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ABSTRACT
Hydrothermal processes at oceanic spreading centers are largely influenced by changing
magmatic heat input. I use the NaCl-H2O FISHES code to investigate the evolution of surface
temperature and salinity as a function of time-varying heat flux at the base of a two-phase, vaporbrine hydrothermal system. I consider a two-dimensional rectangular box that is 1.5 km deep and
4 km long with homogeneous permeability of 10-13 m2. Temperature and pressure at top
boundary correspond to seafloor conditions of 10C, 25MPa respectively. Impermeable,
insulated conditions are imposed on the left and right hand boundaries. To simulate time-varying
heat flux from a sub-axial magma chamber of 500 m long half-width, I consider a variety of
basal boundary conditions: (1) a constant heat flux with an value of 130 W/m2; (2) a sinusoidal
heat flux with a period of 6 years and an amplitude ranging between 100 and 50 W/m2; (3) step,
random, and exponential heat fluxes ranging between 200 and 15 W/m2; and (4) an analytical
function of temporally decaying heat flux resulting from a simulated cooling, crystallizing
magmatic sill. As a result of the investigation I find: (1) changes in bottom temperature and
salinity closely follow the temporal variations in magmatic heat inputs; (2) the surface
temperature response is severely damped and high frequency variations in heat flow are not
detected; (3) in regions where phase separation of vapor and brine occurs, surface salinity
variations may be recorded in response to changing conditions at depth, but these are smaller in
amplitude.
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CHAPTER 1: INTRODUCTION
1.1 General background on seafloor hydrothermal systems
Hydrothermal systems at mid-ocean ridges have been studied for more than three decades
since black smokers were first discovered on the East Pacific Rise in 1979 [Spiess et al., 1980;
Macdonald et al., 1980]. As a combination of the words of hydro and thermos, hydrothermal
implies a linkage between water and heat. Thus hydrothermal systems consist of a heat source
and a fluid circulation within the Earth’s crust. At mid-ocean ridges, the heat for hightemperature hydrothermal circulation primarily comes from underlying magma bodies, and the
circulating fluid is mainly seawater with minor additions of magmatic volatiles such as
hydrogen, carbon dioxide, and methane [Welhan, 1988; Kelly, 1996; Kelly et al., 2002].
Figure 1.1 shows a conceptual model of buoyancy-driven hydrothermal circulation at a
mid-ocean ridge. As cold seawater enters permeable crustal rocks and descends to near the top of
the sub-axial magma chamber, heat transfer from the magma chamber body increases the fluid
temperature to more than 400oC. The density of fluid decreases as temperature increases, and the
fluid ascends by thermal buoyancy toward the sea floor through zones of highly permeable
crustal rocks, where it exits through discrete vent structures. During the circulation, sea water
reacts chemically with oceanic crust. As a result, hydrothermal fluid becomes enriched in Ca, Si,
and metals such as Fe, Mn, Cu, Zn and becomes depleted in Mg and SO4 [e.g., Von Damm et al.,
1985; Von Damm, 1995]. Table 1.1 shows the differences of the chemical compositions of fluids
at mid-ocean ridges compared to seawater. When the hot metal-rich hydrothermal fluid enters the
ocean and mixes with cold seawater, precipitation causes a black appearance to the discharging
fluid, leading to the term “black smokers” [Haymon, 1983; Tivey and Delaney, 1986]. In
1

addition, magmatic volatiles, CO2, H2, and CH4, are added to the hydrothermal fluids [Von
Damm, 1995, 2000; Kelly et al., 2002]. In addition to the chemical reactions, hydrothermal fluids
may separate into a mixture of low salinity vapor and high salinity brine, particularly near the
bottom of the system where the temperatures are highest. Evidence of this process, termed phase
separation, comes primarily from the salinity (expressed as Cl concentration) of vent fluids [e.g.,
Von Damm, 2004; Lowell et al., 2008], which are typically either less than or greater than
seawater [e.g., Table 1].

Figure 1.1 Schematic drawing of hydrothermal circulation at mid-ocean ridges [www.whoi.edu].

The linkage between the magmatic heat source and the overlying hydrothermal system at
mid-ocean ridges is a subject of considerable scientific interest. As oceanic plates spread apart,
2

upwelling mantle beneath the ridge undergoes decompressional melting and transport to a
narrow zone of crustal formation. Seismic data shows that at fast spreading ridges a zone of
partially molten crust underlies a thin, mostly liquid lens of magma 10 to 100 meters thick
situated between approximately 1 and 3 kilometers beneath the seafloor [Detrick et al., 1987;
Sinton and Detrick, 1992; Sohn et al., 1998; MacLeod and Yaouancq, 2000; Kelley et al., 2002;
Tolstoy et al., 2008]. Replenishment of the magma lens, commonly called the AMC (axial
magma chamber) may result in diking events and magmatic eruptions [Germanovich et al.,
2011]. Heat transfer from this convecting, crystallizing, replenished AMC by conduction across
a thin impermeable boundary layer that lies just above the AMC drives the hydrothermal system
[e.g., Liu and Lowell, 2009]. A key question concerns the response of the hydrothermal system
to changes in magmatic heat input.

3

Table 1.1 Compositions of fluids venting from different settings [from Tivey, 2007 with
permission from The Oceanography Society].
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1.2 Two-phase flow
At the pressure and temperature conditions encountered near the top of the AMC,
seawater exists in a liquid-vapor two-phase equilibrium state. To investigate the mass, heat, and
solute transport of the hydrothermal system, seawater is assumed to be equivalent to a 3.2 wt%
NaCl-H2O solution [Bischoff and Rosenbauer, 1984]. Figure 1.2 shows a part of the NaCl-H2O
phase diagram with isotherms plotted onto a pressure-salinity plane. The highest point of each
isotherm represents a critical point for fluid of that particular P-T-X condition, and a curve
through the critical points is called the critical curve. For seawater the critical point is at
approximately 407oC and 298 bar [Bischoff and Rosenbauer, 1988]. The liquid-vapor
equilibrium region lies beneath an isotherm below the critical point, and the salinity of the liquid
and vapor in equilibrium at a given P-T are given by a horizontal tie line that intersects the vapor
and liquid boundaries of the isotherm. High salinity liquid (commonly called brine) has a high
density compared to bulk density, and thus it tends to remain at depth near the top of the AMC.
Low salinity vapor is buoyant and tends to rise. This process is called phase separation. As low
salinity vapor mixes with non-phase separated fluid during its ascent to the seafloor, it results in
a fluid venting at the seafloor that is less than seawater. If the high salinity brine mixes with a
fluid and rises, the salinity of a fluid at seafloor is greater than seawater. For this reason the
salinity of a vent fluid at seafloor may vary with time. A high density layer at the base of
hydrothermal system may act as a barrier between the overlying hydrothermal system and the
magma chamber. In addition, magmatic eruptions or diking events may cause active phase
separation in regions above the AMC. Therefore, the salinity of a vent fluid at seafloor may be
low shortly after such events, to be followed by a higher salinity fluid [Butterfield et al., 1997].

5

Figure 1.2 Liquid-vapor relations for the system NaCl-H2O [from Bischoff and Pitzer, 1989].

1.3 Previous work on two-phase flow simulations on hydrothermal systems
The earliest models of hydrothermal systems at mid-ocean ridges have emphasized the
differences between observed conductive heat flow and heat loss from lithospheric cooling
models [Bodvarsson and Lowell, 1972; Lister, 1974; Lowell, 1975]. After the “black smokers”
were found on the East Pacific Rise in 1979 [Spiess et al., 1980; Macdonald et al., 1980], the
6

need for mathematical models of high-temperature hydrothermal systems became apparent.
Initially, single-phase fluid with the properties of pure water was considered as the convecting
fluid for hydrothermal systems at mid-ocean ridges [e.g., Brikowski and Norton, 1989; Lowell and
Burnell, 1991; Lowell and Germanovich, 1994; Wilcock, 1998]. Later boiling was considered, but

the fluid was still single pure water [Lowell and Xu, 2000; Coumou et al., 2006]. Models of twophase flow in NaCl-H2O fluids have only been developed recently [Bai et al., 2003; Kawada et
al., 2004; Lewis and Lowell, 2004, 2009a, 2009b; Coumou et al., 2008a, 2008b, 2009; Driesner
and Geiger, 2007]. Most of these simulations assumed fixed temperature or constant heat flux at
the base of hydrothermal system. The fixed temperature condition assumes that magma serves as
an infinite reservoir of heat and heat transport is controlled by the vigor of the hydrothermal
system, which is characterized by the Rayleigh number [e.g., Bejan, 1995; Lowell and
Germanovich, 2004]. On the other hand, the thermal heat output of a constant heat flux condition
is controlled by the rate at which the heat is conducted from magma body [e.g., Lowell and
Germanovich, 1994, 2004; Germanovich et al., 2000, 2001]. Neither of these boundary
conditions is realistic because heat transfer from a convecting magma body near its liquidus will
cause magma to cool and crystallize [e.g., Cann and Srens, 1982; Lowell and Rona, 1985]. The
simulation of two-phase flow in NaCl-H2O fluids with time dependent magma supply is still
challenging work.

7

1.4 Objectives
Research on two-phase hydrothermal processes and the more broadly based magmatectonic-hydrothermal processes have progressed independently. Models of two-phase flow
described in the previous section have not incorporated magmatic heat input and its possible
temporal variation directly. In contrast, Liu and Lowell [2009] considered heat transfer from a
convecting, crystallizing, replenished magma chamber to the hydrothermal system, but twophase hydrothermal flow was not considered and the hydrothermal system was assumed to
respond instantly to changes in magmatic heat input. Therefore the need to combine the twophase flow in NaCl-H2O fluid hydrothermal processes with time varying magma heat supply at
the base of the system is essential.
The principal objective of this study is to develop the link between time dependent
magmatic heat transfer and two-phase hydrothermal circulation.
To serve as a reference, I first assume constant heat flux; then I consider sinusoidal heat flux,
random heat flux, and decaying heat flux conditions. The thesis is organized as following. In
chapter 2, I will review the crustal porosity and permeability and magmatic heat input as physical
controls on seafloor hydrothermal activity. Chapter 3 will present the mathematical method. For
the numerical method to solve the conservation equations, FISHES code [Lewis, 2007; Lewis
and Lowell, 2009a, b] will be introduced. Boundary and initial conditions, the simulation
method, and system geometry will be also introduced. In chapter 4, simulation results will be
presented for a variety of heat flux conditions at the base of the model. Chapter 5 will discuss the
implications of the results. Conclusions and recommendations for future work will be provided
in Chapter 6.
8

CHAPTER 2: PHYSICAL CONTROLS ON SEAFLOOR HYDROTHERMAL
ACTIVITY
2.1 Crustal porosity and permeability data
Porosity and permeability are important variables in hydrothermal systems, but they are
difficult to characterize in the field as a result of their heterogeneity and anisotropy. Moreover, in
most hydrothermal settings, including those at oceanic spreading centers, the problem is even
more difficult because porosity and permeability are fracture dominated and scale dependent.
Although porosity can be estimated from seismic data, permeability is not easily related to
porosity. Permeability of the hydrothermal systems may also be time dependent as a result of
seismic and tectonic events, dike emplacement, and mineral precipitation [e.g., Bredehoeft et al.,
1990]. Data from the Deep Sea Drilling Project (DSDP) and Ocean Drilling Program (ODP)
determined from packer measurements provide permeability estimates to a depth of 1600m. Two
sites of particular importance are Site 504B south of the Costa Rica Rift formed about 6 million
years ago at a half spreading rate near 36 mm/a, and Site 1256D, which is on 15 million years
old crust formed at a rate of 110 mm/a at the East Pacific Rise [Becker, 1989; Fisher, 1998; Swift
et al, 2008; Carlson, 2011]. At Site 504B, the total depth is 1562.3m below seafloor, penetrating
275m of sediments, 575m of extrusive basaltic lava, a 200m transition zone, and more than 500m
of the underlying layer of intrusive basaltic sheeted dikes [Becker and Sakai, 1989]. Two
different permeability zones are found as a result of slug tests. There is a high permeability zone
in the uppermost of 200m of pillow lavas where the measured permeability is approximately
10-14 to 10-13 m2 [Anderson and Zoback, 1982; Zoback and Anderson, 1983]. There is a low
permeability zone between 536.5 and 1287.5 mbsf, which corresponds to deeper pillow lavas, a
transition zone, and upper sheeted dikes, where this permeability is approximately 10-17 m2
9

[Anderson et al., 1985a,b; Becker, 1989]. Lowell and Germanovich [2004] calculated the
permeability ranges between 10-13 and 10-11m2 by using a single-pass model of the hydrothermal
system constrained by typical observed values of hydrothermal temperature, hydrothermal heat
output, heat uptake area and vent field area in a generic sense. Lowell et al. [2013], using
available data from a number of actual systems, show similar ranges. The calculated bulk
permeability is several orders of magnitude greater than that measured in ODP boreholes in
sheeted dikes. In this paper I assumed a homogeneous permeability with value of 10-13 m2.
2.1.1

Hydraulic conductivity, permeability, and relative permeability

One dimensional specific discharge

of a fluid through a porous medium is given by

Darcy’s Law:

(1)

where h is hydraulic head, and K is hydraulic conductivity, which has units of length per unit
time (L/T). Similarly, the Hagen-Poiseulle law from Navier-Stokes equation for steady laminar
fluid flow in a pipe is given by:

(2)

where

is a specific discharge across the pipe, r is a radius of a pipe,

the fluid, p is fluid pressure [Sabersky et al., 1971]. If
(

10

is dynamic viscosity of

, then
)

(3)

The parameter k is called the permeability, which is dependent only on the material and has units
of length squared(

). The fluid density is

, and g is the acceleration due to gravity.

From Darcy’s law and Navier-Stokes equation the relation between hydraulic conductivity and
permeability can then be expressed as:

(4)

In multi-phase flow in porous media, the relative permeability of a phase is a dimensionless
measure of the effective permeability of that phase. Here one would expect the permeability of
either fluid to be lower than that for the single fluid since it occupies only part of the pore space
and may also be affected by interaction with other phases.
For two-phase flow, Darcian velocities

and

of vapor and liquid, respectively are

driven by the pressure differences from the momentum conservation equations:

(

(

)

(5)

)

(6)

The subscripts l and v refer to the liquid and vapor, respectively. Relative permeabilities

and

are defined as:

(

11

)

(7)

(8)

where k is the permeability of the porous medium in single-phase flow. The empirical parameters
and

called Corey exponents can be obtained from measured data. Normally the Corey

exponents are between 2 and 4 in the oil-water system [Dake, 1977]. The

from the above

equations is a normalized liquid saturation defined by Corey correlation [Corey, 1954] as:

(9)

where

is a liquid saturation. The

and

are the irreducible residual saturations of liquid

and vapor respectively. To simplify, we neglect the irreducible residual saturations and assume
the parameters

and

to get a linear relationship between relative permeability and

water saturation.
2.1.2

Porosity and permeability relations

Although it is generally thought that porosity and permeability are related, an exact
relationship is elusive and no formulation is universally accepted. In situations in which
interconnected pore space results in permeability, such permeability is termed primary
permeability; whereas if permeability results from interconnected fractures the permeability is
called secondary permeability.
For primary permeability, a generalized formulation of the porosity-permeability
relationship can be written:
12

(10)
b is an average grain size of the medium, C is a constant depending on sorting of mineral grains
and

a is porosity. The exponent n is typically between 2 and 3 [Berg, 1970; Van Baaren, 1979;

Nelson, 1994; Lowell and Rona, 2004]. Equation (10) often fails in practice because field scale
permeability is controlled by fractures.
For fracture-controlled permeability, a generalized formulation is given by equation (11):

(11)

where C is constant, l is mean crack aperture, L is the crack spacing, N is the number of cracks
per unit area, a is crack length. As a special case of the above equation consider a set of planar
parallel cracks of aperture l and spacing L. In this case the permeability can be written [Bear,
1972; Turcotte and Schubert, 1982]:

(12)

where, assuming l << L, the porosity

. The curves of permeability and porosity show

that high fracture permeability can occur in low-porosity rocks; large values of crack
permeability can exist for

as shown in Figure 2.1.
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Figure 2.1 Permeability and porosity relations of fractured rocks.

2.2 Magmatic heat input
2.2.1 Magma convection
Magmatic processes such as eruption, convection, cooling and crystallization of a magma
chamber significantly affect the overlying hydrothermal systems at the mid-ocean ridges. Magma
convection and the resulting heat transfer to the thermal boundary layer that exists between the
top of magma chamber and the base of the hydrothermal system is the primary driver of the
hydrothermal system.
Compositional variations within the magma chamber result from partial melting and
assimilation of overlying crust, fractional crystallization during cooling, and magma
replenishment. Compositional variations are often ignored when considering basaltic magma
14

chambers at mid-ocean ridges. It is a reasonable first order approximation because the
compositions of mid-ocean basalts are relatively homogeneous [e.g., Batiza and Niu, 1992; Perfit
et al., 1994]. Liu and Lowell [2009] investigated the effects of thermal convection within the
magma body on heat transfer to a seafloor hydrothermal system based on an approach developed
by Huppert and Sparks [1988] for the physics and melting of a granitic layer situated above a
convecting basaltic sill. Liu and Lowell [2009] replaced the granitic layer with a parameterized
hydrothermal system and assumed that heat transfer from the convecting basaltic magma
chamber was transported by the hydrothermal system.
A fundamental parameter that is a measure of the strength of the convection is the
dimensionless parameter called the Rayleigh number, Ra, which is the ratio of thermal buoyancy
force to the viscous and thermal resistance. This ratio is given by

(13)

where

is the coefficient of thermal expansion, g is the acceleration of gravity,

is temperature difference between magma and solidus temperature of basalt, D is the thickness of
a magma body,

is thermal diffusivity (

) , and

is the kinetic viscosity,

respectively. The classical relationship between Nusselt number Nu and thermal Rayleigh
number Ra is given by [Jarvis and Peltier,1989]:
(

where critical Rayleigh number,

)

.

15

(14)

To investigate the response of the hydrothermal systems according to the magma
chamber heat output, heat flux of the magma chamber should be studied considering magma
crystallization both with and without replenishment. Heat flux from the convecting magma body
is related with Nusselt number, which is the ratio of convective to conductive heat transfer across
the magma body. Therefore, the heat flux

of the magma body can be expresses as follows
(

where

is thermal conductivity of magma,

)

(15)

is magma temperature,

is solidus temperature

of the basalt, D is magma chamber thickness, respectively.
Considering the equation of Ra number of the magma convection and the relation of Nu
number with Ra number, heat flux

transferred to the top of the magma body is given [Turner,

1973].
( )
where

is the magma density,

(

)

(

( )

)

(16)

is specific heat.

2.2.2 Magma replenishment
One of the chief results of Liu and Lowell [2009] was that magma replenishment is
required to maintain quasi-steady hydrothermal temperature and heat output on decadal time
scales. For a model of convecting magma in which crystals were assumed to settle to the floor,
they found a constant velocity of the replenishment in the range of 10-8 ~ 10-7 m/s would
maintain a stable hydrothermal system for decades. Their model considered a single-phase pure
water hydrothermal system that responded instantaneously to changes in magmatic heat output.
16

In this thesis, I studied the response of two-phase hydrothermal system by using a variety of time
dependent magmatic heat inputs and by incorporating a direct link to the hydrothermal system by
using FISHES, which is introduced in Chapter 3.
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CHAPTER 3: MATHEMATICAL METHOD
3.1 The FISHES code
FISHES (Fully Implicit Seafloor Hydrothermal Event Simulator) is a FORTRAN code
that uses the finite control volume method [Patankar, 1980] for studying two-phase flow and
phase separation in a NaCl-H2O hydrothermal system [Lewis, 2007]. The Patankar [1980]
approach takes the differential equation describing conservation of some quantity at each point in
space and integrates it over a control volume, so that the resulting equation describes
conservation of that same quantity over the volume. When implemented properly, the control
volume method is thus guaranteed to conserve quantities such as mass, energy, and salt, both
locally and globally [Patankar,1980].
FISHES solves the governing nonlinear partial differential equations of mass,
momentum, energy, and salt in a Darcian porous medium shown below.
Mass continuity equation:
(

where

is the porosity,

)

(

⃗

(17)

⃗)

is bulk density , is the Darcian velocity, subscripts

and refer to

the vapor and liquid phases, respectively.
Momentum conservation equation:

⃗

(

18

)

(18)

⃗

where

is permeability,

dynamic viscosity and

(

)

is the relative permeability,

(19)

is the pressure,

is the depth,

is the

is the gravitational acceleration.

Energy conservation equation:

[

where

(

)

is specific enthalpy,

conductivity. The subscript

]

(

⃗)

⃗

is the temperature,
refers to the rock;

(

)

(20)

is the effective medium thermal
and

without subscripts refer to bulk

(

)

quantities.
Salt conservation equation:

(
where

)

(

is the bulk salinity and

⃗

⃗

)

(21)

is the salt chemical diffusivity.

In mathematical formulations using Darcy’s Law to describe conservation of momentum
in a porous permeable medium, an inherent assumption is that the fluid flow is laminar flow.
Although Darcy’s Law is empirical, it can be related to the momentum conservation equation of
Navier-Stoke equations in which inertial terms are neglected and viscous flow resistance is
replaced by a linear relationship. In FISHES, the relative permeabilities for the vapor and liquid
phases are given by the volume saturations of vapor and liquid, respectively; and the residual
saturations are assumed to be zero. FISHES discretizes the equations to produce systems of
19

linear algebraic equations suitable for numerical solution in a time marching scheme [Lewis,
2007]. The partitioning of the salt and heat between liquid and vapor phases complicates the
equations of state relating pressure, temperature, and salinity (P-T-X) to fluid properties such as
density and enthalpy. Hence the conservation equations must be linked to equations of state.
Lewis [2007] formulates the thermodynamic equations of state in terms of lookup tables
and an interpolation scheme. The bulk densities and salinities between 300C and 800C used in
the lookup tables come from tables presented by Anderko and Pitzer [1993]. For bulk density
values from 0C to 300C, a program developed by Archer [1992] was used to construct the
lookup tables. Specific enthalpies between 300C and 800C are calculated using the framework
of Tanger and Pitzer [1989]. Enthalpies from 0C to 300C are used a program developed by
Archer [1992]. Because FISHES was developed to simulate seafloor hydrothermal systems, the
equations of state for the system cover the P range between 85-1000 bars, a T range between 0800C and a X range between 0 and 100% [Lewis, 2007]. The code FISHES is available online
at http://www.geophys.geos.vt.edu/rlowell/kaylal/, and there is a user’s guide with more details
on the code. The code has been used previously for the simulation of two-phase hydrothermal
system [e.g., Lewis and Lowell, 2009a, 2009b; MacInnes et al., 2012a, b; Han, 2011; Han et al.,
2013].
3.2 System geometry, boundary and initial conditions
Seismic data show that the sub-axial magma lens (AMC) typically exists between
approximately 1 and 3 kilometers beneath the seafloor [Detrick et al., 1987; Canales et al., 2006;
Singh et al., 1999, 2006; Van Ark et al., 2007]. The width across-axis is typically 0.5 – 4 km
[Collier and Sinha, 1990; Kent et al., 1990; Singh et al., 2006] and the vent field along-axis
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spaces 1–3 km [Gente et al., 1986; Kelley et al., 2002]. Measurements of hydrothermal heat
output show that it ranges between approximately 50 and 500 MW [Lowell and Germanovich,
2004; Ramondenc et al, 2006; Baker, 2007].
To investigate the evolution of surface temperature and salinity as a function of timevarying heat flux at the base of the hydrothermal system with FISHES, I considered a twodimensional rectangular box that is 1.5 km deep and 4 km long with homogeneous permeability
of 10-13 m2 [Figure 3.1]. For simplicity, and to save computation time, a half-model in the lateral
dimension are used as shown by the vertical dashed line in Figure 3.1. A total of 4800 elements
and 4941 nodes are implemented such that each element is 25 m x 25 m.

Figure 3.1 Geometry and heat flux.
Temperature and pressure at top boundary correspond to nominal seafloor conditions of 10C,
25MPa respectively. Upstream conditions are applied at the top so temperature and salinity of
fluids exiting the surface are set equal to that at one cell below the top boundary. Fluids entering
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the top of the system are given seawater salinity and surface temperature conditions.
Impermeable, insulated conditions are imposed on the left and right hand boundaries. The
bottom boundary is also impermeable.
To simulate time-varying heat flux from the AMC, I considered a variety of basal
boundary conditions: (1) a sinusoidal heat flux with a period of 6 years and an amplitude ranging
between 150 and 50 W/m2; (2) step function, random function, and exponential function between
200 and 15 W/m2; and (3) an analytical function of temporally decaying heat flux resulting from
a simulated cooling, crystallizing magmatic sill. To represent the AMC, I assumed a high heat
flux region of 500 m in length to represent the approximate half-width of the magma chamber
[Figure 3.1].
Initially, I assume the temperature increases linearly with depth from 10C at the top until
it matches the temperature distribution along the bottom boundary. The bottom temperature is
450C along a region of 500m in length to simulate the AMC and decreases linearly to 300C to
the right hand edge of the box. The pressure is 25 MPa at the top and initially I assume it
increases hydrostatically to the bottom. Initially, a seawater salinity of 3.2 wt% was imposed
throughout the model region.
3.3 Simulation method
I used PICKUP command of the FISHES program. With this feature, the last output from
a previous simulation is used as a starting input for the next simulation. For details see the user’s
manual at http://www.geophys.geos.vt.edu/rlowell/kaylal/. First, the model was run by using
above initial conditions with time dependent heat flux input as a bottom boundary condition. The
bottom boundary condition was a sinusoidal function of 50+25 sin𝛚t which has single-phase
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fluids. The period of the function was about 6 years. To apply to the various time dependent heat
flux of two-phase flow, it was picked up at 150 years of the simulation time. The picked
temperatures of a plume at seafloor and bottom of the system are 311C and 383C, respectively.
Second, the initial conditions of the next simulation were used from the data of the picked
temperatures, pressures and salinities. The boundary conditions of the simulations of the second
step were various time dependent heat flux conditions as shown in chapter 4.
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CHAPTER 4: RESULTS
Temperatures and salinities of fluid discharge from a hydrothermal system are important
parameters for understanding the evolution and state of the system. Convection, crystallization,
and replenishment of the underlying magmatic system influence the overlying hydrothermal
system by providing a time-varying heat flux. As temperatures and salinities of the discharging
fluid vary with time, they can be clues to the changing magmatic heat flux. The evolution of the
hydrothermal system as a result of time-varying magmatic heat flux is investigated by showing
the changes of fluid temperature and salinity at the seafloor and bottom of the system. In this
chapter the results for constant heat flux, oscillatory heat flux, random heat flux, and temporally
decaying heat flux basal boundary conditions are shown.
4.1 Constant heat flux
Hydrothermal heat flux from an AMC with a half-width of 500 m is assumed to be
130W/m2, and to decrease linearly from 100 to 1 W/m2 over the rest of the bottom boundary
[Figure 3.1]. This heat flux is sufficient to induce phase separation near the base of the
convection system; and the convection system results in a number of high-temperature plumes
situated above the magma chamber. Figure 4.1(a) shows the circulation pattern after 50 years.
The circulation pattern shows a single high-temperature plume breaking into two plumes near the surface.
The maximum temperature of the plume is over 400 C and a small region of phase separation exists in
the lower left-hand corner [Figure 4.1(b)]. Broad arrows highlight the general circulation pattern. The

following figures show the evolution of the temperature and salinity at the surface and at the base
of the system.
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Figure 4.1 (a) Temperature distribution and schematic of fluid flow and (b) vapor and brine salinity
profile at the 50 years of simulation time with constant heat flux of 130 W/m2; In panel (b) blue
color depicts salinity less than seawater; brown depicts salinity greater than seawater; green is
seawater; the insert panel in (b) shows the phase separation region magnified.

Figure 4.2(a) shows the bottom temperature of the hydrothermal system as a function of time
resulting from the simulation. The red line shows the temperature from the cell located in the
bottom left-hand corner. The green line shows the temperature at distance of 125 m from the lefthand bottom corner. The blue line shows the temperature at distance of 325 m from the bottom
left-hand corner. After 5 years of the simulation time, the temperature of the bottom left-hand
corner is above 440C, which is in the two-phase region in NaCl-H2O phase diagram [Figure
1.2]. The temperature of the two-phase flow varies between 450C and 500C except for a peak
after 30 years in which the temperature increases to approximately 530C. The temperature and
salinity fluctuations in space and time in this figure and subsequent ones reflect the unsteady
character of high Rayleigh number convection in these simulations.
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(a)

(b)

(c)

(d)

Figure 4.2 (a) Bottom temperature (b) bottom salinity (c) seafloor temperature (d) seafloor salinity
for a constant heat input of 130W/m2.
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Figure 4.2(b) shows that the salinity of the bottom left-hand corner of the hydrothermal system
fluctuates between 30 wt% and 60 wt%, corresponding to high salinity brine, as expected from
the NaCl-H2O phase diagram. These fluctuations are consistent with changes in salinity that
result from phase separation of seawater at constant pressure as the temperature changes. The
salinity far from left-hand corner is 3.2 wt% as expected for conditions corresponding to a
pressure equal to 38 MPa and temperature below 440C as shown in NaCl-H2O phase diagram
[Figure 1.2]. Figure 4.2(c) shows the seafloor temperature versus time. Conditions of phase
separation observed in the bottom temperature and salinity plots [Figures 4.2 (a) and (b)] are not
apparent in Figure 4.2(c). Seafloor temperatures range between 200C and 350C in plumes
above the high-temperature bottom boundary, but at a distance of 700m, the surface temperature
of 10C indicates fluid recharge occurs to the right of the high-temperature region. Figure 4.2(d)
shows the seafloor salinity at a number of distances from the left-hand boundary as a function of
time. The salinity of top left-hand corner fluctuates between 2.1~3.9 wt% NaCl, which shows
that both vapor- and brine-derived fluids ascend from the bottom of the system.
4.2 Oscillatory heat flux
4.2.1 Sinusoidal heat flux
For the next simulation, the heat input from the magma chamber is assumed to be a
sinusoid of the form H(t)=100+50sin𝛚t W/m2. The 𝛚 is an angular frequency of the
oscillation(

) and the period T of the oscillation is a 2𝛑 year.
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(a)

(b)

(c)

(d)

Figure 4.3 (a) Bottom temperature (b) bottom salinity (c) seafloor temperature (d) seafloor salinity
for a sinusoidal heat input of 100+50sin𝛚t W/m2.
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Figure 4.3(a) shows the bottom temperature of the hydrothermal system as a result of the
simulation. As the period of the oscillation of the temperature is a 2𝛑 year in the region of left
corner to 500m, it shows the bottom temperature of the hydrothermal system responds to the
sinusoidal heat input. After 32 years of simulation time, the temperature at the left corner is
above 450C, which indicates that it is within the two-phase region. The overall temperature
oscillates between 200C and 500C. Figure 4.3(b) shows the bottom salinity of the
hydrothermal system. After 32 years of the simulation time the salinity at the left corner
(distance of 0m) is greater than 30wt%, indicating that phase separation is occurring there. The
salinity of the two-phase flow also shows the 2𝛑 year periodic oscillation which is the same
period of heat input function. Figure 4.3(b) shows that most of the bottom of the system is
in the single phase region, corresponding to basal temperature less than 440C at P=38MPa.
Figure 4.3(c) shows the seafloor temperature of the hydrothermal system as a result of the
simulation. The 2𝛑 year period of oscillation from the heat input cannot be seen in the seafloor
temperature. This result indicates that the seafloor temperature of the hydrothermal system does
not record the periodic heat input at the base of the system, at least for an oscillation period of 6
years. The periodic character of the temperature in the ascending fluid is lost as a result of
mixing along the flow path. Seafloor salinity fluctuates between 2.9~3.5 wt% NaCl, which
consistent with two–phase-separated fluid ascending from the bottom of the system as shown in
Figure 4.3(d). The seafloor salinity does record the periodic heat flux from the base but the
amplitude of the oscillations is much smaller and it out of phase with the oscillations at the
bottom.
4.2.2 Periodic rectangular heat flux
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In this section, hydrothermal heat input from the magma chamber is assumed to be a
periodic rectangular wave:

( )

where

{

(

)

(

)

(

)

,

years and n=1, 2, 3, 4, 5.

Figure 4.4(a) shows the bottom temperature of the hydrothermal system as a result of the
simulation. The period of the temperature oscillation in the region from left corner to distance of
500 m is approximately 20 years, which is consistent with the periodic rectangular heat input
wave emplaced in that region. After 4 years of simulation time, the temperature of left corner
(distance 0m) is greater than 450C, which is in the two-phase region. The overall temperature
oscillates between 200C and 500C. Figure 4.4(b) shows that after 4 years of the simulation
time the salinity at the left corner (distance 0 m) is greater than 40 wt%. The salinity of the twophase flow approximately follows the 20 year periodic oscillation. Most area of the bottom
shows the single-phase flow. Figure 4.4(c) shows seafloor temperature of the hydrothermal
system. The 20 year period of oscillation from the heat input cannot be seen in the seafloor
temperature. As in the case of the shorter 6-year period sinusoidal heat input, this result also
indicates that the seafloor temperature does not record the 20-year periodic heat input at the base
of the system. Figure 4.4(d) shows the seafloor salinity fluctuates between 2.9~3.5 wt% NaCl
which indicates VDF (vapor-derived fluid) and BDF (brine-derived fluid) ascending from the
bottom of the system as a result of phase separation.
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Figure 4.4 (a) Bottom temperature (b) bottom salinity (c) seafloor temperature (d) seafloor salinity
for a periodic rectangular heat input.
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4.3 Random heat flux
In this section hydrothermal heat input from the magma chamber is assumed to be a
random function as shown Figure 4.5. The heat input is the range of 60~150 W/m2. The random
heat flow versus time is generated by MATLAB.
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Figure 4.5 Random heat flux input as a function of time.

Figure 4.6(a) shows the bottom temperature of the hydrothermal system. After 33 years of the
simulation time, the temperature at the left corner is greater than 450C, which indicates it is
within the two-phase region. The overall temperature oscillates between 200C and 500C. As
shown in Figure 4.6(b), after 33 years of the simulation time the bottom salinity at the left corner
is greater than 50 wt% which indicates phase separation occurs. Most of the bottom area of the
system is in the single-phase flow regime. Figure 4.6(c) shows that phase separation that was
observed in the bottom temperature and salinity is not observed at the seafloor temperature.
Seafloor temperature does not record the random heat flux input. Figure 4.6(d) shows the
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seafloor salinity of the hydrothermal system. The salinity fluctuates between 2.7~3.6 wt% NaCl
which indicates VDF and BDF ascending from the bottom of the system. Random heat flux at
the base cannot be seen clearly, however.

(a)

(b)

(c)

(d)

Figure 4. 6 (a) Bottom temperature (b) bottom salinity (c) seafloor temperature (d) seafloor salinity
for a random heat input.
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4.4 Decaying heat flux
The simulation of decaying heat from a convecting, cooling, and crystallizing magma
chamber was done for the case of exponential decay, and for numerical model results from Liu
and Lowell [2009] who considered a vigorously convecting sill in which crystals settled rapidly
to the floor. Heat flux versus time for a convection model without replenishment, as well as for
the case of crystals settling with replenishment at the velocity of 1.810-8 m/s was investigated.
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Figure 4.7 Decaying heat input.

4.4.1 Exponential decaying heat input
The hydrothermal heat input from the magma chamber is assumed to be exponential
decay of the form
decay constant. The

( )

W/m2, where

is an initial heat input at t = 0 and

are used as 150W/m2 and 0.01, respectively.
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is a

Figure 4.8(a) shows the bottom temperature of the hydrothermal system as a result of the
simulation. The temperatures gradually decrease as the heat input exponentially decays during
simulation. After 4 years of simulation time a temperature of the left corner is greater than 450C
which indicates that phase separation is occurring. The temperature in the two-phase flow region
decreases to less than 450C after the peak in 20 years. Figure 4.8(b) shows the bottom salinity
of the hydrothermal system as a result of the simulation. After 4 years of simulation time the
salinity of the left corner is greater than 50 wt%, which indicates the occurrence of phase
separations. The salinity of the brine rapidly decays after the peak at 20 years as does the bottom
temperature. Because the basal heat flux is too low to result in phase separation after 32 years,
single phase fluid circulation occurs and the fluid salinity gradually returns to that of 3.2 wt%
NaCl. Figure 4.8(c) shows the seafloor temperature of the hydrothermal system. The exponential
decay from the heat input is not easily observed in the seafloor temperature plot. Figure 4.8(d)
shows that seafloor salinity fluctuates between 2.6~4.2 wt% NaCl which indicates VDF and
BDF ascending from the bottom of the system. The final rise after 30 years indicates the
ascending brine from the base. With this heat input function, the system returns to single-phase
after approximately 40 years. This is shown in Figure 4.8(a) as the bottom temperature decreases
below 440 C and the basal salinity decreases to 3.2 wt% NaCl. The temperature of the venting
fluid does not decrease appreciably for more than a decade, but the salinity of the vent fluid
returns to the seawater value after approximately 5 years.
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Figure 4.8 (a) Bottom temperature (b) bottom salinity (c) seafloor temperature (d) seafloor salinity
for an exponentially decaying heat input.
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4.4.2 Decaying heat flux: A convecting, crystallizing magma sill without replenishment
Liu and Lowell [2009] performed numerical simulations of heat output from a vigorously
convecting, cooling, crystallizing magma sill in which crystals were assumed to settle rapidly to
the floor. They considered cases both with and without magma replenishment. The results of
these simulations are shown in Figure 4.7. Rather than link their convection model directly to
FISHES simulation, I found an analytical function to fit the heat output profile and divide by the
assumed area of the sill to obtain a heat flux as a function of time [Figure 4.9]. This timedependent heat flux was then used in FISHES simulations.

Figure 4.9 Analytical heat flux from magma chamber [Liu and Lowell, 2009].
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Figure 4.10(a) shows the bottom temperature of the hydrothermal system without magma
replenishment. The temperatures rapidly decrease as the heat input decays during simulation.
The temperature of the left corner is above 450C after 4 years of simulation time. The
temperature of the two-phase flow decreases to less than 450C after 5 years. The overall
temperature decreases as the heat flux decays. Figure 4.10(b) shows that after 4 years of
simulation time, the salinity of the left corner is greater than 40 wt%, but that the salinity of the
brine rapidly decays after the peak at 5 years. The single-phase fluid circulation then occurs and
the fluid salinity returns to 3.2 wt% NaCl after 20 years. Figure 4.10(c) shows the seafloor
temperature of the hydrothermal system. The temperature decay lags far behind the decaying
heat input is not easily observed in the seafloor temperature plot. Figure 10(d) shows that
seafloor salinity fluctuates between 2.8~3.9 wt% NaCl which indicates the mixing between
phase separated fluid and seawater as the fluid ascends. The fluctuations of salinity between 2.8
wt% and 3.7 wt% are damped in amplitude relative to the bottom salinity which varies between
0.6 wt% and 43 wt%. The sharp rise of the seafloor salinity after 20 years corresponds to the last
parcel of brine rising from the base. It shows the fluid takes time to rise through the system for
less than a decade.
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Figure 4.10 (a) Bottom temperature (b) bottom salinity (c) seafloor temperature (d) seafloor salinity
for a heat input crystals settling without replenishment.
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4.4.3 Decaying heat flux: A convecting, crystallizing magma sill with replenishment
Finally, the effect of magma replenishment on the response of the two-phase
hydrothermal system is considered. The heat flux input is found by fitting the results of the
numerical solution from Liu and Lowell in 2009 [Figure 4.9].
Figure 4.11(a) shows the bottom temperature of the hydrothermal system. After 3 years of
simulation time, the temperature of the left corner is above 450C which indicates that is within
the two-phase region. The temperature of the two-phase flow decreases beneath 450C after the
peak in 5 years. The temperature rebounds after 10 years and shows approximately constant
temperature until 80 years. The overall temperatures are the range between 250C and 470C.
After 5 years of simulation time, the bottom salinity of the left corner is greater than 50 wt% as
shown in Figure 4.11(b). The salinity of the brine decreases after the peak at 5 years and
increases after 12 years as does the bottom temperature. The salinity decreases after 80 years
because the heat flux input from the replenished magma is not large enough to make phase
separation continuously. Figure 4.11(c) shows the seafloor temperature of the system. The decay
and replenishment from the heat input is not detected at the seafloor. Seafloor salinity fluctuates
between 2.6~4.0 wt% NaCl which consistent with phase-separated fluid ascending from the
bottom of the system as shown in Figure 4.11(d). This pattern is similar as constant heat flux
case.
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Figure 4.11 (a) Bottom temperature (b) bottom salinity (c) seafloor temperature (d) seafloor salinity
for a heat input with replenishment.
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CHAPTER 5: DISCUSSION
Temperature and salinity are perhaps the two most measurable essential parameters of
hydrothermal circulation at mid ocean ridges that reflect and integrate the physical and chemical
processes occurring there. Temperature as an indicator of changes of hydrothermal circulation
reflects the cooling of the magma bodies, permeability changes, rock seafloor reactions, and
biogeochemical reactions [Scheirer et al., 2006]. Salinity reflects the occurrence of phase
separation and hence provides insight into temperature and pressure conditions at depth. The
resulting salinity of hydrothermal vents is affected by mixing processes, which may be affected
by the permeability distribution in the crust. Volcanic eruptions, dike intrusion, earthquakes can
also cause temperature and salinity variations by changing both temperature and permeability
within the circulation system. Hence it is often difficult to infer how changes in temperature and
salinity at the seafloor relate to changes in subsurface conditions.
In the preceding chapters of this thesis, I investigated the link between time dependent
magmatic heat transfer and two-phase hydrothermal circulation at a mid-ocean ridge axis. In
particular, I explored how bottom and seafloor temperature and salinity would respond to a
variety of time-varying heat input functions. A constant heat flux simulation using 130 W/m2 was
used to compare the results from the time-varying basal condition with a constant heat flux
condition. To compare the results of different basal heat inputs, I considered a two-dimensional
open-top rectangular box 1.5 km deep and 4 km long with homogeneous permeability of 10 -13 m2
and with temperature and pressure at top boundary corresponding to seafloor conditions of 10C,
25MPa, respectively. This geometry and set of boundary conditions approximate conditions at
the East Pacific Rise 950N hydrothermal site [e.g., Lowell et al., 2012, 2013].
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There are three principal findings from the simulations in chapter 4.
(1) Seafloor temperatures do not respond in a clear way to changes in bottom heat flux. Seafloor
temperatures are influenced by mixing between upward flowing hot fluids and downward
flowing cold fluids as well as by lateral diffusion, and these processes dampen the response of
the seafloor temperature.
(2) Seafloor salinities do respond more clearly to changes in the thermal regime at depth. For
periodic and other oscillatory heat inputs, the main reason for fluctuations between slightly
above and slightly below 3.2wt% NaCl vent fluid is the exchange of the VDF and BDF as the
heat flux changes over time. During phase separation a high salinity brine becomes a conjugate
of a low salinity vapor. A low salinity vapor with lower density rises easily and mixes with
seawater resulting in a low salinity response at the seafloor. On the other hand, the high salinity
brine with higher density ascends as a result of the unsteady nature of the high Rayleigh number
convection. During ascent the brine loses a certain amount of salinity by mixing with seawater,
and the BDF reaches at the seafloor. As an example, seafloor salinities of the constant heat flux
and replenishment case fluctuate between 2.6~4.2 wt% NaCl when the bottom salinities are
above 30 wt% NaCl [Figure 4.2 and Figure 4.11]. In the case of oscillatory heat flux, the seafloor
salinities exhibit not only the exchanges of VDF and BDF but also reflect the response of the
characteristics of the heat flux input function.
(3) Seafloor salinities exhibit a time delay relative to changes at depth. The main reason for the
delay is the ascent time of the fluid. It takes less than a decade for the fluid transport from the
bottom of the system to the seafloor. In the case of decaying heat flux, the time delay of the last
BDF was about 5 years [Figure 4.10]. As the heat flux decreases from the region of the two43

phase flow to the single-phase flow, which occurs for all the cases shown in section 4.4, the
change in seafloor salinity occurs later than bottom salinity. The main affect of reducing the
bottom heat flux to a value where phase separation is not sustained is to gradually flush the basal
brine out of the system. In this case seafloor salinity rises to as much as 3.65 wt% NaCl [Figure
4.10], and the salinity gradually returns to the seawater value.
Many observational studies of temperature and salinity (often expressed in the literature
as Cl content rather than wt% NaCl) at the East Pacific Rise near 950 N and the Main
Endeavour Field on the Juan de Fuca Ridge PR and Endeavour have shown strong evidence of
rapid temperature and/or salinity changes with tim e [Von Damm, 2004; Scheirer et al., 2006;
Sohn et al., 1998; Butterfield, 1994; Lilley et al, 2003; Seyfried et al., 2005]. These are shown in
Figure 5.1 and Figure 5.2.

(a)

(b)

Figure 5.1 Vent fluid temperature (a) and salinity (b) data from the East Pacific Rise 9°50'N. Data

from Von Damm, 2004; P (blue), Bio 9 (red), and Bio 9' (dark red) are the different vents. Bio 9 and
P vent are separated by about 60 m. After the eruption in 1991-1992 temperature increases rapidly
while salinity decreases; both show a gradual return to pre-event condition. (The figure reprinted
with permission of the American Geophysical Union).
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(b)

(a)

Figure 5.2 Vent fluid temperature (a) and salinity (b) data from the Main Endeavour Field. Data
from Lilley et al. [2003] and Foustoukos et al. [2009]. After the eruption in 1999 temperature
increases rapidly while salinity decreases. Hulk and Dante are in the northern part of the vent field
whereas Puffer, Bastille and Sully are in the southern part of the vent field, which extends
approximately 400 m in length.
A key question is whether these observed changes can be related to the temporal changes in vent
temperature and salinity described by the models developed here.
This study focused on the evolution of temperature and salinity at the seafloor in response
to changing heat flux at the base of the circulation system. The results indicate that seafloor
temperature itself is not sufficient to resolve the reason of changes in basal heat flux. On the
other hand, salinity is a relatively good indicator. Figure 4.3 shows that oscillatory heat flux input
on time scales of several years would be manifested in seafloor salinity variations. If the system
decays, a significant discharge of BDF occurs, after which the seafloor salinity would return to
the seawater value [Figure 4.10]. Salinity can thus be an indicator of changes in the subsurface
heat flux. The observations shown in Figure 5.1 and Figure 5.2 cannot be easily related to the
perturbations and responses investigated in the models described in this thesis, however. These
perturbations are typically related to discrete magmatic events that may or may not have resulted
in a magmatic eruption. These events appear to affect the thermal and permeability structures at
45

relatively shallow depths in the system [e.g., Germanovich et al., 2011], hence enabling a much
more rapid response of both temperature and salinity than results from changes in heat flux at the
base of the system.
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK
In this thesis, I studied the coupling of a two-phase NaCl-H2O seafloor hydrothermal
system with magmatic processes. The effects on the magma heat flux with two-phase
hydrothermal processes were investigated. Different mathematical functions were used as
magmatic heat input. Time dependent magmatic heat input was modeled as constant, oscillating,
and decaying heat flux. The calculated heat outputs from Liu and Lowell [2009] were also used
to estimate heat transfer from a convecting, crystallizing, replenished magma chamber to the
hydrothermal system.
Constant heat flux represents an idealistic scenario that can be used to compare with
results from cases with time-varying heat input. In this case, the temperature and salinity near the
bottom of the hydrothermal system show large fluctuations at the center of AMC that decrease
towards the end of the AMC. The surface temperature of the ascending plumes is somewhat
lower than that at the bottom because of mixing and the magnitude of the oscillation is somewhat
damped. Both VDF and BDF fluids discharge at the surface at various times in response of the
changes of the bottom salinity. These oscillations are a natural consequence of the large Rayleigh
number in the system and hence such oscillations cannot be used to suggest temporal variations
in the basal heat flux.
At the bottom of the hydrothermal system, temperature and salinity of the fluids show
clear variations with the changing heat flux at the base. The seafloor temperatures, however,
though varying with time, show no correlation with temporal variations in the basal heat flux.
Analytically calculated heat outputs from the magma chamber based on the results of Liu
and Lowell [2009] are applied to the system. The two-phase flow decays rapidly in the case of
magma heat output without replenishment. Bottom temperature and salinity follows the decaying
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heat flux. The seafloor salinity is clearly out of phase with the fluctuations of the bottom salinity.
The two-phase flow rebounds when the replenishment of the magma chamber occurs and heat
flux is maintained at a high value. The heat transport of the hydrothermal system is extended as a
result of replenishment. Except for an initial period during which the heat flux decays, this
situation is similar to the constant heat flux case.
In summary, following results are obtained from the simulation results:
1. The changes in bottom temperature and salinity closely follow the temporal variations in
magmatic heat inputs.
2. The surface temperature response is severely damped and high frequency variations in
heat flow are not detected.
3. Above regions where phase separation occurs, surface salinity variations may be
recorded in response to changing conditions at depth, but these are smaller in amplitude
than the changes at depth.
4. The response of surface temperature and salinity to changes in basal heat flux is
significantly delayed.
As recommendation for future work, there are few things to be considered. First, the
improvement in FISHES is needed to consider temperatures greater than 500C. The FISHES
could not read the temperature greater than 500C and stopped at the base temperature of 550C
for several simulations. This problem can be solved from a new version by the author in the
future. Second, numerical simulations at higher resolution are needed in the future. All of these
results of the simulations were run by 25m by 25m. The heat flux needed for the two-phase flow
was 100 W/m2 according to the simulation result. The result, however, can be different for the
higher resolution of the simulation. For example, phase separation did not occur at the resolution
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of 50m by 50m for the heat flux 100~150 W/m2(not included in thesis). The higher resolution
such as 10m by 10m expects to lower heat flux needed for the phase separation. Finally, the
effects of varying permeability are not included. In this thesis, homogeneous 10-13m2
permeability was used. Various heterogeneous permeabilities may affect the result of the
simulation. Such variations could include the incorporation of layer 2A extrusives and highly
permeable faults or fractures. Time dependent permeability could result from tectonic and
magmatic events as well as from mineral precipitation and dissolution.
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