The base of the position is the
initial solid front so that the absolute value of the melting boundary shows the melting
thickness. Circles show the experimental results, The solid and dashed line show the

predictions of the physical models; the former is by the model in which the compositional

convection occurs turbulently, and the latter is by the model in which the heat transfer

process is conduction alone.
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Fig.3-19. Change of temperature profiles in the floor experiment and predicted in the
diffusion model. Figures besides lines show the time (minute). Filled circles show the
positions of the mush front. The base of the position is the initial solid front.
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Fig.3-20. The schematic figure of the both sides experiment. The solid and the dashed lines
show the temperature and the liquidus profiles. (a) Initial state. (b) Immediately after the

experiment started. (c) The lower liquid layer was divided into several double-diffusive
convective layer. (d) The interface between the upper and the lower liquid layers migrated
downward. (e) The migration of the interface between the upper and the lower liquid layer
proceeded. Moreover, the new layer formed near the roof solid. Its interface migrated
downward in the similar way to the interface between the upper and the lower liquid layers. (f)
The interface between the upper and the lower layers reached the mush front and the lower

liquid layer disappeared. The new liquid layer extended to the downward.
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Fig.3-21. Change of the interface positions and the mush thickness in the bath sides
experiment. Open big and small circle show the interface position between the floor
solid and the liquid (the lower solid front). The big one was estimated from the
temperature of the thermocouple and the small from the observation by eyes.
Square shows the interface between the mush and the liquid (mush front). Triangle
shows the interface position between the roof solid and the liquid (the upper solid
front). Inter face 1 is the interface between the upper and the lower liquid layers and
the interface 2 is the new interface (see text). Note that the double diffusive layers

in the lower liquid layer are not shown.
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Fig.3-22. The change of the temperature measured at the fixed position in
the both sides experiment. The figures besides the lines show the height
from the initial lower solid front. The interface between the upper and the
lower liquid layer was about 12.2 cm high. (a) The upper part. (b) The
middle part. (c) The lower part.
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The base of the position is the initial lower solid front. The figures in the

legend show time (minute).
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3-24. Temperature and liquidus profiles in the both sides experiment. Temperature (open

of the liquid, assumed the thermodynamic equilibrium.

‘ circle) was d by the ther le. Liquidus (filled circle) is estimated by composition
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Fig.3-24. (Continued)
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Fig.3-25. Change of the and the ¢

I position of the upper and the lower
liquid layers (ULL and LLL) on the phase diagram. Circle and square show the upper
and the lower liquid layers, respectively. Liquid density is constant on the dashed
lines. The change of the liquid on the phase diagram is determined by the two effects
of mixing with the compositional plume and cooling. The former makes the liquid
superheated and the latter makes it change on liquidus. When the former is dominant,

the liquid becomes superheated and the density decreases. The liquid with the eutectic

compaosition of the ULL decreases the temperatue and density increases. At t3, the

density of ULL exceeds that of LLL.
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Fig.3-26. Changes of the interface in all experiments. (a) Total melting thickness. (b)

Melting thickness at the roof in the roof and the both sides experiments. (c) The mush

and solid fronts in the floor and the both sides experiments.
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Fig.3-27. Temperature profiles in all experiments. Circle, square and diamond show the
roof, the floor and the both sides experiments, respectively. The base of the pasition is

the bottom of the tank in the roof experiment and the inital lower solid front in the floor

and the both sides experiments




Fig.3-27. (Continued)
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Plate.3-2. Shadow graph at 10 min in the roof experiment.
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4. Analogue Experiments. Part 2 : The Effects of the
Composition and the Temperature of the Solid below the

Liquid

In the previous section, we can understand the roles of the processes caused at the
roof and the floor in the thermal and compositional evolution of the solid-liquid system.

The results of the series of the experiments in the previous section suggest that the floor

processes are important 1o the compositional evolution because the positionally
unstable melt generated by the floor solid and liquid released by crystallization mix with
the overlying liquid and make its composition change. In this section, | present the resulis
of another series of analogue laboratory experiments 1o understand the compositional

evolution due to the change of the conditions of the crust. The composition and the

temperature of the floor solid are focused upon in this section,

4.1. Experimental technigue and condition

Initial condition

The experiments have been cammied out in the various initial conditions of the solid.

The two series of the experiments will be presented in this section: one series is that the

solid compaositions werne ically changed and the other is that the initial solid
temperature were changed. The conditions varied in the experiments were the initial solid
composition and the initial solid temperature. All experiments are compared with the floor
experiment carried out in §3.3, in which the solid composition was the eutectic and the
initial temperature of the solid was slightly below the eutectic temperature. The list of the

experiments presented in this section is shown in Table 4-1.

Apparatus and procedures
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The experimental apparatus was the same as the floor experiment in §3. Procedures
were also similar. The used tank, the methods of observation and the measurement of the
temperature and the composition profiles are the same as those described in §3.1

In this series of the experiments, the conditions of the floor solid were changed.
‘The initial lemperature of the solid can be changed easily. On the other hand, the various
compositions of the solid mixture cannot be made easily. We can easily make only the
solid with the eotectic composition by cooling of NH4C1 solution with the eulectic

composition because the phase change from liquid to solid occurs completely at the

eulectic lemyp Hi , the solution with non-eutectic composition mikes the

liquid composition change during solidification. Then the liquid density changes during

lidi ion and itional convection occurs. Thus, we cannot make the

homogenous solid mixture in composition easily. In order to make it, 1 need w avoid the
onsel of the compositional convection.

1 used three solid compositions, the eutectic, 28 NH4Cl wi% and 73 NH4Cl wi%
in the experiments. | made 28wi% solid in the following method. The agueous solution
of 28w1% was prepared in the first siep. 2 em? of the aqueous solution was poured in the
tank cooled strongly ( -50 °C) in every 20 min. The solution of 2 cm? was 2 mm high in

tank. The solution quenched and the ion would not occur. 73wi% solid was

made in the following method. Enough NH4Cl fine crystals and water were mixed. The
interstitial liguid in the NH4Cl solid would be sarated. This mixture was poured in the
tank and cooled strongly. The permeability of the mixture would be small and it was

expected that convection did not occur. After solidification, the compositional profile in

the solid made in this way were tested. The b geneity of the was within

+2 with.

4.2. The effect of the composition of the solid

The experiments using the solids with three compositions carried out to investigate

the effects of the solid position on the evolution of the solid-liquid system (Fig.4-1).




The composition of the solid in the binary eutectic system changes the degree of partial
melting at the eutectic temperature. As the NH4Cl content of the solid increases, the
degree of partial melting at the eutectic temperature decreases (Table 4-2).

The evolution in the experimental systems was similar to that of the floor
experiment described in §3.3. However, the origins of the mush were much different
between the solid with the eutectic composition and others. The solid with the eutectic
composition melis completely at the eutectic temperature. Thus the mush was formed
only by crystallization from the liquid, On the other hand, the solid with higher NHAC]
content than the eutectic partially melts at the eutectic temperature, Thus there are two
origin of the mush: one is generated by crystallization and the other is generated by partial
melting of the solid. The former was the mush above the initial solid/liquid interface (the
solid front) and the later was the mush below the initial solid front. Compaction of the
mush was not observed in the experiments,

The mush generated by partial melting of the colorless solid became dyed (Fig.4-
2). This fact indicated that the liquid above the initial solid front penetrated into the mush
generated by partial melting of the solid. Change of the bulk compositional profile in the
experiment using 28 wi% solid is shown in Fig.4-3. The dashed lines show the bulk
composition estimated from mass balance. For estimation, it is assumed that the
compositional profile is linear in the mush. The circulation of the interstitial liquid of the
mush makes the composition in the original solid region become higher NH4Cl content.

The intensity of the compositional convection, the solid front, the mush fronts, the
mush thickness and the liquid composition systematically changed in the variation of the
solid compaosition. As the NH4Cl content of the solid mixture increased, the
compositional convection became weaker (Plates.4-1, 4-2, 4-3 and 4-4), the migrations
of the solid and the mush fronts became rapid and the rate of the compositional decrease
of the liquid became smaller (Figs.4-4 and 4-5). Neventheless, the iemperature profiles
were roughly similar (Figs.4-6,4-7, and 4-8).

The migration rate of the solid front increased as the NH4Cl content of the solid

increased (Fig.4-4). Because the solid temperature was near the eutectic tlemperature, the




heat flux from the solid front o the solid was negligible. Thus, the heat flux from the
mush to the solid front could be estimated from the migration rate of the solid front, The
heat flux Fr from the mush to the solid front is expressed by

Fy =—_ﬂ'.|‘,tl—<!\,}r-iEi (4-1)
dt

where p, L, ¢ and a are the density of the solid, latent heat, the solid fraction at the
cutectic temperature and the position of the solid front. This heat flux was proportional to

the migration rate of the floor solid. As the NH4CI content of the solid used in the

experiments increased, Fr d i, although the migration rate of the solid fromt
increased. This mechanism will be discussed later.

Let us consider the change of the liquid composition. The evolution of the liquid
composition is caused by mixing with the two kinds of low NH4CI content liquids: one
is the melt generated by melting of the solid and the other is the interstitial liquid within
the mush. Now the compositional flux Fe is defined as

Fe=-H"— (4.2)

where H and C are the liquid thickness and the liquid composition. This compositional

flux is the absolute decreasing rate of the chemical species (in this case, NH4Cl). This
compositional flux can be divided into two contributions of the melt of the solid and the

interstitial liquid in the mush. Thus we can write

Fe=

“etmetr) + Fetmany - (4.3)

The melt of the solid melted at the eutectic temperature had the least NHACI content in the

experimental system and the least density below the mush front. 1 assume that the melt of

the solid perfectly rises up and mixes with the overlying liquid. Then FC(melt) can be

written
da
Feumen =(C=C)5 (4.4)
where Ce is the eutectic position. Under this ption, Fo{mush) can be estimated
as
Fetmuany = Fe = Fetmeny (4.5)

because Fe and Fogmen) can be estimated from the results of the experiment. The changes

as

of Foimeln and Fogmusky are shown in Fig.4-10. Both itional fluxes

82
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the NH4CI concentration of the solid increased. Both processes of melting of the solid
and rising up of the interstitial liquid of the mush became less effective on the
compositional evolution of the system.

1 ider the mechanism of the ie change of the evolution of the

experimental system caused by the compaosition of the solid. As the NH4Cl concentration
of the solid increased, the degree of partial melting of the solid at the eutectic temperature
decreases and hence the heat required to migrate the solid front decreases. Thus the morne
rapid migration of the solid front occurs as the NH4C| concentration of the solid

increased. This rapid migration causes the I profile at the solid front in the

liquid side (in the mush) relax (Fig.4-10). Thus the heat flux o the solid front from the
mush decreased. Namely, as the NH4Cl content of the solid increased, the production
rate of the melt generated by melting of the solid that is the least NH4Cl content becomes

smaller. This mechanism causes Foymelyy decrease. Moreover, as the NH4Cl

cone ion of the solid i 1, the partially molten solid increased in solid fraction
ut the eutectic iemperature, This increasing of the solid fraction causes the mush become
low porosity and hence low permeability. Thus compositional convection becomes
weaker and the interstitial liquid in the mush cannot easily separate from the mush and
mixes with the overlying liquid. This mechanism causes Foymush) decrease. The slow
evolution of the composition of the liquid makes the mush front high because the liquidus

temperature is high .

4.3, The effect of the initial temperature of the solid

The experiments using two initial temperatures of the solid were carmied out 1o
investigaie the effects of the temperature of the crust on the evolution of a magma system.
The warm (-16.1 °C) and the cold (-44 “C)solids were used (Fig.4-1). The compositions

of the solid were the eutectic in both two experiments (Table.4-2). The evolution in the

experimental system was similar 1o that of the floor experiment described in §3.3.
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The melting rate was smaller in the experiment using the cold solid than in the
experiment using the warm solid (Fig.4-12a), [t was observed that the compositional
convection was less vigorous, the mush front was higher (Fig.4-12a), the mush
thickness was lager (Fig.4-12b), and the decrease of the NH4CI content of the liquid was
slower (Fig.4-13a) in the experiment of the cold solid. The relationship of the
and the

L P

I profiles in the experiment of the cold solid were
qualitatively similar to that of the warm solid (Fig.4-14).

The colder the solid became, the more the heat loss from the liquid into the solid
became. Thus the ratio of the heat flux used 1 melt the solid o the heat flux from the
mush to the solid front decreased. As the initial temperature of the solid decreased, the
production rate of the melt generated by the solid decreased. Therefore, the decrease of
the NHA4CI content of the liquid became slower as the solid becomes colder. The slow
decrease of the NHACI content of the liquid made the position of the mush front become

high t the liquid is high although the temperature profiles does not

change largely (Fig.4-15).
The liquid temperature in the experiment using the cold solid had more gradient
than that in the experiment using the warm solid. The less production rate of the melt in

the experiment of the cold solid causes compositional convection less vigorous. Although

the compositional cc ion generally carries a low heat flux, the intensity of the

compositional convection would make this difference of the iemperature profiles

4.4. Summary

The NH4Cl contents of the solids were systematically changed in the experiments.
The solid fraction at the constant solidus (the eutectic temperature) increases as the
NH4Cl content of the solid increases. The results of the experiments systematically
changed in the following two points. (iYThe migration rate of the solid front increased and

(iithe decrease of the NH4Cl content of liguid became slower as the NH4Cl content of

the solid increased. The reason of (i) is that the heat required to migrate the interface




decreases as the solid fraction increases with the NH4Cl content of the solid. The reasons
of (ii) are that the production rate of the melt with the eutectic composition generated by
melting of the solid at the solid fromt decreased because the solid front migrated mpidly
and hence the temperature gradient above the solid front decreased and that the
compositional convection becomes less vigorous because the solid fraction of the partial
molien crust increases and the permeability in the mush decreases.

The melting rate of the solid decreased and the decrease of the NH4Cl content of the
liguid became slower as the initial temperature of the solid became colder, These are
because increase of the heat loss into the solid caused the amount of the melt with the
eutectic composition generated by melting of the solid decrease and it caused the decrease

of the NH4Cl contents of the liquid become slow, as the temperature of the solid became

colder.
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Fig.4-1. The initial conditions of the experiments in §§4.2 and 4.3 on the phase

diagram.
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Fig.4-2. Schematic figure of the observation in the experiments of 28wi%
solid. Initially, only the liquid was dyed. The dyed liquid pnetrated to the level
below the initial solid front.
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Fig.4-3. Change of the bulk compositional profile in the experiment using
28w1% solid. The compositional change not only the liquid but also the original
solid region.
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Fig.4-5. Change of the average liquid composition above the mush front and
the compositional profiles in the experiments in §4.2. (a) The average liquid
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Fig.4-8 Temperature profiles in the experiments of the eutectic(circle), 2Bwi%(square) and

T3wtS(diamond) solid |
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Fig.4-9. Change of the heat flux from the mush to the solid front.

Symbols are the same as Fig.4-4.




95

a
0.0006 v e e E =i
00005 L 0| | | E
O Eut |
0.0004 0O 28w%
O 7awn | ]
£ 0.0008 3
‘-‘Lj 0.0002  E il b _;
0.0001 @ o _1
0 1 " ; i .9
! 80 100 120
Time(min)
b)
o_moe(.‘. T 1 O Eut
| O 28w%
B0 PO O G
0.0004 £ 0 == £ A S
@ 29 | Sit &
E. ® m |
g 00003 ;*)90‘:"%" 0 &5 E] 1 -
0.0002 |- C & i % &=
E | o] & 1
0.0001 _ ..... L i S 3
i S LA | e (A | L
0 20 40 60 100 120
Time(min)

Fig.4-10. Changes of the compositional fluxes in the experiments in §4.2.
Symbols are the same as Fig.4-4. (a) The compositional flux caused by melting
of the solid. (b) The compositional flux caused by rising up of the interstitial

liquid in the mush.
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gradient become small.
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5. Implication to a Natural Magma System

1 give a discussion of possible applications o natural magma systems that occur in

the Earth on the basis of the resulis of the th ical ysis and the analog

experiments,

5.1. The evolution of the magma system for a single intrusive event

The roles of the processes at the roof and the floor of the magma chamber
The results of the experimental study suggest that the heat flux to the roof crust

from the

ying magma is de ined by the thermal convection and is given by
equation (2-3a) and that the heat flux o the floor of the chamber is not effectively carried
by the compositional convection. Therefore, the processes at the floor would not
contribute to the rapid cooling of the magma in the magma chamber.

The melt generated by melting of the roof’ crust would hardly mix with the
underlying original magma. On the other hand, the melt generated by melting of the floor
crust would rise up and effectively mixes with the overlying original magma. The
compositional convection caused by the floor melting of the magma chamber is important
10 the compositional evolution of the magma. In particular, when the number of the
components of the system is more than 3, mixing of the compositional plume of the melt
of the crust and the interstitial liquid in the mush greatly modifies the liquid line of
descent of the original magma.

The chemical differentiation of the magma would also proceed due to mixing with
the compaositional plumes by the two independent modes of the convective instabilities in
the mush, which are that of the thin chemical boundary layer near the interface between

the mush and the magma and that of the interstitial liquid within the mush (e.g. Tait and

Jaupart, 1989, 1992; Worster, 1992). The liquid line of descent of the magma would be

modified in different ways due to the two modes of the convective instabilitics. The

compositional plumes by the former instability have the composition near the magma. On




the other hand, the compositional plumes by the Latter instahility can have the various

compositions ranging from the composition near the magma to the compaosition at the

solidus. Therefore, the latter instability is more important 1o the modification of the liguid

line of descent of the magma than the former one. This mode approximately comesponds
to the boundary crystallization proposed by Langmuir (1989). It is reported in the
previous experiments on crystallization of the liquid cooled from below that the former
instability can occur first, followed by the latter (e.g. Chen et al., 1993). In the floor and
the both sides experiment in this thesis, it was observed that the rising compositional

plumes like one of the later instability occurred i liately after the 1l started

T

These plumes would be caused by the buoyant melt generated by the roof solid. In this
case, the fluid motion within the mush would be changed by the plumes by the melt of
the floor solid which pass through the mush from the early stage. When melting of the
floor crust causes the fluid motion of the interstitial liquid within the mush change, this
change may affect the liquid line of descent and the magma and petrographical features of
the cumulate rocks. The further investigation on this problem is required

The results of the experiments suggest that the compositional gradient generated by
the compositional convection enhances the formation of double diffusive layers in the
magma chamber. The formation of double diffusive layers decreases the upward heat flux
because the more layers there are over a given depth, the smaller are the temperature steps

between them, and hence the smaller the heat flux.

Time scale of the rapid cooling stage

The results of the numerical calculation ($2) suggest that the magma sysiem has the
two cooling stages: one is the rapid cooling stage and the other is the slow cooling stage.
Whether the magma system is in the rapid cooling stage or in the slow cooling stage is
determined by whether the crust melts by the vigorously convective heat flux or not
When this criterion is applied 1o the magma system, it is concluded that the evolution of
the magma system in the rapid cooling stage occurs anly in the case in which the melting

temperature of the roof crust is lower than the temperature of the magma.



Let us consider a hot magma ( for example, basaltic magma ) is emplaced in a crust
of the lower EFT than the temperature of the magma ( for example, granitic 1o dioritic
crust ). This would be the most common case. When the hot magma is supplied into the
crust, the crust is heated up and hence begins 1o melt when the interface temperature
becomes its EFT, followed by generation of the silicic magma. This silicic magma will
form a separate layer not to mix with the original magma. The amount of the silicic
magma increases and the temperatures of both the magmas decrease with time rapidly as
far as the wemperature of the silicic magma is larger than its EFT ( the rapid cooling
stage). When the silicic magma decreases in iemperature (o near its EFT, rapid melting of
the crust cease and the magma system begins to evolve in the slow cooling stage.

Time at which the magma system with 1000 km thick magma is in the rapid cooling

stage is, for example, about 100 years when the magma convects as one or two layers,

Hi . the compositional gradient g d by the compositional convection is
expected o enhance the formation of the double diffusive layers in the magma. The
formation of the double diffusive layers causes the upward heat flux decrease and the
temperature decrease of the magma becomes slow. The result of the physical model on
the change of the time at which the magma system is in the rapid cooling stage is shown
in Fig.5-1. It is assumed in this model that the melt generated by melting of the roof crust
forms one separate layer and the initial magma is divided into several layers at the initial
state and that all layers convects vigorously. Cooling from below is not considered. The
results suggest that the increase of the number of the double diffusive layer increase the
time period of the rapid cooling stage roughly by a factor of the number of the layers. The
formation of double diffusive layer causes the time period of the rapid cooling stage and

the life-time of the magma with high lemperature becomes longer.

The properties of the magma in the slow cooling stage

‘When the magma cools near or to the EFT of the crust, the magma system enlers

the slow cooling stage. In order to know the property of the magma in the slow cooling




stage, we have o know the condition of the magma when the lemperature of the magma
is near or equal 1o the EFT of the roof crust.
It will be reasonable that the EFT of the crust in the natural system is assumed Lo be

the at which it beh: as liquid by i ing the degree of the parial

melting (Huppert and Sparks, 1988b; sce §§2). Generally, a partially molten crust and

partially crystallized magma have one unique relationship b the and the
fraction of the solid phase when the bulk chemical composition is fixed. If no separation
of solid and liguid phases occurs in the silicic magma generated by melting of the crust,
the silicic magma has the same EFT as the crust. Thus when the silicic magma cools 1o its
EFT, it is solidified by the definition of the EFT. The magma differentiates more or less
and hence the EFT of the silicic magma would become lower than that of the crust. Thus
1 conclude that the property of the magma in the slow cooling stage is approximately
determined by the fractionation of the magma generated by melting in and after melting.
There is the exceptional but imporiant case in difference of the above discussion. It
15 the case that the crust has the eutectic composition in a strict sense. In this case, melting
of the crust at the eutectic temperature generate complete liquid. This melt is liquid
without solid phases when the system moves the slow cooling stage. Therefore, it is
indicated that the magma like this (for example , rhyolitic magma) can be long-lived in the

liguid state,

5.2. The effects of the temp and the ¢ itional variation of the crust.

When the evolution of the magma systems proceeds in the scenario presented in
§5.1, the temperature and composition of the crust affect the thermal and compositional
evolution of the magma sysiem. [ discuss four cases here: (1) the case of the change of
the temperature of the roof crust, (2) the case of the change of the composition of the roof
crust, (3) the case of the change of the temperature of the floor crust and (4) the case of

the change of the composition of the floor crust.



(1) The roof crust

The processes at the roof are important to the thermal history of the magma system
Thus, the effects of the variation of the temperature and the compaosition of the roof crust
are discussed from view point of cooling of the magma. According to the conclusion in
§2, when the magma is stagnant or the crust does not melt, cooling of the magma is
governed by the iemperature of the crust (Case 2 and 3 in Fig,2-4). Thus, consider the
case in which the magma is convective and the melting temperature of the roof crust is
lower than the temperature of the magma. It is assumed that the iemperature at the

magma/crust interface is the EFT of the crust.

The effect of the temperature of the roof crust

It is assumed that the conditions except the temperature of the roof crust are the
same. The temperature of the roof crust gives little effect on the cooling rate in the rapid
cooling stage (Case 1 in Fig.2-4) (Fig.5-2). On the other hand, the maximum amount of

the melt generated by melting of the roof crust and the time taken to solidify completely

decreases, as the temperature of the roof crust becomes colder (Case 1 in Fig.2-4)

The effect of the compasition of the roof crust

It is assumed that the conditions except the composition of the roof crust are the
same. The composition of the roof crust determines its EFT. The transition from the rapid
cooling stage to the slow cooling stage occurs when the temperature of the magma is near
or equal to the EFT of the roof crust. Therefore, as the EFT of the roof crust becomes
higher, the transition from the rapid cooling stage to the slow cooling stage occur at
higher lemperature of the magma (Fig.5-3) and the magma with the higher temperature
can be alive in the crust for a long time. On the other hand, the time at which the magma

solidifies completely is not affected by the EFT of the roof crust.

(2) The floor crust




The processes at the floor are important to the compositional differentiation of the

magma. Thus, the effects of the variation of the temg and the composition of the
foor crust are discussed from view point of compositional differentiation of the magma
The compositional differentiation of the magma is governed by the production rate of the
melt of the crust, the intensity of the compositional convection by the instabilities of the
melt and the interstitial liquid of the mush and the upward heat flux from the magma to
the roof crust. Here, [ focus on the production rate of the melt of the floor crust and
assume that the other factors are not affected by the change of the condition of the roof
crust. Under these strict assumptions, the production rate of the melt is comparable with
the rate of the compositional differentiation of the magma. The production rate of the melt
at the interface where the temperature is the solidus of the floor crust is regarded as the
production rate of the melt of the fMloor crust.

Since the compositional plume does not carry a heat flux effectively, the heat
transfer is almost determined by heat conduction. It is assumed that the heat transfer

around the roof of the crust is determined by heat conduction.

The effect of the temperature of the floor crust

It is assumed that the conditions except the temperature of the floor crust are the
same. This case is similar o Case 2 in §2. As the temperature of the floor crust becomes
colder, the amount of the melt of the floor crust decreases and hence the rate of the
fractionation of the basaltic magma decreases (Fig.2-3). It is because the temperature
gradient in the floor crust at the interface between the mush and the crust increases as the
temperature of the floor crust becomes larger. The heat loss of the magma into the crust
increases and the ratio of the heat used 1o melt the floor crust 1o the heat to the interface

deer

(Fig.5-4).

The effect of the compasition of the floor crust
It is assumed that the conditions except the composition of the floor crust are the

same. When the composition of the floor crust changes, the change of its solidus and/or




the change of the degree of partial melting of the floor crust in a constant solidus occur.
The former case occurs when the sysiem including solid solution and the latier case
occurs when the system is the eutectic system. | consider two cases: one is that the
solidus of the foor crust changes and the degree of the partial melting does not change
and the other is that the solidus does not change and the degree of the partial melting
changes.

When the solidus of the loor crust changes, as the solidus of the floor crust is

higher, the temp fifl ¢ b the magma (or the mush) and the solidus
decreases and the [ difference b the solidus and the far crust. The

temperature gradient in the mush at the interface tends 1w be small while the temperature
gradient in the mush at the interface tends 10 be large(Fig.5-6a). Therefore, the
production rate of the melt decreases and the rte of the chemical differentiation of the
magma tends to decrease. The migration of the melting interface is calcolated using the
model of Case 2 in §2 when the temperature of the magma with | km thick is 1200 “C
and the initial temperature of the crust is 500 °C. When the solidus of the floor crust is
higher than near 850 °C, melting does not occur.

When the degree of partial melting of the floor crust changes (Fig.5-6b), this case
is similar to the analogue experiment in §4.2. As the degree of the partial melting of the
crust in its solidus decreases, the production rate of the melt decreases because the
temperature gradient in the mush at the interface decreases (see §4.2). Therefore, the rate

of the chemical differentiation of the magma tends to decrease.
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6. Concluding Remarks

The thermal and material ineraction between a magma and a crust give important
effects on the evolution of the magma system. | emphasize that we must always consider
the effect of the crust to discuss the evolution of the magma. In this thesis, the five

conclusions are presented in the following.

(1) The thermal transfer processes between a hot liquid and a cold solid are

ically 1o the important factors governing cooling of a

magma. The results indicate that the rate of the temperature decrease of the liguid is
significantly larpe regardless of the temperature of the solid when the liquid is convective
vigorously and the solid melts accompanying the interface migration, and that the liquid

x

cools slowly governed by heat conduction in the solid in other cases. Therefore, when

the magma is convective, the relationship of the temperature of the magma (T) and the
melting temperature of the crust (Tm) profoundly changes the thermal history of the
magma system. When T>Tm, the rate of the temperature decrease of the magma is very
large and melting of the crust proceeds rapidly (the rapid cooling stage). On the other
hand, when T<Tm, the rate of the temperature decrease of the magma is small and exists
as liquid for a long time period in the crust (the slow cooling stage). The features of the
volcanic ejecta in the rapid cooling stage would be very different from that in the slow
cooling stage.

(2) A series of the analogue experiments has been carried out using hot solutions
and cold solid mixtures of the NH4CI-H20 binary eutectic system to determine the
conditions under which melting and/or convection occur at the roof and the floor of a
magma chamber. When a cold solid with the eutectic compaosition is placed at the top of a
hot solution of higher NH4Cl content, vigorous thermal convection occurs in the
solution, which results in rapid melting of the solid roof o form a stable melt layer with

negligible mixing of the underlying liquid. On the other hand, when the cold solid

mixture is placed at the bottom of the hot solution, the convection is driven by




compositional gradient due to floor melting as well as crystallization just above the Noo
3 .

Because the compositional convection carries a low heat flux, the rate of melting and the
temperature profile around the floor do not differ greatly from those that would be
ohserved due to conduction alone. Unlike the roof melting, the melt generated by the
floor melting efficiently mixes with the overlying solution. The compositional gradient
generated by the compositional convection enhances the formation of the double diffusive
layers in the liquid.

(3) Another series of analogue experiments has been carried out 1o understand the

effects of the compositional and the temp iation of the floor crust on the
evolution of the magma system. The NH4Cl contents and the initial temperatures of the
solid mixtures were systematically changed in the experiments. As the NH4Cl content of

the solid becomes higher, the rate of the compositional differentiation of the liquid

decreases. This can be explained by two mechani (1)As the NH4Cl content of the
solid becomes higher, the melting degree of the solid at the solidus becomes smaller and
hence the latent heat reguired by the migration of the interface between the solid and
partially molien zone (mush) decreases. Thus, the interface migration becomes faster and
hence the temperature gradient just above the interface becomes smaller. These effects
resultin low heat flux from the mush o the interface and decrease the production rte of
the melt with low NH4Cl content. (2)As the NH4Cl content of the solid becomes higher,
the permeability of the mush becomes smaller. Thus, compositional convection induced
by the instability in the mush becomes less vigorous and the liquid of the low NHaCl
content mixes with the overlying solution less effectively. On the other hand, as the initial
temperature of the solid became colder, the rate of the compositional differentiation of the
liquid decreases. This is because as the initial iemperature of the solid became colder, the
heat loss into the solid increases and hence the production rate of the melt of the low
NH4Cl content decreases.

(4) The implication for the thermal and compositional evolution of a magma system

is that, when a basaltic magma is emplaced in the continental crust, a silicic magma is

rapidly formed by the roof melting, and that the magmas evolve very slowly after the
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temperatures of the magmas become as cool as the melting temperature of the crust. The
major effects of the Moor melting would be that the liquid line of descent of the basaltic
magma can be greatly modified by mixing with the melt generated at the Noor and the
interstitial liquid in the mush and that the upward heat flux decreases due to the formation
of the double-diffusive layers.

(5) When the magma system evolves in the scenario described in (3), the varations
of the temperature and composition of the crust would affect the evolution of the magma
system in the following four points. (i) The temperature of the roof crust gives little effect
on the rate of the temperature decrease of the magma in the rapid cooling stage but
changes the amount of the melt generated by melting of the roof crust and the cooling of
the magma in the slow cooling stage. As the tlemperature of the roof crust is colder, the
amount of the melt generated by roof melting of the crust decreases and the time scale of
solidification of the magma becomes shorter. (i) As the melting temperature of the roof
crust becomes higher due to the change in compositions, the transition of the rapid and
the slow cooling stages occurs at a higher temperature of the magma. (iii) As the
temperature of the floor crust is colder, the amount of the melt generated by melting of the
floor crust decreases and hence the rate of the compositional differentintion of the hasaltic
magma decreases. (iv) When the compaosition of the floor crust changes, change of its
melting temperature and/or change of the degree of partial melting of the crust at the
constant melting emperature occur. As the melting temperature of the floor crust becomes
higher or as the degree of the partial melting of the crust decreases, then the amount of the
melt generated by melting of the floor crust decreases. Therefore, the raie of the

compositional differentiation of the basaltic magma decreases.

Improvements in the experiments should be made in the following points o
understand the melting and crystallization processes more quantitatively;
(1) Thermal insulation of the experimental system should be improved. The delicate

density balances in liquids will determine the formation and extinction of double-diffusive

layers and the overturning between the layers. The heat flux from the outside of the




experimental system may affect these processes largely. Experiments should be carried
out in a chamber where temperature can be controlled.

(2) In the both sides experiment, after the experimental tank was filled with the
liquid above the floor solid, the roof solid was placed in contact with the liquid. Thus the
time when the floor solid was in contact with the liquid was earlier by 4 minutes than the

time when the roof solid was. This time gap should be smaller or zero,

Important three further problems are brought up to develop quantitative models on
the evolution of the magma system;

(1) The fi ion of the ¢ itional gradient by the positional convection is

important to the formation of the double-diffusive layers. Therefore, it is important to
estimate the compositional flux due to melting and crystallization in the mush,

(2) The compositional {lux is affected by the temperature profile in the mush,
because the temperature profile governs the mass of the melting and crystallization. The
heat flux carried by compositional plumes should be estimated. In this thesis, it is
relatively small. On the other hand, Some previous papers presented that the heat fMlux can
be effectively carried by the compositional plumes when the density difference due o
composition between the melt by the solid and the overlying liquid (e.g. Kerr, 1994).

(3) The upward heat flux is affected by the number of the double-diffusive layers.
The number of the double-diffusive layers and its change with time are very important to
the thermal history of the system.

Above three problems are not independent ones but their interactions occur. In
further investigation, the theoretical model in which the thermal and compositional effects

interacts cach other. Moreover, it is ined how the f impli 1 by this study

and further investigations are observed in the natural magma system.
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