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ABSTRACT

A mathematical model for granitoid diapirism has been developed
that accounts for the time dependent thermal and rheological condi-
tions encountered by the intruding body. This model is derived
by the simultaneous solution of the partial differential equations
of energy, continuity, and momentum utilizing scaling analysis. The
underlying assumption is that deformation of the surrounding country
rock is confined to a relatively thin layer with a temperature depen-
dent Newtonian viscosity. When the country rock is modeled as a
power-law fluid, the effective viscosity is dependent upon temperature
and shear strain rate.

This model allows for realistic temperature gradients within the
crust and variable shear strain rates. This is made possible through
use of a numerical approximation referred to as fhe "snapshot" approach.
This method allows the pluton to ascend in finite time incremenfs while
the boundary conditions remain fixed. Following each snapshot, the as-
cent velocity is calculated and new boundary and initial conditions are
set for the next increment of time.

Several model runs have been performed using a FORTRAN program.
The results exhibit time dependent variations in the ascent velocity
due to corresponding changes in the overall rheology, and thickness,
of the deformation layer. One of the conclusions from this study is
that larger plutons ascend at slower rates, but emplace higher in the

crust due to the additional energy available relative to smaller plutons.
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Rather, it involves

"Geology is not a fundamental science.
the application of principles from the basic sciences, such

as physics, chemistry, and mathematics to the study of the

EARTH."
o

Mark Twain ?
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CHAPTER I
INTRODUCTION

1.1 Objective

Despite their abundance and clear field evidence of
forceful emplacement (Grout, 1932; Pitcher, 1978), little is
known about the time scales and mechanisms of granitoid
intrusions within the earth's crust. Previous mathematical
models of magmatic ascent have rarely taken into account the
temporal variations of the boundary conditions encountered
(Berner et al., 1972; Ahern et al., 1981; Anderson, 1981;
Marsh, 1982; Morris, 1982; Bateman, 1984).

Bateman (1984) points out that when attempting to
correlate what is viewed in the field with the mechanisms
that take place over much of the ascent, one must keep in
mind that the field evidence is a direct result of the ascent
mechanisms in prdgress during final emplacement. What
happened prior to this may have little to do with the more
permissive emplacement mechanisms in progress during the last
tens or hundreds of meters of ascent. In general, for a
Pluton to ascend from the base of the crust to a point of
final emplacement in the upper crust, a forceful and energy
conservative mechanism must be at work for a large portion of
the ascent.

These facts, and the substantial lack of work done on

crustal diapirs, justifies the development of a model to



profile the ascent velocity of a granitoid diapir within the

framework of the rheoldgical and thermal conditions of the

crust.

1.2 Crustal Magmatic Ascent

Igneous bodies vary widely in composition and
distribution within the crust. Granitoid plutons are
inferred to have circular shapes in cross section (Pitcher,
1978), which may indicate the ascent of an ellipsoidal bulb
of magma. Although it is generally agreed that granitoids
rise from depth to their region of final emplacement due to a
density instability, the mechanism of this process is still a
subject of conjecture (Turcotte, 1982; Bateman, 1984).

The major focus in what became known as the "granite
controversy" earlier in this century (Bowen, 1948; Read,
1948; Buddington, 1959) was the "room problem®™. That is,
what happened to the rock that the granite replaces? When
the surrounding country rock is modeled as a completely rigid
solid, six mechanisms could account for emplacment of
granites within the crust.

The first mechanism is simply in situ granitization, or
solid state transformation (Read, 1948), of the region now
occupied by the granite. This would require enormous
diffusion rates that are not possible at shallow=- and mid-
crustal temperatures without the presence of a significant

heat source (e.g., magma).



The herculean task of uplifting overlying strata during
ascent, resulting in doming at the surface, has been
considered as a second possible emplacement mechanism. This
may be viable at near-surface depths, but due to the limited
buoyancy of the granite body it could not occur at thg
greater depths that granitoid bodies are known to intrude
(Marsh, 1982).

The third mechanism is stoping, where blocks of
thermally spalled roof rock fall through the magma as it
rises. This may be a common final emplacement mechanism, but
due to the clutter of crustal blocks within the magma body
(Marsh, 1982) this could not occur for more than a few
hundred meters, regardless of the body's size.

Zone melting, or zone refining, is another mechanism
that may account for granitoid ascent through a rigid crust.,
This mechanism can be described as the melting of rock at the
top of the pluton coinciding with solidification at the
bottom. The result would be a felsic magma isotopically
equilibrated with the cbuntry rock ... a circumstance not
often documented. This argument against zone melting as a
mechanism for granitoid intrusion, involves the initial
Sr87/Sr86 in I-type granites. Geochemical evidence suggests
that these granites have a source sufficiently deep, yielding
a felsic magma from the partial fusion of mantle and lower
crust. The initial strontium isotopic ratio for I-type

granites is approximately 9#.704#3.706. This ratio is below



that of average crust (#.71) and above the values common in
mantle rocks (8.793-0.704). S—type granites derived solely
from a crustal source generally have initial ratios greater
than #.7¢6. During zone melting the low initial sr87/sr86,
often observed between host rock and pluton, will be lost
(Chappell and White, 1974; Faure, 1977).

Ahern et al. (1981) showed that zone melting may be a
viable mechanism for granitoid emplacement when the initial
magma has sufficient height and energy toAcause melting
temperatures to vary_from top to bottom (magma melting
temperatures increase with depth in most natural rock
systems). The distance such a 'body' could travel would be
limited by the height of the initial magma chamber and any
heat transfer within the magma, short of rapid convection.
The resulting ascent distances are generally less than the
initial height, and the final size of the granitoid pluton is
a fraction of the initial volume (Ahern et al., 1981).

Another mechanism that may take place in the crust when
it is modeled as a rigid solid is ring-dike intrusion
(Hughes, 1982), which is related to the stoping mechanism
mentioned earlier. Generally, dikes will intrude along
structural weaknesses within the the country—rock. As a
result of stoping, a magma will inject into the evacuated
area above a block of country rock. When this occurs on a
large scale the final emplacement may be called a ring-dike

complex or cauldron subsidence intrusion, depending on the



field relationship between the granitic dikes and the stoped
country rock., In comparison to diapirs, the magma body
comprising the ring-~dike complex will have a much larger
surface area to volume ratio. This would result in
relatively rapid cooling to the solidus temperature,
inhibiting further ascent. Assuming that heat is simply
transferred by conduction within the host rock, the energy
loss difference between a dike and a spherical diapir of the
same volume can be examined mathematically with the
conductive heat flow solutions of Carslaw and Jaeger (1959)
for a plane sheet and a sphere.

The final mechanism considered is similar to the brittle
deformation associated with a ring=dike intrusion. When the
upper crust is brittlely deformed via extension, magma and
fluid in the region will take advantage of the structural
weakness by filling the cracks formed. This is the case when
the overlying slab in a convergent tectonic area undergoes
large scale brittle deformation as a result of the subducting
slab generating extensive, and compressive, stresses within
it (Windley, 1977).

The six mechanisms mentioned can be broken down into two
regions of occurrence ... the upper crust (epizone) and the
lower crust (katazone). The mechanisms that are possible in
the katazone are zone melting and granitization. Doming
(uplift), stoping, ring-dyke intrusion, and emplacement

during regional extension are possible mechanisms at work in



the epizone during final emplacement of a magma body. 1In
actuality, regional extension may be important at all crustal
levels,

In 1932, Grout suggested that magma may rise "by rock
flowage in the roof and walls" (from Marsh, 1982). This idea
suggests a more forceful intrusion mechanism than the ones
described above. It also implies that on a geological time
scale the adjacent country rock can be described as a viscous
fluid that flows around the pluton. If a mobile pluton
forcibly intrudes its surroundings, and approaches
ellipsoidal geometry, then it behaves diapirically.

Numerous models of diapiric ascent have been performed
experimentally and derived mathematically. The most
fundamental mathematical description of igneous diapirism is
Stokes' law. 1In 1851, Stokes developed a relationship for
the motion of a solid sphere through a viscous fluid. The
terminal velocity that this object could achieve is
[(1.11 o= %AF§ Rl,u
where Af is the density difference between the ball and its
surroundings, 3 is the acceleration due to gravity, R is the
sphere's radius, and p is the viscosity of the fluid at any
point. Equation 1.1 can be used to approximate the ascent of
a diapir anywhere in the lithosphere, but the results are
generally too slow (Anderson, 1981; Marsh, 1982). The reason
for this is two=fold.

Firstly, the boundary condition at the sphere's surface



for a solid moving through a fluid is called the no=slip
condition. In other words, a fluid molecule on the surface
of the sphere remains stationary relative to the sphere
itself. In the case of a magma body rising through an
extremely viséous medium, the no=-slip condition is replaced
by the stress-free boundary condition. The stress-free
boundary condition allows the fluid molecule to flow freely
by the diapir's surface. This will result in a higher
estimation of the ascent velocity (see Chapter 1V).

Secondly, Stokes' equation is based on the assumption of
an isoviscous surrounding medium (see Figure 1l.1). Because
the diapir is very hot, relative to the country rock, heat
will be transferred from the diapir to the surroundings.
This will result in a temperature gradient in the adjacent
country rock. Because all rocks have temperature-dependent
viscosities, the viscosity distribution in the country rock
is far from isoviscous, especially in the region near the
diapir = country rock interface.

Experimental work on diapirism has also been performed.
Many of the earlier works simply dealt with isoviscous flow.
Ramberg (1963) used centrifuge models of putty in putty to
show the deformation in both the low density diapir and in
the denser surroundings. Berner et al. (1972) used a finite
element method to predict the results found from centrifuge
models,

Whitehead and Luther (1975) performed an experimental
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study on the effects of low Reynolds flow on the shape of
viscous bodies intruding a fluid of differing viscosity and
higher density. The results show that long vertical
intrusions will form when the surrounding medium has a lower
viscosity than the intrusion. When the surrounding medium's
viscosit§ is higher, spherical pockets of the intruding fluid
will rise. This occurs because the intruding body attempts
to minimize the viscous stresses, exerted on its surface, by
lessening its surface area.

In a second set of experiments, Whitehead and Luther
injected fluid through a spout into a fluid of higher
viscosity and density. A spherical pocket of the 1less
viscous fluid formed and began to rise when it obtained a
diameter large enbugh "to buoyantly rise more rapidly than
the rate of growth of the radius™. As the 'diapir' rose, the
spout continued to inject fluid into the expanding pocket
through a link, or feeder, between itself and the source.
This link remained even when the spout was shut off and
restarted after a short period of time.

The second set of experiments performed by Whitehead and
Luther dealt with a viscosity ratio of 6468/1. 1In nature,
the feeder connected to an actual diapir would contain a hot
magma of relatively low viscosity surrounded by country rock
with a viscosity several orders of magnitude higher. Due to
the large stresses exerted by the adjacent country rock on

this link, it may not be capable of sustaining the transport
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of fresh magma to the diapir for a large portion of the
ascent, |

Ribe (1983) performed a series of experiments to examine
the temperature~dependent viscosity encountered by a hot
sphere as it descends through a viscous fluid. Due to
temperature~dependent viscosity found in virtually all
geologic materials, the results of this study are important.
Ribe points out that his experiments are not perfect models
of igneous diapirism. The main reason for this is that by
using a solid ball the no=slip condition at the sphere's
surface is applied, rather than the more realistic condition
of an essentially stress=free surface. Ribe's results
exhibit a contrast in ascent (descent) velocity and heat
transfer mechanism, by the use of Peclet and Nusselt numbers,
for different viscosity contrasts in the adjacent fluid.

In order to get an idea of how igneous diapirs rise at
reasonable rates, geologists have been applying mathematical
models to the problem. Anderson (1981) modeled igneous
diapirs in the upper mantle. He suggested that the mantle
viscosities, estimated from glacial rebound studies, are too
high. Anderson reasons that Stokes' law estimates of ascent
velocities are too slow for the accepted viscosities. Marsh
and Morris (1981) commented that Anderson did not take into
account the heat transfer from the hot diapir, which
contributes to softening the adjacent country rock.

The most complete analytical models concerning diapiric
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ascent to date are the work by Marsh (1982) and Morris
(1982). These models apply to the steady state intrusion of
a spherical pluton at a constant temperature, intruded below
island arcs. VBoth confine most of the deformation within a
thin layer of variable viscosity country rock, located near
the diapir's surface. Marsh points out that in Stokes' flow
the deformation of the surroundings can be out as far as 9=-12
body radii. 1In their work, the viscosity of the country rock
varies with distance from the pluton due to the exponential
drop off in temperature. This allows the country rock in
contact with the diapir to deform more easily relative to the
deformation when it is considered isoviscous.

Although the work by Marsh and Morris is related to
transport of andesitic diapirs beneath island arcs, many of
the concepts used may be applied to granitoid diapirism
within the crust. This is especially true of the relatively
thin deformation layer surrounding the magma body. A major
drawback of their models when applied to granitoid diapirism
is the idea that the body will travel further, and up to 25
times'faster, if it is preceded by a diapir of greater size
within a few thousand years. This does not take into account
the existence of a buoyant plume of rock processed through
the deforming layer of the earlier body, nor does it take
into account the minimal density contrast encountered when
the younger diapir intrudes the older one. Granted, ascent

is made easier by higher ambient temperatures, but a
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sufficient density instability is a prerequsite for any
amount of rise,

Some investigators concerned with the rise of granitoid
diapirs have reservations as to whether they are capable of
sufficient ascent when isolatéd from their source regions
(Pitcher, 1978; Bateman, 1984). Rather, the diapirs are
considered to be balloon like bodies as they rise, enabling
them to have sufficient energy to deform, or melt, the
surrounding country rock. A ballooning diapir is fed magma
Pulses through a link from its source. This could be an
important mechanism in the early ascent and agglomeration of
a granitoid body, but unless the feeder is two=way (i.e.,
feeder and extractor) it would be quite difficult to get
large volumes of magma into the body without reinvoking the
room problem. When the body's volume remains relatively
constant,‘the adjacent country rock is shouldered aside, but
for a growing body much of the rock replaced must replace the
volume of melt leaving the source. This would be exceedingly
difficult if the body is more than a few kilometers away from

this region.

1.3 Overview of this Study

This particuiar work deals with an isolated diapir
rising through the crust, beginning at a post agglomeration
stage and ending short of its region of final emplacement.

The surrounding country rock is modeled as a viscous fluid
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with temperature~ and, in the case of a power=law fluid,
shear strain rate~dependent viscosity. The ambient
temperature of the country rock is defined by the geothermal
gradient. The pluton's ascent will vary with time due to
changes in the effective viscosity in the country rock
adjacent to the diapir, as a result of changing ambient and
diapir temperatures.

In the pages that follow, the governing equations of
heat transfer and fluid flow are algebraically manipulated to
derive a solution for the particular conditions encountered
at any instant during diapiric ascent. To lessen the
potential mathematical complexities that would occur if the
equations were solved for more general conditions, a few
assumptions are used in the derivation. Some of these
assumptions are used to scale the governing equations in a
manner similar to that of Morris (1982). The dimensionless
equations that result from this analysis will be much simpler
to use in deriving a solution.

The most important assumpfion used, prior to scaling, is
that the width of the deformation layer is thin relative to
the diapir's radius. When this is false, the solutions found
are invalid.

The governing equations will be dependent on spatial and
temporal coordinates. Since this would yield four
independent variables (r,e,d,t), some generalizations are

made. Firstly, any variation in the azimuthal angle g, is
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considered negligible. Secondly, time dependence will be
considered by a difference method that is referred to as the
"snapshot approach". This is described in detail in Chapter
II. ©Suffice to say that the snapshot approach assumes a
quasi~equilibrium state for deformation of the adjacent
country rock during short periods of ascent.

As a hot diapir rises from depth, it will lose energy to
the cooler surroundings via heat conduction and forced
convection. Earlier investigators have used analytical
methods to help solve the complexities encountered by forced
convection within the adjacent country rock (Marsh and
Kantha, 1978; Marsh, 1982; Morris, 1982). This study
utilizes the snapshot approach and the assumption that
deformation, hence forced convection, is confined to a thin
layer. From this the "cyclic method"™, also described in
Chapter 1I, will point to one of several intervals within the
deformation layer to take up the deformation at a particular
instant. Regions where deformation is much greater will be
called upon more frequently by the cyclic method than in
regions in which deformation is not as pronounced.

The temperature within the diapir is considered to vary
with time due to the 1loss of energy to the cooler
surroundings and the heat gained by latent heat of
crystallization and other heat generating processes., The
variation of temperature across the diapir is considered

negligible throughout ascent. The buoyant stresses
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encountered within the fluid diapir itself will result in a
natural convective process that takes place on a much shorter
time scale than the flow of country rock adjacent to the
diapir's surface., The lack of a significant temperature
gradient across the magma body may not be a good
approximation when the diapir approaches its solidus
temperature, but the mechanism of softening the adjacent
country rock, allowing for ascent, will be greatly slowed by
the time the diapir's average temperature approaches its
solidus.

The final generalization to be considered is the shape
of the diapir. Pitcher (1978) notes that in outcrop many
granitoid plutons have circular sections. This may justify
modeling a diapir as a sphere, but both Pitcher (1978) and
Bateman (1984) believe that diapirs are ballooning bodies
with feeders connected to their source regions. This yields
an inverted tear drop shape at best. Arguments for prolate
and oblate ellipsoids may also be justified. Marsh (1982)
points out that the shape of the body has little effect on
the actual drag on it in low Reynolds number (Re =‘fumR4p)
flow. Therefore, this study will only consider a simple

spherical shape for the diapir.



16

CHAPTER I1I
DERIVATION OF THE DIAPIR MODEL

2.8 Introduction

In this chapter, a model for the time dependent ascent
velocity of a hot granitic diapir is developed. Many
variables and parameters are introduced, which are defined
within the text.

In the first section, 2.1, an analytical solution for
the ascent velocity of an igneous diapir is derived by
solving the governing equations together with the assumption
that deformation of the surrounding country rock is confined
to a very narrow layer of variable viscosity. The
simplified result is obtained with the aid of scaling
analysis,

In section 2.2, an inedepth description of the methods
used to solve the energy balance for the entire system is
covered. Basically, this concerns the conduction of heat
away from the diapir = country rock interface and the forced
convection of energy and material within the deformation
layer.

Section 2.3 merges the solutions from the first two
sections into a coherent model of time dépendent ascent
velocity, utilizing the snapshot approach. The program
"Socrates" (see Appendix A), which is the FORTRAN source code

of the model, is summarized and discussed,
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2.1 Steady State Ascent Velocity Derivation

During the ascent of an igneous body, numerous physical
processes are taking place simultaneously. For a slow moving
granitic diapir rising through cooler continental crust, the
rate limiting processes are heat transfer from the hot diapir
and 'fluid flow' of the deforming country rock. Other
processes, such as convective heat transfer within the
diapir, are also taking place, but only affect the ascent
velocity by varying the boundary conditions of the governing

equations,

2.1.1 Snapshot Approach

As a granitic diapir rises, it will lose thermal energy
to the country rock and encounter lower ambient crustal
temperatures. These, and other variations in the conditions
during ascent, result in a time~dependent terminal velocity.
To help overcome many mathematical complexities, I have
introduced the "snapshot" approach to solve this problem.

Since igneous diapirs rise for a period of 1@4 to 19°
years before solidifying, the ascent velocity during a
considerably shorter period, for example 18 years, will
remain relatively constant. 1In other words, over a ten year
period the ascent velocity could be approximated by a steady
state solution of the governing equations. This short period

is referred to as a "snapshot" of a particular instant during
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ascent., By applying the snapshot approach to the time#
dependent energy equation for the entire system (see section
2.2), an accurate variation in the ascent velocity can be

obtained.

2.1.2 The Deformation Layer

When thermal energy is transferred from the hot diapir
to the country rock, the drag exerted by the country rock
upon the surface of the body is lessened. This concept is
important in the derivation because, unlike Stokes' result
for isoviscous flow, the result given here is dependent on
the variation of the country rock's viscosity with
temperature (shear strain rate will also be important if the
country rock is modeled as a powerelaw fluid). Chapter III
contains graphs of log viscosity versus inverse temperature
for the two country rocks modeled in this study (see Figures
3.1 and 3.2). The first country rock, CR1l, is simply a
Newtonian fluid, while CR2 is a power=law fluid modeled as a
pseudosNewtonian fluid with a temperature~ and shear strain
rate-dependent effective viscosity.

By lessening the drag on a stagnant diapir, the buoyant
force may overcome confining forces, enabling the diapir to
rise, Eventually, the diapir will cool to a point where the
mechanism of softening the surrounding country rock ceases to
allow the body to move. If the diapir is still partially

molten, another mechanism of ascent may be initiated (e.g.,
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stoping or dike intrusion).

When the diapir has sufficient energy to effectively
soften the country rock and allow it to flow around the
pluton, it will rise at a rate determined by: the variation
in viscosity near the diapir, the actual country rock
viscosity, and other mechanical considerations. Because
temperature drops off exponentially with distance from the
diapir, and viscosity is exponentially dependent on
temperature, there exists a narrow region near the diapir
where viscosity increases very rapidly. Most of the
surrounding country rock's deformation is occuring in this
region, henceforth referred to as the deformation layer.

Morris (1982) defined the width of a similar deformation
layer by an increase in viscosity of e ( 2.72) from the
diapir = country rock interface. This concept is used in
this study, but for now the factor increase is considered an
arbitrary value, F, This factor is referred to as the
deformation factor.

The deformation layer is very similar mathematically to
the laminar boundary layer in fluids of lower viscosity, and
like the boundary layer its thickness, d, is small compared
to the radius of the diapir, R. This similarity is a
necessary condition in order to find an analytical solution
for the ascent velocity. When it is violated, that is, when
the deformation layer's width exceeds a critical fraction of

the diapir's radius, the equations derived cease to be valid.
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In actuality, when a pluton is surrounded by material with a
strong temperaturee~dependent viscosity this would not occur
unless the diapir's temperature approaches the country rock's
ambient temperature, the case when the diapir's available

energy has been significantly depleted.

2.1.3 The Governing Equations

The problem will be modeled in spherical coordinates,
since most diapirs approach spherical symmetry, due in part
to the viscosity contrast between the magma and the ceuntry
rock. Trailing tails will be neglected geometrically, but
may be important if capable of maintaining an energy, or
ma£erial, transport link between the source and the diapir.

The center of the diapir will be the point of origin
throughout ascent. The entire model will be considered in
two spatial coordinates, with r being the radial distance
from the origin and & the polar angle (6 = g directly above
the diapir). Any dependence on the azimuthal angle, f#, is
neglected.

The first portion of this derivation is concerned with
the flow of deforming country rock within the deformation
layer. The country rock's viscosity is quite sensitive to
variations in temperature, therefore the energy equation for
this region must be solved simultaneously with the momentum

and continuity equations.



21

The Continuity Equation
The continuity equation is a statement of the
conservation of mass. In vector form for an incompressible
fluid,
-

divV =0
where ? is the velocity vector (ur, Vg )e In spherical
coordinates, neglecting any @ component or dependence,

e () 2577 = 0
where u is the rmcomponent of velocity vector and v is the 8=

component. By differentiating, this equation becomes

[2.1] e + 3K +'/ra/§/9+"/rco‘r9=0,

The Momentum Equation

The momentum equation, or equation of motion, can best
be represented by the Navier#Stokes equation with variable
viscosity. In vector firm, N
e (% + V(%) Vx(v+V)

= ~YP+aVV+ :L(V,@-VV»,@,«)X (VXV)
where‘P is the country rock's density, t is time, p is the
absolute viscosity, and P is the "modified pressure"
(Batchelor,1967). The modified pressure results from motion
of the deforming rock within the deformation layer. Using
Batchelor's notation,
P=p-pp3-s

where p is the total pressure and pong'x is the pressure

that would result if the fluid were at rest. The importance
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of the pressure term will resurface later in this section
when forces acting on the rising diapir are discussed.
Breaking the vector form of the momentum equation down
into spherical coordinates results in an r= and sécomponent.
recomponent:
(o(‘)%e Fud ey —%)
= =+ (e % (2n9%5)
v w3 (psm8 (r e (%) + 4 2%%0)
~ 2 (%o +2us vw+e))
8=component:
e(Be+ u L ¥, 4 ue)
=~k a/e N (ra (r % (%) + % 2%50)
rs-'\e 49 (5'"9 b‘/u)(l/f a/e t /r»

+ M ( /5r</>*' 3}/) = (2//.)([&4»\/00"'9))

As mentioned before, a Strong temperature dependent

rheology of the country rock is assumed (see Chapter 1I1II).
To emphasize this, spatial variations of viscosity will be
changed to temperature variations via the chain rule,

R I R
After differentiation and rearrangement, the components of
the momentum equation become,

r=-component:
[2.2a] e (5%t + qb“/a,.+ 4 %%g - V?)
| oot L0
°%0- 1% ~Th 0 6)
- Y+ '413}59)/

=205 + (%2 ar*’g* vy
T+ ‘/’rl /ae cot 9 + /',1 ;’

ov.

/S

+ 2% (% %) + ayae (Lr
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©=component:

The Energy Equation
The energy equation is a statement of the principle of
conservation of energy. In vector form, for an
incompressible fluid,
8se + $+ KV'T = pC. Pl
where a%t is the internal heat generation with time, ¥ is
the viscous dissipation function, K is the thermal

conductivity, T is the absolute temperature, C is the

\
specific heat at constant volume, and Djﬁt is the
substantial, or material, derivative of absolute temperature.
The heat generation term can be neglected within the
deformation layer because little or no phase changes are
occurring in this region and other sources are negligible.
The viscous dissipation function reflects the frictional
heating occurring due to the motion of the deforming country
rock within this layer. This is a direct result of the
conversion of potential energy to kinetic energy as the
diapir rises to a region of lower potential energy. Although

this particular dissipation takes place within the

deformation layer, the time scale is too long to consider
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this a source of appreciable heat (see section 2.2).
After dropping the terms for viscous dissipation and
heat generation, the energy equation for the deformation

layer, in spherical coordinates, becomes
N

[2.3] )z(agz+——>}r+/r 9/51+—"—3/5> 3T +q /5\" }é

where 3 is the thermal diffusivity.

Viscosity=Temperature Relationship

The final general equation for consideration is the
viscosityetemperature relationship, which is of the form,
(.41 u(7) = p, exp (T (T.-T))
where u, is the viscosity at temperature To andﬁrreflects
the magnitude of the variation of viscosity with temperature.
This relationship is a good approximation for the

experimental results analyzed in Chapter III.

Boundary Conditions
Temperature, viscosity, velocity, and pressure are all

interrelated in equatioﬁs 2.1, 2.2, and 2.3. Therefore, in
order to find a solution, these partial differential
equations must be solved simultaneously. The boundary
conditions that must be satisfied are,
at r = R (Diapir=country rock interfce)

w=0 (No#slip condition for the recomponent of V)

ég;=() (Stressefree surface condition)

1‘=1: (Temperature of the diapir)
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M=, (Viscosity of the country rock at Tg)

at r = o (Undisturbed country rock)
U= UupCos® (Radial component of ascent velocity)
V=Um5"’9 ‘(Tangential component of ascent velocity)
7:=1; (Temperature of the country rock) ‘

M=Uy (Viscosity of the country rock at T,) ,

2.1.4 Scaling Analysis

In their present form, the equations and necessary
boundary conditions can only be solved by a very time
consuming numerical approach, yielding large computational
errors. To make the solution tractable some generalizations
must be made concerning the magnitude of individual terms
found in these equations. This is done through an objective
evaluation utilizing scaling analysis.

First, each independent and dependent variable within
the governing equation must be made dimensionless by
multiplying by an appropriately chosen scale that utilizes
one's intuitive understanding of a part;cular region during
diapiric ascent. A dimensionless parameter that will be
frequently used in these scales is e, where

€= R
and is generally much less than unity. Therefore, terms
preceded by e are usually of negligible value when compared
to terms without ane, all else being equal. If the value of

€ becomes ‘'significant', solutions found using this
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parameter are in question.

Table 2.1 lists the dimensionless variables, denoted by
primes, and the scales used to equate them back to the actual
variables. Note that pressure and time have scales of
unknown size. In the temporal case, the scale ¥ is quite
large. Therefore, terms with U in the denominator are
usually considered negligible when compared to other terms.
This is analogous to the snapshot approach where a quasie
equilibrium state exists within the deformation layer during
individual intervals. The pressure scale 67, is a quantity
that will be found when all terms of negligible value, within
the momentum equations, have been dropped. The pressure
terms will not be dropped because pressure is the driving
mechanism of fluid flow within the deformation layer.

In order to conserve mass, average fluid flow velocity
within the deformation layer must be faster than the
corresponding ascent velocity. Therefore, a scale for the
velocity components within the deformation layer must be
chosen appropriately. The scale Uy, found in Table 2.1,
corresponds to a tangential velocity that may be found at
some point in this region. It is defined relative to the
actual ascent velocity as

Un=€U,.

The next step.in scaling analysis is to substitute the

dimensionless variables, and scales, for the actual variables

in the governing equations. These substitutions are found in
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the right column of Table 2.1.

Equation 2.1 becomes

(”‘/)9/5 +<U/R)l+er +Q)° )l*er Ko+ (\V’ioere

A few p01nts should be made before dropping negligible

terms. First, T " because e:o‘/p\. Secondly, |+tev’ is
approximately 1, since r' is betwéen g and 1 within the
deformation layer and € is much less than 1. Applying this
last approximation and dividing by ‘é/k » the continuity
equation becomes ,
bu/'ar, + GIU'+3}§9 + vesté = (0 .

The second term is preceded by an e, which means it is
substantially smaller than the other terms and can be dropped
from consideration. The resulting continuity equation is
[2.5] é/gr' T 3/9 +vetb =0 .

Placing both the recomponent and the @=component of the

momentum equation into dimensionless form with scales,

T (G + G S - (D )
= = O () Y2 i 4 )
(/R‘>(T?r) /3@ (7 )(*?7‘3’59 é‘ 30*“) (n\lm) (a :m)
+(“ U) ((/ )a/{r /5r'+(ﬁcl>lu.r 7 )v '(" ;.er)* (ﬁ’a)@":zr) ;T;A%/g

©-component:

(GU\)((/ /{t'+ ‘15) /5" {U.; rer’ 3/59 F ) lfer) t6
(/0 Jrer’ )/56 +Ol U)/‘ ((/) l?er b«;’, \)4r (ﬂa\)ls’er &( )*ﬂ(:')"\’
' ( R:)M)q /591 ) (/R‘)Q*er) * (R}O’“ 7 /39 * (/R) o +ér " +(“ U) 27 (({J ’é/v' )/r

(&\) 31’( I:er @!ur 3/9 ( )(‘fé /59)/9 ( ;()fer}

%E\_
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Even at the highest temperatures experienced within the
deformation layer, the absolute viscosity will remain quite
large. 1In turn, the maximum velocity will be relatively
slow. This is characteristic of low Reynolds' number flow
(Re =‘PU°R/F)' Taking this into accouﬁt, and the fact that
the diapir's radius is much greater than the deformation
layer's thickness, only a few terms will dominate the two

components of the momentum equation. Namely,

(%)%
(7R) Vo
(/A,,U),u V%
and >)¢VT %/ﬁ' /9r
Letting &:’fg.l_).;& generates the following,
r=component: J
[2.6a] er,z- 0
6~component: . . .
[2.6b] b%e = § Yy +)%T'9173f'373f’
(%)
The final partial differential equation to be analyzed
within the deformation layer is the energy equation. 1In

dimensionless form with scales cﬁe

(H (T"‘/»X <(/d bJs 1*(’)lfer )‘Vér’*'(/ﬂ)(fe )b’g/ *(ﬂ‘)tﬂe) > 9)
=@ 0%+ ()« % K- %5

In the momentum equation it was obvious that the time

derivative would be negligible compared to the dominant

terms. 1In this case it is not as apparent. The snapshot
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approach rids most doubt by defining the situation as sSteady
state for short periods of time, hence the time derivative is
dropped from consideration. This results in the first term
being the only dominant term in the above equation. This
assertion simplifies the equation to

2.77 9Ty =0,

The viscositystemperature relationship in equation 2.4
must be placed in dimensionless form because it is directly
involved in finding a solution for the partial differential
equations. 1In order to be consistent, the coefficient 7,
which has units T‘l, will be defined as

’
T=7/6-1) .
The resulting viscosity#temperature equation is
[2.8] u'= exp (/)(I(I-T')) .

Table 2.2 gives the entire set of equations and boundary
conditions in dimensionless form. Note that the outer
boundary conditions are defined at the outer edge of the
deformation layer, unlike the boundary contions in
dimensipned form, which are defined at infinity. Also, the
dimensionless viscosity at the outer edge of the deformation
layer represents the increase in viscosity from the diapir =

country rock interface to this boundary.

2.1.5 Solving the Differential Equations
The next step in the derivation process is to find

solutions for the dimensionless components of velocity,
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pressure, and temperature. The following is a step by step

derivation of the equations found in Table 2.2.

Step 1l: The energy equation is
x4 ,
) l/@fz_
Integrating twice,
/’_ ;
= C(0)r'+ C.6).
Applying the boundary conditions T' = 1 at r' = g and T' =

T'p at r' = 1, yields

[2.9] T'= v (T;- I)+l :

Step 2: The r-component of the momentum equation is
!
()E/gr' =:C>.

Integrating,

P= C(8),

Step 3: The 9~componen§ of the momentum equation is
a%e = %w(“lav/:)f) .
Integrating, , '
.Eé'aﬁﬁe*‘%ﬁ’Cg(5)=-9?ér'
Applying the boundary condition a$&ﬁ= g at r' = 9, yie;ds
Cy(9)=0 .

Therefore,
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Evaluating the integral yields
V= 2 (o (N V) ¢ €09
where ’X='7’(‘rrl"‘)- |
Applying the boundary condition v' = g at r' = 1, yields
C(9= -zx‘o(’)()('/rx "'/r)(>> ,

Therefore,

[2.10] v'= af/é& (QXP (r'x) (77(—%(1)}- exp(”f)('/fx*‘%c»,

Step 4: The continuity equation is
9“/()r' + 3/39? vieel6 =0 .
Substituting and rearranging, ,
: IX-Y ! , y SN
S (i et i)
Integrating, ‘ ) )
' P ! r'x / xol(r'x) ) s a ‘
= (T ) (S e rdsfe (o)),
Evaluating the intggrals and substituting back, \
, 2 ! , - ___r_’ | - .
u :.(3/%é‘7EQ%CJQN%§MVX)€%3 ;(9+—riﬁ?@O(Zx‘éx)1‘(:‘(ébt
Applying the boundary condition at r' = g, u' = g, yields
Ce(e) = “:7’)43 .

Therefore,

e W=y r Y etlere (G %)+ r'@ff"ﬂ(’/x”/x‘)'%c*).

Step 5: To find a solution for P', apply the boundary
condition at r' =1, u' = - cose, to equation 2.11,
’ \?,
Cos e =.(&§99c5f9-+<a<§§>2{
b I 2
where 2 = exp(2 Hhe =Y - Vo) + .

Rearranging,



34
3?/36601'9 + btybe" = %‘g .

Let yg ar/ae and 3/9: a‘%ez.
Therefore,
+ 4 corB
ycot + %9 = =55,
Multiplying both sides by § ’
g (yett + yg5) = & (<)

where

%9 @y)= €dygp + Y Olg/o\g

d%e = Lo,
Rearranging,
o\% = st0db .

Integrating,

&= basina .

Therefore,
g:.g."\b .
Substituting sine for g,, yields

sin 6 (yco‘f 0+ J//o\e): sinBcos 8/

Rearranging,

()/cosé- 55'7900‘9/2)0!9 +5ined/ = 0.

The above equation is an "exact equation". Following the

and

instructions for solving exact equations from Rainville and
Bedient (1981):

Let M= yéose - S110 cos Q/Z

and N = sin 8 .

To satisfy the assertion that the equation is exact, the
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following partial derivatives must be equal.
5%}, = cos0
= 6036
o%5s

From this it is apparent that a solution B exists, which is

equal to a constant.

dB = g)o'e + /UJ)/

where M : ag/sa

and N = OB Yy .

To determine B, use/)l N= 355;*= smé .
AE = 5!'493/

B ysnd+T(6).
To determine T(®), use m: 3%9
&%0 =/Co-59 - Sinb Coséz
= T'(9)+ ycose )

Rearranging,
T(6) = —Siv\GCose/Z
Integrating,
TO)= "% [snbcotde
=Yy sy

B= ysi—.é - .Si'l‘@/p\z.'
Plugging back iny = 3;5'9, yields
B= AP/:W Sinb — .Sir\z@/g‘z )
Rearranging, )
é%& = E/‘Siﬂb t SMQ/Q\Z .

Integrating,

Therefore,
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O

BJCSC 6J)¢ + Zzss"ﬂedé + Cq(f’)
= B (W %)- <252 4 C )

Since P' is constant in r' (Step 2),
/
P = Bl%('bm %)— Co)eaz + Cr] .
When e = T/ ,

In (a2 8) =0

and cos 6=0.

Therefore,
= PU(%)
= PE
At 6=¢, ln(tan®) goes to negative infinity. Since this is
not a singular point, B = @. Therefore,
[2.122]1 P'= “"’9 r R
Table 2.3 llsts the solutions for the dimensionless

partial differential equations derived in steps 1e5,

2.1.6 Forces on the Diapir

In order to find a relationship for the actual ascent
velocity, the forces acting on the diapir must be considered.
The total force acting on the body is the sum of the surface
integral of normal pressure and tangential shear stress

acting on it, and the diapir's weight. Mathematically,

[2.13) Fp = FR+F+ W
where Fn= -IPﬁJH
[l dp
W= Jpgdv
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=P+ f‘j’)‘? + P
rJﬂg:() (from the stress~free surface copdition)
and PD is the density of the diapir.

The total and Batchelor's modified pressures, p and P,
are discussed in subsection 2.1.3. When the solutions for
the governing equations were derived, only the modified
pressure, P, was considered. When the density remains
constant during individual snapshots, the use of the modified
Pressure is convenient, as shown in the following
integration., Substituting for p in the pressure integral
above and using the divergence theorem, yields

F.= = (§9(p+03-%)dV + (P3dh)
= -p3V- [PrdA .
In spherical coordinates, over1ﬁhe diapir's surface, yields
F, = “//311' R!)ogf lﬂ’fo <Pc,o.\6) R™sin6des .
From Table 2.3, the dimensionless modified pressure within

the deformation layer, is

/ - o /
F>= 05/1111 + FL

e
- MUB

Therefore, the modified pressure, with proper scale, is

P AU‘/O((P-COSQ'

Substituting back into the integral and evaluating, yields

where
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7
_.)m'j (?a,_‘e) K‘y‘«BJG . .
o N i '
; . - > ‘q e)
- -J\TT Mo (}o R/dz (PE 5060\5951495[5 /QZSOCN 65' GA
3
= ljr/uo()o R/}diz,
The weight of the diapir is easily evaluated as
3V =% TRoa
Jp3V=%TRp3.
By summing the weight of the diapir with the integral of the
normal pressure, yields
= %R (p- 3+ X R MU, /L
W= %8 (p-pgr ¥ al/dz.
Since the shear stress at the surface of the diapir is
assumed to be zero,
Ft‘o.
The total force acting on the diapir is
- Y 3 ~ 40,

If mechanical equilibrium is assumed, that is the
velocity has achieved a terminal value for the conditions
given, then the sum of the forces acting on the diapir is
zero.

Ff.) =0

Therefore,

Up= 2(p-p)3d 2/, .

The ascent velocity is related to U, by

U= €0,

€-di .

The ascent velocity of a rising diapir is

(2.15] U»= 1()"‘3)5‘0\32//40!% .

where
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The relationship in equation 2.15 applies to the ascent
of a hot spherical magma body at any particular instant in
time, given the temperature distribution surrounding the body
and an input éarameter describing the increase in viscosity

across the width of a narrow deformation layer.

2.2 Heat Transfer Processes

In the last section a quasi~equilibrium assumption (the
snapshot approach) is used to derive a solution for the
steady stafe ascent velocity of an igneous diapir. The
result is strongly dependent upon the temperature
distribution in the surrounding country rock. This section
describes the methods used to solve the energy equation for
the entire system. Together, these processes control the
efficiency at which a diapir can transport itself through the

continental crust.

2.2.1 Mechanisms of Heat Transfer

As the diapir rises through the continental crust the
overall temperature distribution will become quite complex.
This is due, in part, to the differing mechanisms of heat
transfer and the varying diapir and ambient temperatures.
The solution methods presented here, and in other works of a
similar nature (Marsh, 1982; Morris, 1982), do not dwell on
closely constraining the temperature at a distance from the

diapir; rather, I have concentrated on the temperature within
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the immediate vicinity of the diapir.

Three differing heat transfer processes are taken into
account in this study; free convection within the diapif,
conduction within the country rock and forced convection
within the deformation layer. Each process is discussed

separately.

Free Convection

The igneous diapirs modeled in this study are many
orders of magnitude lower in viscosity than the country rock
they intrude. Free convection is assumed to be absent in the
country rock, but it is the principal process transferring
heat within the diapir. On the time scales dealt with here,
the magma in the diapir experiences rapid convective
overturning, whereas the country rock remains stagnant,
Within the model the temperature gradient inside the diapir
is assumed to be zero during individual snapshots. This can
be justified by noting that the distance a diapir will rise
when it nears its solidus temperature, a temperature at which
free convection is greatly limited, is negligible due in part

to the diapir's lack of plasticity.

Heat Conduction
The temperature distribution that results from heat
conduction within the country rock can be approximated by

using equation 2,16 for radial conduction from a spherical
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source,
2160 9V5e= R (0T t X a/\)

where 3 is the thermal diffusivity of the country rock. The
boundary conditions for this study would normally be time
dependent, but by using the snapshot approach (subsection
2.1.1) these conditions become constants within individual
snapshots and the initial condition becomes the initial state

of the system at the onset of the snapshot.

at r =R, T =T, (diapir = country rock interface)
r =, T= Ty (ambient temperature)
when tgg =0, T = T(r) (snapshot's initial temperature

distribution)

This initial state cannot be generalized to any group of
snapshots and cannot be accurately predicted prior to ascent.
In order to find a reasonable approximation to the
temperature distribution within the country rock, equation
2.16 must be solved numerically.

The first step in finding a numerical solution for
equation 2.16 is to make the variables dimensionless. Table
2.4 lists these dimensionless variables and their scales.
The caret is used to distinguish variables that are defined
differently in section 2.2,

The heat conduction equation, boundary conditions, and

initial condition in dimensionless form are

eam 0Ty = o 1 Ry T
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at ?‘ <0, T= !
F = (IJ) T/-—: ®,
when t T'= T’(r)

The numerical method used to solve equation 2.17 is a
forward difference approximation. Breaking each term down

into its equlvalent difference formula, yields

BT/{ = _]'7‘)+\ T”/A'(:

nybr = T;‘ —T}a/ﬂr
and B‘T/é}‘ = T,"w,; - lT',J‘, + T, =13 /(A

Inserting these back into equation 2.17 and rearranging,

. ~l — " A/ _ ! ’ = A
[2.18] TT,\')*‘ B{/A}-l(—,:“’b Q’E';)*-’E-‘,;) t( ’J ,>+T

Errors are introduced when numerical methods are used to
approximaﬁe the solution to a partial differential equation.
To lessen these errors, and insure a realistic level of
conditional stability (i.e., the stability 6f a function with
change in the independent variables), the step size for the
time»(a%) and radial distance (AT) intervals must be chosen
with care. 1In Burden et al. (1981), the error in a similar
parabolic partial differential equation is, O(A% + (AE)Z).
for the first set of terms on the right hand side of equation
2.18. The second set of terms has an error of G(A% + A?).
For the function to be conditionally stable, the following

inequalities must be satisfied,

and [&%76&;- 6; CJ»;S/
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I found an interval size of Ar = 5 m and A% = 1,8E+7 seconds
to be both reasonable and accurate for a diapir with a radius
of 2.5 km rising through country rock with a thermal
diffusivity on the order of 1.0E=6 m</sec. The following
dimensionless step sizes result,

[2.19a] AL = LLE-6

[2.19b] AV = X0E-3

The magnitude of the error that would result using these step
sizes is &(18"%) for the first set of terms on the right hand
side of 2.18 and @(18~3) for the second set of terms. 1In
practice, the first error will dominate in the vicinity of
the spherical source because the contribution to the
temperature distribution in this region is far greater from
the first set of terms in equation 2.18. These errors apply
to the dimensionlesss temperature which varies between 1.4 at
the diapir » country rock interface and 6.4 in the country
rock at a distance.

Figure 2.1 compares the dimensionless temperature
distribution that results from equation 2.18, using the step
sizes in 2.19, and the results from a popular analytical
solution, given an initially flat temperature distribution in
the surrounding medium (Carslaw and Jaeger, 1959). The two
results diverge slightly at greater distances from the
diapir. This can be attributed to the error that results
from using a finite step size to approximate the actual

asymptotic temperature distribution. Note that the error at
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508 m away from the diapir is approximately @.93 in
dimensionless temperature. Due to the propagation of errors
in successive runs,vthis error will be larger as time goes
on. In the case of Figure 2.1 , equation 2.18 was solved
3249 times.
The test for conditional stability results in
A%/(Ag)l = o04<og

and A'{:,/A; = O.¥E-3 <O{ .

These signify that the step sizes chosen will not cause
unrealistic perturbations in the resulting temperature
distribution. This is illustrated by the the smoothness of

the curve shown in Figure 2.1.

Forced Convection

Forced convection within the deformation layer is the
most difficult process to model accurately. 1In previous
works concerning igneous diapirism with a thin layer of
deforming country rock (Marsh, 1982; Morris, 1982), forced
convection was dealt with in relationships containing pure
numbers (e.g., Peclet number, Nusselt number, etc.). The use
of pure numbers has been avoided in this study because a
single number can not describe the system entirely. For
instance, the Peclet number (Pe = u”R/X for the diapir only)
is a ratio of the velocity of the fluid to the thermal
diffusivity. Although the thermal diffusivity is assumed to

be constant within the country rock, the velocity of the
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country rock within the deformation layer varies
significantly across the entire width. Figures 2.2a and 2.2b
are graphs of the dimensionless tangential velocity versus
dimensionless distance within a deformation layer for two
different deformation factors, F. For either case, a single
Peclet number could not apply to the region as a whole.

The method I introduce here is totally independent of
constraints imposed by pure numbers. This method, referred
to as the "cyclic method", is an iterative approach to
solving the problem of energy and material transfer within
the deformation layer. The curves shown in Figures 2.2a and
2.2b are broken into 10 intervals of equal length. A number
at the midpoint of each interval represents the relative
magnitude of the velocity for that particular region (the sum
of the numbers is 5¢). The amount of energy transferred by
forced convection at any point within the deformation layer
is proportional to the velocity at that point. The cyclic
method uses this concept and the fact that material and
energy are transferred when the diapir replaces country rock
within the deformation layer by ascending through it. The
material lost should be taken over the entire width of the
deformation layer. This method, together with the snapshot
approach, allows material and energy to be transferred within
a single interval for an individual snapshot, but over a
series of snapshots it will occur across the entire

deformation layer. Intervals with higher velocities (i.e.,
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intervals undergoing a larger amount of strain) will be
called upon more often to take up the deformation than those
with lower velocities. The numbers at the midpoints in
Figures 2.2a and 2.2b are actually the number of times that a
particular interval will take up the deformation within a
series of 50 snapshots.

When the diapir rises relatively small distances, it
essentially transfers material adjacent to its upper
hemisphere, via forced convection within the deformation
layer, to its lower hemisphere. The amount of material
transferred over the upper hgmisphere of the diapir is

2 7 (Ua 88, ()
where Atgg is the duration of a snapshot and h(®) is some
function of the polar angle.

Although the cyclic method is a rather crude approach,
it is a useful first order approximation to the energy and
material transported within the deformation layer. Other
advantages of this method are its compatibility with the
snapshot approach and cost effectiveness when run relative to

more elaborate models.,

2.2.2 Heat Generation

During ascent, heat will be generated within the diapir
by latent heat of crystallization, decay of radioactive
isotopes, and the conversion of potential energy to kinetic

energy.
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Over an extended period of time, heat released by the
crystallization of the magma body will be significant. An
extremely simple calculation involving the input of three
parameters will control the heat added to the diapir linearly
between the solidus and 1liquidus temperatures. These
parameters are the temperature at which crystallization
begins (liquidus), the temperature at which crystallization
is complete (solidus), and the equivalent temperature added
to the diapir due to latent heat of crystallization. The
result will be "pretty much the same" (Marsh,1982) as
incorporating the exact thermodynamic relationships into the
model.

As the diapir rises through the crust, it is being
transported to regions of lower potential energy. Within the
deformation layer thermal energy will be released by viscous
dissipation. This is directly related to the loss of
potential energy. Spera (1984) points out that in order for
viscous dissipation, or frictional heating, to be significant
the Gruntfest number (Gu ='szd2/Ky) must exceed #.88. Due
to the high average viscosities across the relatively narrow
deformation layer, this would seldom occur. Therefore,
viscous dissipation will be considered negligible and any
conversion of potentiél energy will océur within the diapir.

The conversion of potential energy to kinetic energy and
the heat added by the decay of radioactive isotopes are small

compared to the latent heat of crystallization. But in order
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to be complete, the amount of thermal energy produced by

these processes will be added to the equivalent temperature

term used primarily for latent heat of crystalization.
Calculations of the exact amount of equivalent

temperature used in model runs is discussed in Chapter III.

2.3 The Computer Model

In the last two sections relationships for the ascent
velocity and models for heat transfer processes are derived
separately. In this section I apply the temperature
distribution models to the ascent velocity relationship,
resulting in a coherent model of time dependent ascent
velocity.

The program “Socrates"™, used to generate time dependent
vvelocity profiles, is in Appendix A. The following is a

simple summary of what Socrates does:

1) A period of free flux of heat from the diapir
yielding an initial temperature distribution.

2) Heat conduction from the diapir to the
surrounding country rock for a period equal to the length of
a "snapshot", yielding a new temperature distribution.

3) Energy gained by the surroundings from the last
step is calculated.

4) Width of the deformation layer is calculated

from the temperature distribution.
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5) Diapir rises, generating forced convection
within the deformation layer and a new 'initial' temperature
distribution.,

6) The new diapiric temperature is determined by
calculating of the energy lost to the cooler surroundings and
energy gained from the heat generating processes,

7) New depth and undisturbed ambient temperatures
are calculated.

8) Go to (2).

From the above summary it is apparent that Socrates
expends most of its effort on bookkeeping. Descriptions of
methods used for some of the more tedious chores are left for
documentation in the actual program (Appendix A). The more
important points are discussed in this section. These
include the free flux period, calculating the deformation
layer's thickness, the effect of diapiric ascent on the size
and shape of the deformation layer, and calculating the

undisturbed ambient temperatures.

2.3.1 Visualization

A simple sketch illustrating the diapiric model is shown
in Figure 2.3. The diapiric temperature (T,), undisturbed
ambient temperature (Tep )¢ ascent velocity (Up ), deformation
layer's thickness (d), and other parameters are illustrated.

The lower hemisphere of the diapir is considered an
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insulated boundary between itself and the country rock. In
other words, during ascent heat loss from the diapir only
occurs through the upper hemisphere's surface. This 1is
justified because heat flux is proportional to the
temperature gradient, which is much larger adjacent to the
upper portion of the diapir than the lower portion for two
reasons. Firstly, the undisturbed ambient temperature is
lower at higher regions in the crust (this is significant in
large diapirs), and secondly, the country rock surrounding
the lower portion of the diapir has been exposed to heat lost
from the diapir for an extended period of time. Both
contribute to a considerably steeper temperature gradient
near the top of the diapir, and therefore a much higher heat
flux.

As the diapir rises it will be surrounded by country
rock with progressively cooler ambient temperatures. Over an
extended period of time this could have a significant effect
on the heat loss from the diapir. If a temperature gradient
of 25°C/km is assigned to the country rock then a rise of 4
kilometers will drop the temperature of the country rock at a
distance by 188°C.

In Figure 2.3 the ambient temperature is defined at the
depth to the top of the diapir. Therefore, the undisturbed
ambient temperature at a particular depth to the top of the
diapir is

oo To= AT Q)+ T
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-~
where Algay is the linear temperature gradient within the

continental crust and Ty is the surface temperature.

2.3.2 Deformation Layer

The relationship for the ascent velocity found in

section 2.1 is

- o 13
[2.15] Vo = Q(f-pggd Z//‘=R
where Z is a constant, the value of which depends on the
increase in viscosity across the deformation layer of
thickness d. 1In order to find the ascent velocity at any
given time, two parameters must be known; the increase in
viscosity across the deformation layer, F, and the actual
width of the deformation layer.

Marsh (1982) assumes the deformation layer to be some
fraction of the diapir's radius, whereas Morris (1982) has
allowed the deformation layer to implicitly rely on the
surrounding temperature distribution. This is done by
allowing F to be constant. Therefore, the edge of the
deformation layer can be found at a temperature where the
viscosity, P(Tp), is a factor of F greater than at the diapir
- country rock interface, u(T,). This temperature can be
found from the viscosity = temperature relationship.

Mo/ = F= e (T(-T)
Therefore,

[2.21] Tﬁ f’ﬂ-.(y)//f .

Knowing T, , the deformation layer's thickness, d, can
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easily be found from the surrounding temperature
distribution.

Thus far it has been assumed, without mention, that the
deformation layer's thickness does not vary with 6. Whether
this would be the case in a continuum approach will not be
debated here. 1If finite periods of heat flux , from the
diapir, are allowed to elapse prior to instantaneous ascent,
as is necessary by the snapshot approach, then potentially
abnormal outlines of the deformation layer will result. To
alleviate this problem, the volume of the material replaced
within the deformation layer adjacent to the upper
hemisphere, due to the diapir rising through it, is reshaped
into a hollow hemisphere of equal thickness. A portion of
this hemisphere is then deleted from the deformation layer at
a distance from the diapir » country rock interface that is
determined by the cyclic method discussed in section 2.2.
Since the deformation layer is thin relative to the diapir's
radius, the average thickness deleted following a snapshot is

approximately half the actual ascent distance.

2.3.3 Initial and Final Stages

The model discussed thus far has not concerned itself
with the initial stages of igneous diapirism, where magma
separates from a source. Also, little has been added to the
model to constrain the final stages, when the magma body

ceases to rise by ductily deforming a thin region of country
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rock adjacent to it. Both of these end members entail
complex condtions that are not easily incorporated into the
model. Rather than rederive the model to include these
conditions, an estimation of the states of the system when
the diapiric ascent model begins to apply and when it ceases

to be valid, are made.

Free Flux

The thermal conditions present in the country rock when
the magma body begins diapiric ascent are more complex than a
simple flat temperature distribution at the initial depth.
To assist in modeling a realistic initial temperature
distribution within the surrounding country rock, I have
chosen to enter a parameter that describes a period of 'free
flux® from the diapir. That is, the diapir will heat the
adjacent country rock at no cost to the diapir's energy
reservoir. The length of this free flux period is generally
on the order of 10 years.

Unlike the conduction of heat away from the diapir
during ascent, the condition prior to free flux is a flat
temperature distribution found at the diapir's initial depth
(Tco;)' From Carlslaw and Jaeger (1959, p.247) the following

is used during this period,

T-Teo; R l:Ji-\)
[2.23] ——— = erfe —
To, = T, r 4Rt
where tgg is the length of the free flux period. This

solution is more accurate, and cost efficient, than the
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numerical solution for the same initial condition.
Unfortunately, this sort of solution can not be used during
the remainder of the ascent model due to the complexities in

the snapshots' initial temperature distributions.

Cessation

The diapiric model has both physical and mathematical
reasoning to account for cessation. The simplest physical
limitation is the lack of thermal energy. When this occurs,
the ascent velocity will be far too slow, causing the diapir
to cool below its solidus without appreciable ascent.
Mathematically, the equation for the ascent velocity (2.15)
assumes that e (=d/R) is much less than unity. When this is
not the case, the ascent velocity equation is invalid.

Fortunately, both of the stated limitations of the
modeled diapir are related. When the pluton rises too
slowly, it will heat the country rock out to a greater
distance than during rapid ascent periods. Eventually, this
will cause the deformation layer to exceed the width where
the ascent velocity equation is valid.

In order to stop the diapir due to physical and/or
mathematical reasons, some constraints on the rate of ascent
and width of the deformation layer must be stated. I have
chosen € to be no greater than 4.1 at any time during ascent.
This allows an order of magnitude difference between the

radius of the diapir and the width of the deformation layer.
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"Too slow"” an ascent velocity is defined as 1.80E-19 cm/sec.
Since the diapir may start up slowly in some circumstances,
until sufficient energy is transferred to the adjacent
country rock, the minimum ascent velocity will not apply for
the first few hundred years.

The final consideration for cessation is when the
diapiric temperature reaches the solidus. Theoretically
ascent could continue, but realistically the diapir could not
transfer heat efficiently enough to soften the adjacent
country rock. Also, the stressefree boundary condition used

to derive the ascent velocity relationship would no 1longer
apply.

2.4 Summary

This chapter has described in detail the various stages
in the development of a coherent and continuous mathematical

model for diapiric ascent. Figure 2.4 is a network that
illustrates the salient features of the derivation and the
application of the snapshot app;%ach presented in this
chapter. |

Both numerical and analytic.i techniques are used to
solve the equations describing'rheological and thermal
conditions. Due to the temperature dependent rheology, these
equations had to be solved simultaneously.

The principal analytical method used is scaling
analysis. The method results in a rather simple set of

equations and boundary conditions, which yield a closed
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solution for the ascent velocity equation. By use of a
series of difference approximations, the heat flow for the
entire system is solved. The snapshot approach is
implemented in order to relate the entire system of solutions

to a single temporal variable.
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CHAPTER III

MODEL RUNS

3.8 Introduction

Ten computer simulations, using the FORTRAN program
Socrates (see Appendix A), were performed on a UNIVAC
li90/82. Due to the multivariate character of rising
granitoid diapirs, results of runs with contrasting input
parameters varied considerably.

This chapter consisfs of two sections: the first is a
discussion of the input files for model runs (the complete
input files are listed in Appendix B), and the second portion
presents graphic illustrations of the velocity profiles and
one of the temperature profiles generated by these runs. A
complete output file for a sample run of Socrates is given in

Appendix C.

3.1 Input
3.1.1 Rheological Data

Two different temperature-dependent country rock
rheologies are discussed here. The first material, CRI,
involves a Newtonian relationship for obsidian containing 1/2
weight percent water (Shaw, 1963). The second material, CR2,
is a non-Newtonian wet dunite that behaves like a powere-law
fluid, yielding an effective viscosity that is dependent upon

temperature and shear strain rate (Carter and Ave'Lallemant,
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1979; Carter, 1976).

Although the results of Carter and Ave'Lallemant (1979)
are very similar to other studies concerning the rheology of
dunite (Chopra and Paterson, 1981), some ambiguity still
exists between experimental procedures and natural systems.
For instance, Schmid (1982) points out that there is a
problem with extrapolating from common laboratory shear
strain rates of lz'z/sec to 16“7/sec and geologically
reasonable strain rates of 187%%/sec to 18=15, rThis is a
reasonable argument, but in order to perform experiments at
lower strain rates would take an unacceptable length of time.

There is a possibility that the rheology found from
experimental results yields an effective viscosity for a
material that, when acted upon in nature, is much lower. Two
mechanisms that could account for enhanced ductility during
crustal processes are grain boundary sliding at low strain
rates (Chopra and Paterson, 1981) and solid state reactions
during metamorphism (White and Knipe, 1978). Chopra and
Paterson noted that weakening effects caused by water along
the grain boundaries may only be prominent at low strain
rates. As of yet, this has not been conclusively proven by
experiment. White and Knipe described a complex interaction
of processes that may lower the effective viscosity of a rock
during metamorphism. These processes include increased
chemical diffusivity, expulsion of fluids, and the formation

of unstrained minerals. Presently, these processes have not
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been fully reproduced in the laboratory.

The flow laws used in this work were not chosen as ideal
representations of the situation studied, but because they
are the best descriptions of the rheological properties of
the rocks available in the literature.

Another rheological constraint considered is the
increase in viscosity across the deformation layer, F. This
deformation factor is user—-defined, and may have a
significant effect on the ascent velocity mechanism. The
auxiliary input files that define forced convection must be

derived on the basis of this factor.

Newtonian Fluid
For the country rock modeled as an obsidian (Shaw,
1963), the Arrhenius relationship in equation 3.1 is used to
determine the viscosity (u) for a given temperature.
o wf) - Ao exp(Sh0)
where E = 293 kJ/mol and logjghso = =3.0 (poise).
The following viscosities are found at the corresponding
temperature using equation 3.1l:
u(1928°C) = 1.858E+9 poise
u(900°C) = 1.111E+18 poise
u(8g9°C) = 1.826E+1l1 poise
u(760°C) = 5.333E+12 poise
and u(600°C) = 3.374E+14 poise.

Figure 3.1 illustrates the variation of viscosity with
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temperature for the data given above.

The mathematical model derived in Chapter II uses
equation 3.2 to determine temperature dependent viscosity.
[3.2] /U(T>= M, Q,XP(’Y(I/O’T»

Equating equations 3.1 and 3.2 shows that the variation
parameter’y, is temperature dependent.

o V= (%7 + o (Mo,) /(T-T)

For a temperature equal to 1304 K (To) s the viscosity found
using equation 3.1 is 5.927E+8 poise. Using equation 3.3, Y
is found to range from @.#21/deg at 1849°C to 9.231 at 6g2°cC.
Since the difference is significant,’) is calculated after

each snapshot.

Power-Law Fluid
In the case of the wet dunite, the experimental data of
Carter and Ave'Lallemant (1978) are described by the

following relationship for a non-Newtonian fluid,

(3.1 V= Rexp (Shr)o”
where’7'is a shear strain rate ( not to be confused with a
viscous variation parameterrr, of equation 3.3), A is the
pre~exponential, and o is the shear stress.

The effective viscosity for a‘power-law fluid, described
by equation 3.4, is dependent on temperature and shear strain
rate. This is shown by equation 3.5,

3.1 U (T )= ’f/o’

Rearranging equation 3.4 into the form of 3.5, yields
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s (T ) = (Van (exp (B)) - 'YH)

The shear strain rate in spherical coordinates is determined
from equation 3.7. ;

[3.7] /f= '/rB%ée + aVar— Vr

Using the dimensionless variables described in Chapter 1I,
equation 3.7 becomes

.y V= Y23 s RU, %r - B -

By implementing the methods used in Chapter II for assessing
the negligible terms to be dropped, equation 3.8 simplifies

to

[3.9] ’)"-.- %‘.{e& 35',.
where
9/5 5”‘ ® rexp(r 'X)

Given the factor increase in viscosity across the deformation
layer, F, the maximum strain rate within the deformation
layer can easily be found (a point where a:%kv=0). For an F

'QX;J'max is approximately @.81. Modeling a diapir with
a radius of 2.5 km, surrounded by a deformation layer 156 m
wide, and ascending 15 km in 59,000 yvyears (Ugp = 9.5E~7
cm/sec), results in a shear stfain rate of 8.6E=l1lg/sec.
This strain rate is used to determine relative values for the:
effective viscosities of a wet dunite at differing
temperatures, The results will not effect the actual
viscosities calculated during the computer simulation which
may be larger or smaller, depending on the instantaneous

ascent velocity and the deformation layer's width within a
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particular snapshot,.

Carter and Ave'Lallemant (1978) have made the following
estimates for the other parameters needed to solve for the
viscosity:

A = 1,51Ee~l6 bayres™"/sec

E =226 KI/mol
and n= 2,1,
Using a shear strain rate of 8.6E~l8/sec and the
corresponding temperatures, the following values for the
effective viscosity result:

u(19890°C) = 4.999E+16 poise

u(9008°C) = 1.189E+17 poise

u(8gas°c)

3.305E+17 poise
u(7808°C) = 1.148E+18 poise

and u(688°C) = 5.267E+18 poise.
Figure 3.2 illustrates the variation of viscosity with
temperature for the given shear strain rate.

In the case of the Newtonian fluid, the variation
parameter ¥, is found to be a function of temperature, For a
power=law fluid 7’depends on both temperature and shear

strain rate.

AT T) = pyexp (7 (-T))

(/s (Up Ehr) V"
o A = o (PE) 1)

For the given shear strain rate and a‘F(l3@Z K) of 4.052E+16
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poise, ) varies from 8.6878 at 1868°C to 9.0114 at 682°C. As
in the case of the Newtonian fluid, ‘) is calculated following

each snapshot.

Deformation Factor

The deformation layer's width is proportional to the
increase in viscosity across it. Since the ascent velocity
relationship defined in Chapter II is dependent upon the cube
of the deformation layer's width, the increase in viscosity
becomes an important value when determining ascent velocity.
In a similar study, Morris (1982) defined this deformation
fact§r to be e (F = 2.72)., With the exception of one run, a
factor of e is also used in this study. 1In order to assess
the sensitivity of the model on this parameter, one run using

a factor of ten (F = 1¢) is performed.

3.1.2 Thermal Constraints

Since the rheology of country rocks modeled in this
study are strongly dependent on temperature, the thermal
properties of the system are very important. These
properties include the initial diapiric temperature, the
crustal geothermal gradient, the heat capacities and thermal
diffusivity of the country rock, and generation of heat

within the diapir.
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Initial Diapir Temperature

As mentioned before, numerous runs of the model were
made to assess‘relative contributions of various parameters,
Initial diapir temperatures were varied from 85¢°C to 12@6°cC.

Five of the ten runs began with a diapir initially at
850°C, a value expected in many I=type and Setype granites
(Wyllie et al., 1976; Wells, 1989; Huang and Wyllie, 1981;
Stern and Wyllie, 1981; Clemens and Wall, 1984). 1In order to
compare results at the same depth, several runs were
initiated at 189¢8°C. At the suggestion of Gilbert Hanson (see
Shirey and Hanson, 1984), a run was initiated within the
upper lithosphere at 12¢08°C to simulate the transport of
granitoids produced in the lithospheric mantle. A single run
of 960°C was performed in order to provide a continuous
thermal connection with the 1200°C run when it reached lower
crustal 1levels, changing the encompassing country rock from

CR2 (wet dunite) to CR1 (obsidian).

Geothermal Gradient
Realistic orogenic geothermal gradients, within the
crust, of 25°C/km and 38°C/km (Clark, 1966) were used in
eight of the models. 1In order to examine the variation of
the ascent velocity profile with the gradient, two runs with

a constant ambient temperature of 6230°C were performed.
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Heat Capacity and Thermal Diffusivity

To determine the thermal diffusivity, the density,
specific heat and thermal conductivity of the country rock
must be known. These properties are somewhat dependent upon
temperature. For simplicity, and a good approximation, these
values are determined at an estimated average temperature for
the system (Taye) or from other reliable sources of data.

For all of the models, the diapir's density is assumed
to be 2.5 g/cm3. This is a reasonable value for a partially
crystalline magma body of granitoid composition (Clark,
1966). The country rock's density is assumed to be that of
average crust, 2.85 g/cm® (Dziewonski et al., 1975). The two
exceptions to this are the models rising through dunite,
where density of the encompassing rock is assumed to be 3.3
g/cm3 (Parsons and Sclater, 1977).

The specific heat and thermal conductivity for both
diapir and country rock were determined from the equations
used by Wells (1984).

[3.11] c = 753 + 8.46T - 1.45x187/T2 J/kg
[3.12] K = (8.311 + 1.72x18°%1)"1 + 2.1x10%3(T<808) W/m deg
For a diapir between 858 and 658°C (T,,, = 1823.15 K),
c = 1.,210E+7 erg/g deg.
For a diapir between 1899 and 654°C (Tave = 1298.15 K),
c = 1.246E+7 erg/g deg.

For a diapir between 1283 and 858°C (T = 1298.15 K),

ave

¢ = 1.342E+7 erg/g deg.
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For country rock at 688°C (T = 873.15 K),

ave

C =1.136E+7 erg/g deg,

K = 2,322E+5 erg/sec cm deg
and % = K/pc = 2.007 cm?/sec
where ¢ is the specific heat, K is the thermal conductivity,
and 'ﬂ.is the thermal diffusivity.

One run was initiated at a significantly greater depth.

In this run the encompassing rock was assigned the following
values from Parsons and Sclater (1977):

f = 3.33 g/cm3,

¢ = 1.172E+7 erg/g deg

and X = 3,088 cmz/sec.

Heat Generation

It was mentioned in Chapter II that latent heat of
crystallization is the dominant source of heat generation
within the diapirs modeled in this study. Other sources of
significant heat production include the conversion of
potential energy to thermal energy as the diapir rises and
the decay of radioactive isotopes., For these models, the
above sources of heat are converted to an equivalent
temperature, which is added to the diapir over a specified
range of temperature represented by the liquidus and solidus
for the granitoid.

The heat production from latent heat of crystallization

and radioactive‘decay for a granitoid are estimated to be
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1.8E~4 W/m and 1.6E=6 W/m (Harrison and McDougall, 1989),
Using a specific heat on the order of 1.2E+3 J/kg deg, a
density of 2.5E+3 kg/m3, and a period of time on the order of
1.0E+6 years, yields 189°C of equivalent temperature added to
the system from latent heat of crystallization and
approximately 2°C from the decay of radioactive isotopes.

The conversion of potential energy to equivalent
temperature is estimated to be about 1.5°C/km of ascent for
most magma bodies (Marsh, 1982). Assuming a total ascent of
18 km results in 15°C added to the system.

The total equivalent temperature added to the system
over the specified range is 2¢6°C. This value is used inall
the runs regardless of the length of ascent or the amount of
rise,

The liquidus and solidus temperatures for all of the
bodies are determined to be 88¢°C and 658°cC respectively
(Wyllie et al., 1976). Although these values may vary
considerably in nature, depending on the depth and
composition, I have chosen to concentrate on the actual

ascent mechanics rather than its petrological implications.

3.1.3 Auxiliary Input Files

The mechanics of Grout's diapirism involves the
shouldering aside of country rock by the rising diapir. The
model developed in this study assumes that the deformation of

the encompassing country rock occurs within a thin layer
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surrounding the magma body.

In Chapter II, the cyclic method for determining the
exact surficial region where deformation occurs during an
individual snapshot is described. 1In order to apply the
cyclic method to the computer models, an array of 58 numbers
is entered into the model, explicitly defining the velocity
profile within the deformation layer using discrete
intervals. This velocity profile depends on the increase in
viscosity across the deformation layer, F.

Two auxiliary files, FCONE and FCON1l@d, have been
created. FCONE represents a random distribution of numbers
that points to one of the ten intervals within the
deformation layer when the increase in viscosity across the
layer is e. FCON1lg is the analogous file for a 1@=fold
increase in viscosity. Both of these are listed in Appendix
B (Note that the differences in the arrays may become more

apparent if referred back to Figures 2.2a and 2.2b).

3.1.4 Overview of Input Data

Table 3.1 illustrates the variation in the data used to
generate profiles from Socrates. A complete listing of the
data entered is presented in Appendix B. Note that some of
the runs listed in Table 3.1 are for 2 and 1¢ km diapirs, and
the remaining runs are for 5 km bodies. The version of
Socrates found in Appendix A is for a 5.km diapir. 1In order

to model larger and smaller diapirs, Socrates had to be
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edited to inglude the change in dimensions and the
modification of the cessation routine, which determines
whether the deformation layer has exceeded a width equal to
one tenth of the body's radius. These particular variations
in size do not add significant error, or conditional

instability, to the numerical approaches used.

3.2 Results

A number of figures are presented in this section,
representing the results obtained from the ten models run
using Socrates. A thorough discussion of the results is
presented in Chapter 1IV.

Figures 3.3 to 3.12 illustrate the ascent velocity
profiles as a function of time. All of these are in
thousands of years elapsed and meters of ascent per year,
except for Figure 3.9 which is in millimeters per year.

Figures 3.13 represents the decrease in diapir
temperature (Tp), temperature at the outer edge of the
deforming layer (Tp), and undisturbed ambient temperature
(Tew versus elapsed time for the first run (SODATAl). Figure
3.14 illustrates the decrease in the temperature distribution
with time for SODATAl. The complete output file for this run
is in Appendix C. 1In order to conserve space, the output
files from the other runs are not published in this study.

SODATA9 and SODATAl®, found in Figures 3.11 and 3.12,

represents a model of mantle granitoid production. SODATA9
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is a 10 km diapir that rises from 44 km to 32 km within CR2
(wet dunite). SODATAl@ is the same body initiated at 32 km
and surrounded by CR1 (obsidian), with a diapir temperature

equal to SODATA9's at its 32 km cutoff.



81

€°€ FN9IA

(s4pak c0l) 3NLL

0¢ Gl oL

998/Wdg_QLXL'Z BA AV
Wy 2281 :yydeQ |ouyy
wy 0¢ :yideg |pniy|

| -V1vVdOoS

L]

(Joe/( / sJayaw) ALID0T3A



82

v'€  3¥n9Id

(sdoah  01) INIL
0C Gl 0L G 0

el ) A 1 A 1 A 2 A A 1 1 1 A A A O

08s/wWd g-OIXL'T :IBA oAy
Wy $¢'gl :yydeq |ouiy
wy 0¢ :yiydeq |pijiu|

¢—V1Vvaos

¢l

(40ah /suzraw) ALID0OT3A



83

G*€ 3UN9I4

(s4pak O1) AL

08S/WD o _OIXB'C :[BA @AY
wy $2°£1 :yydeq |our i
wy 0¢ :yydaQ [piyiuj

£ —V1vd0S ALy

(JDQ/(/SJS]S(JJ) ALID013A



84

9°¢ N9IA

(sdpaf OLl) JNL

014 Gl 0L

L 'y 1 A A ] A /] A

99s/wWwo g-01X0°Z :IBA @Ay
wy 98¢l :yydeqg |ouid
Wy GZ :ydeQ |onu|

¥ —V1VvdOoS

(Joa/(/s.:e),aw) ALIDOT3A



85

L°€ JHN9I4

(s4pak <0 1)
0¢ Gl iy

JNIL

2 b4 1 i 1 1 i O

omm\Eom _0IXG'Z :IBA 9AY
wy ¢1°Z1 :yydeQ |oud
wy 0¢ :yydeQ joipy

S—V1VdoS

(40ah /suayaw) A110073A



86

8°¢ 3un9Id

(sioah  01) INLL

00¢ 0S1 001 0S 0
et i S R S T A 1 L d i S B | S Y | kPO.O
- 2°0
-$°0
08S/Wd 4, 0IX|'p BN BAY
Wy 86'6Z :yydaQ |pui4 i
wy O0¢ :yjdeQ |opiu .
- 9°0
9—-V1vdOoS i

(4oeh /ww) A110073A



87

6°€ NI

(s4pahk  01) 3FNILL

09S /WD o QXL :BA OAY
Wy ¢1'Gl :yydaq |puid
wy Q¢ :yiydaQ by

L—V1IVAOS

(4oak /susyow) A1100713A



88

0T°€ FdN9IA

(s40ak  01) INIL

09S/WD o _QIXC | :BA 9AY
Wy G6°lZ :yydeq |ouig
wy 0¢ :yiydsQ [oijiyj

8—V.LVAOS

(40oh /susypw) A110073A



89

v°€ WN9IA

(sioek 01) INL

098/ Wod [ DIXE'E (BA By
wy zg :yydeQq |puig
wy oy :yydeQ |pniu|

6—V1VvdOS

¥°0

-9°0

(40ah /si9yaw) A11D0713A



90

¢1’€ J4n9Id

(saoek 01) INL

owm\Eomlo—xm.— ‘IO 8AY
wy £eyl :yydaq jouly
wy z¢ :yydeQ |o1py

0l—-V1VvdOoS

(4oah /susrow) ALID0OT3A



91

€1°¢ N9IA

(si0ak 01) INL

0¢ Gl Ol G 0
— 00¢
“L
-00G
ul
o9 -004
-006
l—V1VvdOS

(2.) I¥NLVYIINIL



92

v1*€ JUN9I4

(3¥—4) joD3U0) wouy sivap

00S 0]0)

00¢

00¢

001

0
0Sv

5109k £0939

SiDaA |'0/0S

si08h 0'v 101

l—=V1VvdOoS

- 0GS

- 069

- 0GL

(0.) I¥NLYYIINIL



93

CHAPTER 1V

DISCUSSION

4.9 Introduction

Along with a thorough discussion of the results,
presented in Figures 3.3«3,14 and 4.2, several miscellaneous
aspects of granitoid diapirism are discussed in this chapter,
Included is a comparison of the ascent velocity relationship
derived in Chapter II, using the stress=free boundary
condition, with a relationship involving the no~slip boundary
condition. The no~slip condition is implied in many
experimental studies. For example, the case of solid balls
dropped through fluids (Ribe, 1983). Also worthy of mention,
Stokes (1851) used the no#slip condition to derive his famous
flow equation (see equation 1.1).

As in most any study, this work has room for
improvement. Suggestions and proposals are made that point
to future research in the field of igneous transport
processes., Finally, a concluding section summarizes the

salient observations made in this study.

4.1 Discussion of Results

Due to the multivariate nature of igneous diapirism,
numerous runs were performed using Socrates, the computer
program developed in this study (see Appendix A). In Chapter

III, the ascent velocity profiles generated from these runs
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are illustrated graphically. 1In this section, the results
are interpreted relative to changes in specific input
parameters (Note that "SODATA#" is simply the file element
name where the output data can be found ... Socrates Qutput
DATA) .

Figure 4.1 is a link~node diagram that relates the input
for most of the models to the standard model, SODATAl (see
Appendix C), by varying one or two parameters. A link
explicitly represents a change in a particular parameter,
SODATA6 is not connected to any nodes because numerous
parameters were changed in an unsuccessful attempt to get the
diapir through wet dunite at crustal temperatures. SODATA9
and SODATAlP are connected by an arrow that represents a
continuous éscent through an encompassing powere~law fluid
(CR2) and into a Newtonian fluid (CR1).

The standard model (see Figures 3.3, 3.13. and 3.14)
assigns the following values to the parameters used during
the computer simulation:

Diameter of the diapir, 2R = 5 km

Country rock's rheology is CR1 (Newtonian)
Deformation layer's viscosity factor, F = e
Initial depth, Xo = 30 km

Geothermal gradient, dT/dX = 25°C/km
Surface temperature, Tg = 18°C

Density of country rock, P = 2.8Sg/cm3

Thermal diffusivity,'x~= ﬂ.ﬂﬂ?cmz/Sec
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and Initial diapir temperature, T. = 85@°cC.

o

Figure 4,2 illustrates the initial and final depths of
emplacement and the average ascent velocity for the nine
models considered. Note that SODATA9 and SODATAl@ are
considered to be one model.

Comparing the first two runs in Figures 3.3, 3.4, and
4.2, it is apparent that the increase in initial diapir
temperature did not change the average ascent velocity. By
allowing the diapir an additional 158°C, the body rose only
half a kilometer higher in the crust.

The input data for SODATA3 is.identical to that for the
second run except for the increase in the deformation factor
F, from e to 14. This enabled the diapir to process more
country rock within the deforming layer at any instant during
ascent. This result yields an average ascent velocity that is
nearly twice as fast. Two consequences of this increase in F
point to unrealistic results. Firstly, ascent velocity (see
Figure 3.5) exceeds 37 m/year in the first 149 years, which
seems to be extraordinarily fast. Secondly, all of the
ascent profiles generated using a deformation factor of e
define smooth curves, whereas the profile generated by this
model contains many perturbations early in ascent (see
Figures 3.3 to 3.12). This suggests that the snapshot
approach, or the snapshot duration of ten years, was
inappropriate for this ascent model.

The fourth run (see Figure 3.6) is initiated at a depth
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of 25 km with a crustal gradient of 38°C/km. Initially this
model and the standard are surrounded by country rock with
identical ambient temperatures. Because of this, it
encountered cooler ambient temperatures for the same distance
risen relative to the standard. The result illustrates that
the two diapirs cooled in approximately the same time, but
the standard model ascended a greater distance and at a
fas;er rate. This suggests that the ambient temperature
distribution is an important parameter in determining ascent
velocity, whereas the loss of energy to the surroundings is
not significantly affected by small changes in the crustal
temperature gradient above a rising pluton. This is contrary
to the opinion of Marsh (1982) and Morris (1982) who
implement constant ambient temperatures in their models, on
the premise that rather small variations in this parameter
does not effect ascent considerably.

Following this lead, the ambient temperature
distribution in the fifth run was held constant at 6g2°C.
The body cooled in about the same period of time as the
previous run and the standard, but average ascent velocity
was significantly greater. This resulted in a larger total
distance ascended by the body. Another interesting result of
this run was the nearly constant ascent velocity of ¢.8
m/year (see Figure 3.7) while other models exhibit
exponential variations in their ascent profiles. The only

possible reason for this behavior is the different ambient
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temperature distributions. Although this suggests that the
ambient temperature has an effect on the ascent velocity, the
amount of additional ascent is only about 1 km more than the
standard model. This indicates that preheating the country
rock by repeated prior ascents, as advocated by Marsh (1982)
and Morris (1982), is unneccessary for granitoid intrusion.

SODATA6 can not be compared directly to the standard
model through the variation of a single parameter, the case
in most of the other runs. The probable reason for the
failure of this model to ascend an appreciable distance is
that wet dunite, the encompassing country rock, is too sticky
at crustal temperatures to allow appreciable flow. It can be
concluded that a granitoid diapir will have an extremely
difficult time shouldering aside dunite within the crust ...
an intuitively acceptable result.

The velocity profile in SODATA6 does not translate into
a significant ascent distance, but its shape is rather
interesting (see Figure 3.8). Since the effective viscosity
is dependent on shear strain rate, it must start very slowly
and accelerate to a maximum velocity over a few thousand
years. An exponential drop off in velocity following this is
due mostly to a drop in diapir temperature, which is the case
in most of the models run within the Newtonian country rock.
Since the ascent velocity relationship used is dependent on
d3, the slight increase in velocity later in ascent is due to

an increase in the width of the deformation layer, which is
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growing larger near the stagnant body. This increase in
ascent velocity is generally not illustrated by the other
models because more mobile diapirs transfer material out of
the deformation layer by ascending through it.

Another interesting result from the sixth run is the
length of the cooling period relative to the other plutons.,
This stagnant body cooled at a rate of 2.3E=3 degrees per
year, whereas the more mobile 18 km body in SODATA7 cooled at
5.6E~3 degrees per year. The variation is even greater when
the additional 15¢°C within SODATA6, resulting in higher heat
flux, is considered. This suggests that rising diapirs cool
at a much faster rate than normally expected as a result of
interaction with progressively cooler country rock.

Varying the size of the body significantly alters ascent
velocity. 1In the seventh run a 19 km diapir was modeled
using parameters identical to the standard. The result was a
slow ascent velocity over a much longer period of cooling
(see Figure 3.9)., The pluton emplaced itself 2 1/2 km higher
in the crust, relative to the standard, due to the additional
energy available and the smaller surface to volume ratio.

In SODATA8 a 2 km diapir is modeled (see Figure 3.18).
As expected the body ascended at a much faster rate than the
standard model, but because the available energy needed to
soften the country rock is much less, the pluton cooled to
its solidus in a considerably shorter period of time.

Therefore, the final emplacement depth of this pluton is
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lower in the crust.

In comparing the effective energy available for a pluton
to ascend a given distance, the total energy available and
the energy lost in processing overlying country rock through
the deformation layer must be considered. Since the total
energy within a pluton is proportional to its volume, a 10 km
diapir will have-‘s times the availa?le energy of a 5 km body.

(%7 () = 8(%T(R2))
For a diapir to ascend a specific distance, it must process a
minimum volume equal to its cross~sectional area times the
distance traveled. Comparing a 18 km and 5 km diapir rising
15 km in the crust, the larger body will have to procéss 4

times the amount of overlying material within its deformation

( ,S/ﬁ(gz)) _ Z/< 1T (1.5’)7

The ratio of the total energy contrast (e.g., 8) and the

layer.

contrast in processing energies (e.g., 4) is simply equal to
the ratio of the bodys' radii. 1In other words, a 10 km
diapir has twice the effective energy needed to ascend an
equal distance relative to a 5 km body, and five times that
of a 2 km body.

Comparing the ascent distances relative to their
effective energy contrasts for 2 km (SODATA8), 5 km
(SODATAl), and 14 km (SODATA7) diapirs, illustrates that a
contrast in effective energy yields a much smaller contrast

in ascent distances. The reason for this is that larger
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diapirs will maintain a higher temperature over a given
period, causing them to have a greater heat flux to the
surroundings., vCombining this with the fact that larger
diapirs ascend a£ slower rates, suggests that a greater
proportion of the energy lost to the surroundings is not used
to propel the body upwards as compared to smaller diapirs.
Hence, the 1¢ km pluton (SODATA7), only ascended an
additional 39% as compared to the standard 5 km body
(SODATAl), even though its effective energy was 200% greater.

SODATA9 and SODATAld are merged into a single diapiric
ascent model, For mantle derived granitoid plutons, the
initial diapir temperatures are significantly higher (Shirey
and Hanson, 1984). This enabled the body to shoulder aside
the encompassing mantle rock, which was rheologically modeled
as wet dunite. Because the dunite and the diapir were
cooler, the sixth model did not rise a significant distance,
but in this case the entire system was initially at an
elevated temperature. Together, the ninth and tenth runs
form a discontinuous ascent velocity profile (see Figures
3.11 and 3.12). However, it indicates that if a granitoid
pluton has a sufficient amount of energy available, it can
pierce the upper mantle and ascend through the lower crust.
Note that the ascent velocity profile from SODATA9, as in
SODATA6, achieves a maximum after a few thousand years have
elapsed due to the shear strain rate-dependent effective

viscosity.



103

4.2 Ascent Velocity With No-Slip Condition

Stokes' (1851) result for a sphere falling through a
fluid and Ribe's (1983) experimental models were'discussed in
Chapter 1I. Both are inaccurate when applied to igneous
diapirism because they do not emulate the essentially stresse
free surface condition that is present during the rise of a
hot fluid body within a medium that is also modeled as a
fluid. 1In this section, the ascent velocity relationship is
derived using the noeslip boundary condition. The physical
appearance of the ascent velocity quation (equation 2.15)
will remain the same, but the parameter Z will change.

To apply the no=-slip boundary condition, the
rederivation is initiated at "step 3".of sub«section 2.1.5.
The ©~component of the pomentum equation is

5%9= ‘/95r' (/1 'B%r') .
Integrating, ,
; '
S o+ K (8) =%
Integrating again,
a.11 v = 2%, J—; dr' + K,(G)jj:;olr'i- k.(9).
Applying the no=slip boundary condition of v'= g at r’= g and

the outer condition of v'= g at r'= 1, yields
k=0 |
Y; 5 0, / L
- - Y -
and h'(g)— é@ R /,Ual OM Jr .
By evaluating the definite integrals,

K. = -84 F
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where
E = (erp @) Jpoexp @+ 13) [ (exp(R-1) .
Substituting this expression back in equation 4.1 and
evaluating the indefinite integrals, yields
50 (K8 -EX,(6) + enplr 0 (% ~52 - E5))
Reapplying the no-slip condition (v'= @ at r'=g), results in
(Kq(é) - E%,(9) = '/x“r % .
Therefore,
[4.2] "V'= a/jg(/‘ t o5 teRp (’7O</x %))
In step 4 of the solution process, the continuity

equation is solved.

a""ar'q- %9 + Veot O = 0.
Inte ratm '
i u’ .g_ (a 3/666+6>($ ,+/ +@§7kr7§)(/ "/“’%T) )r)
Evaluatlng the deflnlte integral, yields

u'= (3/9/6 + 6@"'6)(/)(15, /X *Qf(r'k)(%"%"%)* K,/(a}).
Applying the no-~slip condition, yields

Kg(0) = 25 + S
Applying the boundary condition u’= wcosO at r'=1, results in

cos 6 = G‘P/,aez + a}a’a Cd"@) Z
where Z, using the no=slip condition, is
[4.3] Z‘b;; (’/x1 ‘r%r-} 1/7(=+E/,g-+exf(?0('/xl -5 - E/x‘))
Comparing this Z derived in Chapter II using the stress-~free
boundary condition, .

[4.4] Z, (7/,)(; + fo(ﬁ( T 7(’ ’%X))

The total force actng on the diapir's surface will be
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slightly altered by the additional tangential force. Through
the use of scaling analysis, this force can be shown to be a
factor of € (=d/R) less than the normal force and will
therefore be neglected. The ascent velocity relationship
derived in section 2.1 remains valid.
[4.5] Um=1<f—ﬂ)§dZZ/AvR
Values for Z using the stressefree (SF) and the no=-slip

(NS) boundary conditions with a deformation factor of F = e,
yields

ZINs(e) = -8.8581 and Zgp(e) = «3.1686 .
With a deformation factor of 19, yields

ZNs(10) = =9.8255 and Zgp(ld) = =3.0663 .
These results show that by applying the no=slip boundary
condition to igneous diapirism, about a factor of 3 drop in
the corresponding ascent velocity occurs relative to the case

when the stressefree boundary condition is applied.

4.3 Improvements and Future Work

The model derived in this study utilizes the natural
character of the system as a basis to formulate a set of
simplifying assumptions. The Principal assumption is that
the deformation of the surroundings is confined to a narrow
region, referred to as the deformation layer. 1In order to
calculate the width of the deformation layer, a parameter
describing the amount viscosity increases across it, has to

be given. The model bases its validity on the fact that the
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calculated width of the deforming layer is much less than the
diapir's radius. There are times during ascent when this is
not the case. For instance, when the pluton is very near its
source, a sufficient temperature difference between diapir
and undisturbed country rock does not exist. This may result
in a deformation layer that is too wide.

In order to alleviate the problem of small temperature
contrasts, I propose a new model where the early stages of
diapiric ascent will be modeled using an equation to describe
isoviscous, or nearly isoviscous, flow. Note that Stokes'
equation is not appropriate for this model because it was
derived using the noeslip boundary condition. Later in
ascent, when the temperature contrast between diapir and
country rock is sufficiently large, the possibility of
mechanical cracking or thermal spalling of the encompassing
country rock should also be included in the model. 1In its
entirety, this model would have the potential to accurately
predict ascent velocity profiles of igneous diapirism, and
related magma transport processes, over the entire course of
ascent.

Another important assumption used to develop the model
found in this study is the idea that the temperature
distribution within the magma body is homogenous at a given
instant. In other words, convection in the diapir occurs
over such a short period that any sort of temperature

gradient is erased. If this assumption is valid, the Nusselt
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number, a pure number representing a ratio of the total heat
transfer within the body to thermal conduction, must be
sufficiantly large. For example, a Nusselt number of 2 would
indicate that the assumption of a zero temperature gradient
is grossly exaggerated. On the other hand, a Nusselt number
of 1922 means that convective overturning is quite rapid
within the body and the assumption is valid.

To determine the Nusselt number, the Rayleigh number
must be evaluated first.

Ra= OL% AT R-SPD /-Xp'a
where o is the thermal expansion coefficient and 4T is the
temperature difference between the center and the margins of
the convecting chamber. The viscosity of the diapir at about
756°C is on the order of 1.8E+7 poise (Shaw, 1963). Using an
o of 5.0E~5/deg (Spera, 1982), a Xpof 8.1 cm®/sec, and
assuming that temperature drops 50 degrees from the center of
a 5 km diapir (R = 2.5 km) to its outer boundary, the
Rayleigh number is found to be 9.58E+12. Spera states the
following relationship between Nusselt and Rayleigh numbers:
Mu = “vq/o\v

From this, a Nusselt number of 495 results. This suggests
that the assumption of a constant temperature within the
diapir is valid.

Following the onset of crystallization, this
relationship becomes progressively less reliable as the fluid

movement becomes restricted by viscous interaction with the
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crystals. This circumstance is better modeled as fluid
motion in a porous media (Walker and Homsy, 1978; Chan et
al., 1979). However, for even high states of crystallinity
(i.e., relatively low permeability), the Nusselt number
predicted by these models exceeds 19, a sufficient value for
thermal equilibrium of the pluton within several hundred
years.

In order to obey the conservation of energy principle
and still have the model remain tractable, heat flux out of
the spherical diapir was assumed to be distributed equally
over the upper hemisphere, while the interface between the
diapir and country rock over the lower hemisphere is an
insulated boundary. In nature, the heat flux would be
highest at the leading edge of the diapir and minimal below
the body. This study may exaggerate the heat transfer over
the upper hemisphere, as evident by the‘rather rapid cooling
rates. Information on actual diapir cooling rates could be
used in the computer simulation to control the heat flux from
the surface. Another suggestion would be to segment the
deformation layer into discrete intervals. Each segment
would define a different crustal ambient temperature that is
determined by the temperature gradient and the segment's
depth during a particular snapshot. Energy and material
would be transfered from upper segments and accumulate in
lower segments. The biggest drawback fof this proposal would

be the large investment in computer time.
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Experimental data for the rheology of geological
materials, in particular common crustal rocks, is needed.
One of the prpblems encountered in this study was the virtual
absence of experimental data concerning the rheology of
crustal rocks at reasonable temperatures and shear strain
rates. As a result, obsidian had to be substituted for a
more realistic crustal material. Considering that the
experimental procedures used do not fully mimic the natural
environment, the use of obsidian's rheological data is
acceptable. The rheology of dunite was used because numerous
sources of data exist. Unfortunately, crustal temperatures
increase the experimentally determined effective viscosity of
dunite to the point where the diapir modeled could not
overcome the confining forces (SODATA6). A model run within
dunite at higher temperatures did succeed in rising a

significant distance (SODATA9).

4.4 Conclusion

In this study, an ascent velocity relationship for a
granitoid diapir was derived and applied to a heat flow model
within the crust. This relationship has a very strong
dependence on the width of the variable viscosity deformation
layer, formed by the loss of heat to the country rock and the
buoyant force which propels the diapir through it.

The results of numerous computer simulations show that

ascent velocity is strongly dependent on the rheology and
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ambient temperature of the surrounding rock. Small
variations in the crustal temperature gradient will
significantly affect the average ascent velocity, but overall
cooling rates remain unchanged.

Ascent velocity also varies with the size of the diapir.
Larger bodies move more slowly and ascend for longer periods
of time relative to smaller plutons. Due to greater amounts
of effective energy available for ascent, larger bodies will
rise greater distances. However, the additional amount of
ascent is nominal compared to the contrasts in effective
energy. The reason for this appears to be due to a greater
loss of heat to the surroundings during slower ascent.

Mantle derived granitoid bodies can ascend diapirically
through dunite if the temperatures are sufficiently high. At
crustal temperatures, granitoids cannot overcome the
confining forces imposed by the encompassing dunite during
diapirism.

Modeling magma diapirs using a no#slip boundary
condition decreases ascent velocity by a factor of 3 relative
to the ascent velocity that results using the more realistic
stress~free boundary condition. This should be considered
when applying experimental models or Stokes' result to the

movement of spherical magma bodies.
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APPENDIX A

SOCRATES

SOCRATES is an ASCII FORTRAN (similar to FORTRAN 77)
program written for implementation on the UNIVAC 11D0/82 at
the State University of New York 2t Albany. The algorithm
developed uses the basic laws of fluid dynamics and heat
transfer to model the ascent velocity profile of a rising
granitic diapir within the rheologicatl and thermal framework
of the earth”s crust.

The following is a complete alphabetized Llisting of atl
arrayss constantsy and variables used within SOCRATES and the
subprogram QUILL. A brief explanation accompanies each terme.

A = DELT/DELR**2 =+ finite difference narametere.

ARG = L/DEN

AVU = The average ascent velocity over ten spapshotse.

AYR = The duration of a year in seconds.

B = (PF/C(L/RI+1))YADELRT : array of difference parameters.

CRRDL = RDL**3

L0 = Specific heat of the diapir.

CHI = ~1L06(F)

€T = Integer used to count the iterations of the major loop.

CW = Specific heat of the country rocke.

CYCLE = Array of random numbers between D.0% and 0N.95 for
determining forced convection within the
deformation layer.

DFLR = 500.p0/%

DFLRHO = RW-Rp

DFLRT = DFLT/DELR

DELYT = 1.0E+7*K/R*%2

DEN = 2.0#*SART(KAFFPXAYR)

DEP = The depth to the top of the diapir.

DEPD = Diapir”s energy per dearee.

DEX = 273 .15 K

DY = Initial deoth to the top of the diapir.

p? = Width of the deforming layer surrounding the diapir.

£ = Activation energy used to determine the viscositye.

EADD = Energy added to the syrroundingse.

EDGC = E/GC

EFD = Array describing energy per degree within incremental
volumes of country rock.

F = Deformation factor (2.7182% or 10.0).

FFp = puration of the free flux period in yearse.

6 = Viscous variation factor.

GC = Yniversgal acas constant.
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GEN = TOLT/Z(LIQT-SOLT)
GLOG = LOG(MUAR/™U1Z)

GP = Initial estimation of the power-faw”s viscous yartation
factor.

GR = Acceleration due to gravitye.

GRD = Crustal geothermal gradient.

I = Integer used as a counter within numerous loops.

ICLOSE = Integer describing region where material is deleted
from the deforming tayere.

ITER = Integer used as a counter in the major program loope.

4 = Integer used as a counter within numerous loops.

K = Thermal diffusivity of the country rocke.

KEY = 1 for Newtonian surroundings;

2 for power-lay surroundingse.
L = Integer used to add increments of distance from R to RDL.
LIBT = Liaquidus temperature of the maama.
MUA = Viscosity at infinite temperature.

Muc Viscosity at the diapir — country rock contact.

MU12 = Viscosity at 1300 K.

N = Integer used as a pointer within the difference matrixe.
NUM = Integer used as a pointer within the djfference matpixe.
O0A = (1/PAYx2+PL2

OUT = 1 when it is time to complete run; O otherwise.

P2 = Pre-exponential used in the power—-taw determination of

viscosity.
PEADD = Energy added to the affected recion outside RDPL.
PEPD = Energy per degree in the affected reaion outside RDL.
PT = 2414159 ce

PL1T = Exponent used in power-law determination of viscosity.
PL2 = 1/pPL1

PL3 = PLZ-1.0

POINT = Interpolated distance outside RDL where energy is

gained (affected recion).
PSLOPF = Slope of the interpolated temperature distribution
within affected region outside RDL.
PTAVE = Averace temperature of affected region outside RDL.
PVOL = Volume of the affected region outside RDL.
PYXAVE = Half wvolume width of the affected region outside RDLe.
P2T = PI*2.0/%.0

P34 = PI*}.Q[‘&G
PL2 = PI*x&.0/%.0
QAVY QUILL egquivalent of AVU.

QAYR = QUILL equivalent of AYR,
QCT = QUILL equivalent of (T.
R DEP QUTILL equivatent of DEP,
8bZ = QUILL eacuivalent of D1l.

QMUC = QUILL equivalent of MUC,
QOUT = QUTLL equivalent of CUT,
QSST = QUILL equivalent of SST.

@GTA = QUILL equivalent of TA,
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QTP = QUILL ecyivalent of Tpe.
QTF = QUILL equivalent of TF.
QTI = QUILL ecuivalent of TI.

R = Radius of the diapir = 2.5 km in this version SOCRATES.
RCw = RW=xCW

RD = pensity of the diapire.

RoL = Radius of the diapir + S0C meters.

RTSR = RxSR

RY = bDensity of the country rocke

SECS = Number of seconds elapsed in the entire ascent periode.
SOLYT = Solidus temperature of the magmae.

SE = Mimensionless strain rate.

SST = buration of a snapshot : apnroximately 10 years.

SU = Sum of the ascent velocities : used in averaging.

T = Array of dimensionless temperature values between 0.0
and 1«0

TA = Rrray of actual temperzture values betweepn TD and TI.

Tt = Temperature of the diapir.

TDIF = Difference between the temperatures of the diapir
and the outer edge of the deforming layer.

TOMI = pifference between diapir and undisturbed ambient
temperatyrese.

TD1 = Parameter used to determipne amount of heat generated
within the diapir.

T2 = Parameter used to determine amount of heat genergzted

within the diapire.
Temperature at the outer edge of the deforming layer.
Undisturbed ambient temperature within surrounding
coyntry rocke.
TOLY = Amount of equivalent tepperature generated within
the diapir.

TF
TI

nou

TS = Undisturbed temperature at the earth”s surfzce.

TN = Biapir”s initial temperature.

Ul = Ascent velocity within a particular snapshot.

V = Array storing 5 meter incremental volumes between R

and RD{ .

VCF = 2.0*DELRHO*GR*Z/R

VG = Counting jnteger between 1 and 50 that is used to
determine the entry chosen from CYCLE.

VoL = Volume of the diapir.

X = Interpolated distance used to determine DZ.

YRS = Number of years elapsed during entire ascent periode.

1 = EXPOCHIY*(2/CHI**2-2/CHI**3=1/CHIY 42/ CHT*%3

ZAP = Width of materijal to be deleted from the deforming
tayer,.
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SOCRATES

Written hy Xeith I. Mahon
spring 1985

SellaMaY,e at llbany
Department of Geoloaical Sciences

bDeclaration block for the main program SOCRATES.

PROGRAM SOCRATES

DIMENSION T(0:1232,0:32),TA(N:100,2),8(132)
DIMENSION EPDC100),V(100) ,CYCLE(SD)

REAL K,LIQT,MUA,MUTT,MUC
INTEGER CT,0UT,V6

COMMON CT,0UT SST,AVUDEPMUCDZoTD 4TI TF4TAAYR

Input block = all entries are in cegeSe units and degrees
Kelvin, except for FFP which is in years.

READ(S,*)KEY

IF (KEY +£@. 1) THEN
READ(S,*)F ,MUA,MU13

ELSE
READ(S,*)F,PA,PL1
READ(S5,*)SR,GP

END IF

READCS,*)RD,RW,F
READ(S ,#)CD4CW 4K, FFP
READ(S ,#)TO,GRD,D1,TS
READ(S ,#)LIOT,SOLT,TOLT

READ(S,*)CYCLE



C Constant valye assignment block.

C
C

¢

10

20

R=2 «S5E+5S

PI=ACOS(~-1.0)
P2I=PI*x2.0/3.0
PLI=PI*x4&.0/% .0

GR=-981.0

GC=R.IT1432F+7

EDGC=E/GC

DEf RHO=gW-RD

CHI==LOG(F)

Z=EXP(CHII® (2/CHI**2<2/CHI**3-1/CHIY+2/CHI**3
VCF=2,0*DELRHOXGR*Z /R

AYR=3.15576F4+7

SST=3.2€+8

VOL=P4LI*(R%+3)
GEN=TOLT/(LYQT-SOLT)
DEPD=RD*CD*VOL
RCW=RW* (W
RDL=R+50000.0
CBRDL=RDL*%X

DELT=1.0E+7*K/Rxx2
DELR=500.0/%
A=DELT/DELR%*%2
DELRT=DFLY/DELR
L=0

b0 10, 1=1,132
L=L+500
BCI)=(2/(CL/RY+1)I*DELRT
CONTINUE

L=0

Do 20, I=1,100
L=L+500
VI)=P23* ((RHL) * %3~ (R+L-S500)%23)
EPDCI)=V(I)*RCW

CONTINUE

IF (KEY .EQ. 1) THEN
GLOG=LOG(MUR/MUTZ)
ELSE
PLZ=1/PLY
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ODA=(1/PAYX%PL 2
RTSR=RxSR

ENDIF

Variable assignment block & : free flux determination and
gradient calculation.

po &0’ J=Q,’2
T(Q,J)=? 0
po 20, I=1,122
TCILd)=0.0
10 CONTINUE
40 CONTINUE

DEN=) ,O*SQRT(KXFFPxAYR)
L=p

b0 S0, I=1,100
L=L+500
ARG=L/DFEN
TCI,0)=(R/CR+L)I*ERFC (ARG)
50 CONTINKUE

TI=GRD*DI+TS
TOMI=TD-TI

TA(G.1)=TG

TAC(NG2)=TA(D,1)

134 63, I=1;160
TACL,1)=TCI,0)xTDMI+TY
TACIL2)=TA(I 1)

40 CONTINUE

Variable assionment bloeck B.

TO=T0
TO1=TD
Tp2=LIQT

DZ=n.0
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Su=0,0
AVU=0.0

IF (KEY .FQ@. 1) THEN

120

6=(EDGC/TO+6LOG)/(1300.0-TD)

UI=0.0
bEP=DT
ELSE
G=GP
UT=1.0E~-8
DEP=DI+UI*SST
ENDIF

oUT =g
cT=0
VG=n

he snapshot loop : beginning of SOCRATES” major loop.

D0 250, ITER=1,100000

VE=MOD(CT,5n)+1
CT=CT4+1

ariable reasstonment blocke.

DEP=DEP-UI*SST
TI=DEP*GRD+TS
TOMI=TD-TI
TDIF=LOG(F) /G
TF=TD~TDIF
EADD=0.0
PEADD=0.0

emperature reassignment hlock

calculation of the dimen~—

ionless temperature oradient resulting from the flux of
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heat to the surroundings during a snapshote.

NUM=101
N=172

b0 110, J4=0,31
N=N-1
DO 100, I=1,N
TCI,041) = Ax(T(I+14d)=2*T(T,0)+T7(1-1,¢))
+ “BUIYX(T (Y, S)-T(I+1,02)+T(1,4)
IF C(T(T,3+1) JLT. Cal01) JANDe (J oEGe 31)) THEN
NiUM=1
s0T0 110
ELSEIF (T(1,J+1) LT. 0.001) THEN
6OTO 110
ENDIF
100 CONTINUE
110 CONTINUE

Conversion hlock A : dimensionless temperature is converted
to degrees Kelvin.

TA(O,1)=TD

DO 120, I=1,NUM=1
TACT,1)=TC(I,32)*TDMI+TI
120 CONTINUE

PO 130, I=NUM,100
TACT,1)=TT
130 CONTINUF

Termination check block A.

IF (TA(SO41) .GE. TF) THEN
WRITE(8,*)
WRITE(8,%) “THE PROGRAM HAS TERMINATED DUE TO0~“
WRITE(B,*)” THE DEFORMATION LAYER EXCEEDING”
WRITE(R, %)~ THE 250 METER LIMIT_.”
AVU=UI
ouT=1
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CALL QUTLL
STOP
ENDIF

Petermination of the deforming layer”s widthe.

DO 140, 1=1,NUM-1
IF (TACT,1) JLT. TF) THEN
Xx=CTACI,1)-TE)/(TACI,1)-TA(T=1,1))
D7=1*500.0-X*500.0
GOTO 150
ENDIF
14 CONTINUE

Determination of the contact viscosity apnd the value of
the viscous variation parameter,

150 IF (KEY .EQ. 1) THEN

MUC=MUAEYP(EDGC/TACD 1))
G=C(EDGC/TACD,,1)+GLOGY/(13N0.0~-TA(D41))

ELSE
MUTZ=0DA*CEXPUEDGC/1300.0)) **xPL2*(RTSR*UI /DT %42 %apt 3
MUC=0DAX(EXP(EDGC/TA(O,1)))*apL 22 (RTSRAUI/D7T*22)a2pg 3
G=LOG (MUC/MUTIZ) F(1300.0-TAC(O,1))

ENDTF

Ascent velocity calculatione.

UI=VCFx(DZx*3) /MUC

Termination check block B and possible BUILL catl.

IF (CUI «LTe T40E-10) +A8ND. (CT .6T. 2000)) THEN
WRITE(R,*) “THE PROGRAM HAS TERMINATED
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WRITE(H 427 pUE TO SLOW ASCENT.”
AVU=UTY
our=1
CALL QUILL
STOP
ELSFE
SU=SU+UI
IF (MOD(CT,10) .EQ., 0O) THEN
AVU=SU/10.0
CALL QUILL
SU=Q.Q
AVUZG .0
ENDIF
END IF

Energy block : determines energy gajned by the country
rock since the last snapshot,

PSLOPE=(TAC100,1)-TA(99,1))/500.0
POINT=(TI-TA(100,1))/PSLOPE
PVOL=P23% ((RDL+POINT) **2~-CBRDL)
PYAVE=CBRT(PVOL/P4L3+CRRDL)-RDL
PTAVE=PSLOPE*PXAVE+TAC(IDO, )
PEPD=RCWxPVOL
PEADD=PEPD*(PTAVE~-TI)

ELSE
PEADD=0.0
PSLOPE=0,0

ENDIF

EADD=PEADD
DO 160, I=14,NUM-1

EADD=FADD+EPDCID*(TA(T,1)=TA(I,2))
140 CONTINUE

Temrerature determination and termijnation block C : as a
result of energy loss and heat generation, the temperature
of the diapir is recalculated.

TDT=TD~EADD/DEPD
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IF (TD1 «LTe SOLT) THEN
WRITE(R, %)
WRITE(8,%) “THF PROGRAM HAS TERMINATED DUE TO”
WRITE(2,%)” SOLIDIFICATION OF THE DIAPIR.”
AVU=UT
ouT=1
CALL QUTLL
sTOP
ENDYF

IF (CTDT «LTe LIGT) oANDe (TDT o«LTe TD2)) THEN
TO=TDT+GEN*(TD2-TD1)
Th2=TD1

ELSE
TH=ThY

END IF

Cyclic method block : rezgdjusts the temperature within the
deforming layer as a result of ascent.

170

100

200

ZAP=UI&xSST*O .5
ICLOSE=INT(DZACYCLE(VG) /S500.0)

DO 170, I=ICLOSE+1,NUM=?
TACT,2)=ZAP* (CTACTI+ 1, 1) =TACT,1))/500.0)+TA(I,1)
CONTINUE

IF (NUM .NE. 101) THEN
PO 180, I=NUM=1,100
TACT,2)=T1
CONTINUE
ELSE
DO 190, I=NUK-1,100
TACIL2)=ZAP*PSLOPE+TAC(I=1,2)
IF (TACT,2) LT. TI) TA(I,2)=TI
CONTINUE
END IF

DO 200, I=1,ICLOSE
TACIL2)=TACI,1)
CONTINUE
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Conversion block R : conversion to dimensionless tempera-
ture and preparation of matrix T for the next snapshotes

™M O™,

TQ,=CTACT,2)-TI)/TDOMI
210 CONTINUE

C
DO 220,y I=101,1%2
TCI,0)=0.0
220 CONTINUE
¢

bO 240, 1=1,132
bo 230, J=1,32
T(I,LJ¥=0.0
210 CONTINUE
240 CONTINUE

C
¢
C
C
€ Continuation point for the snapshot f(oop and termination
C point for SOCRATES.
C
C
250 COMTINUE
C
c
EXND
¢
C
o
C
C
C
C
C Declaration block for the subprogram QUILL.
C
C
SUBROUTINE QUILL
€
DIMENSION GTACG=100,2)
C
INTEGER QCT,Q0UT
C
COMMON QCT,Q0UT,GSST,QAVU,QDEP,QGMUC,aDZ,aTD,QTI,
+ QTF,QTA,QAYR
c
€
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Constant assiganment blocke.

[ B B B |

SECS=QCT*QSST
YRS=SECS/QAYR
bEK=273.15

Print block A : utilized on every call of GQUILL.

[a 2w TN N B o B e B ]

WRITE(S,*)
WRITE(B,1100)YRS,QAVUXQAYR/1000,0DEP/1.0FE+S
WRITE(E,1200)apZ/100.0,6MUC
WRITE(8,1300)QTD-DGKyGTF-DGK4QTI~DGK

WRITE(R %)
C
C
C
C
C Print block 8 = utilized on every tenth call of QUILL.
C
C
IF ((MOD(ECT,100) .EFQ. 0) .0R. (QOUT EQRe 1)) THEN
WRITE(8,%*)~ THE TEMP QUT TO S00 METERS”
J==15
C
J=d+20
WRITE(S ,1400)J,0TACT 1) -DGKJ+5,8TACI*+1,1)-DGK,
+ JH+1N,QTACI+2,1)-DGK,J+15,QTACI+3,1)-DEK
1000 CONTINUF
C
WRITE (R %)
ENDIF
C
C
C
C
€ Output format block.
C
C

1100 FQRMA‘!(’YRS:‘,FQ.1” VEL:"E‘QC‘EZ}‘ DEP:’gF9GS)

1200 FORMAT(7X, BL:"3F7.2,"  VISC: 4E104E)

1300 FORMAT(AX,“TDz",FA1,” TF:"gF6et,” TIz 4F6.1)

1400 FORMATC(TI s g Fhal g 153 s 4 Fhutl g 154 2 3 Fbat4I5,4"27,Fbe1)
c
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[ B ]

Fnd of QUILL subprogram and return to main programe.
RETURN

EKD
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APPENDIX B

INPUT DATA FILES

Yen runs of the computer proaram SOCRATES were made on
the UNIVAC 1100782 at SelUeNeYe at Albany. Within SOCRATES
is an input block that enables the user to choose numerous
thermal and rheological constraints to be placed on the
model (see Appendix A)de. This section briefly discusses the
inpute and gives a complete listing of alt the input files
used to generate the modelse.

The orincivat file type used by SOCRATES is the SIDATA
filee The following description applies to this file type.

Constraints on the country rock rheology:
Line 1 - 1 for Newtonian rheotogy;
2 for power-law rheology.
Line 2 (Nwtn) - Activation eneray,
viscosity at infinite temperature,
and viscosity at 1300 K.
Line 2a (P-L) - Activation energy,
pre~exponential,
and power—law exponent.
Line ?b (P-t) - Dimensionless strain rate
and estimated viscous variation factor.

Miscellaneous thermal and physical constraintss
Line T - Piapir”s density,
country rock”s density,
and deformation factore.
Line & - Diapir”s specific heat,
country rock”s specific heat,
thermat diffusivity of the country rock,
and duration of the free flux periode.
Line S - Mjapir”s initial temperature,
crustal ceothermal gradient,
initial depth to the top of the diapir,
and the earth”s surface temperature.
Line 6 - Magma“s liquidus temperature,
magma“s solidus temperature,
and equivalent temperature generated in the diapire.

The only dimensioned parameter used in SIDATA files
that is not in ce0eSe unjtsy or degrees Kelyiny is the dura-
tion of the free flux period (Line 4) in vearse.
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The other file type used by SOCRATES is the FCON file.
This file is comprised of a tist of 50 pandom numbers be-
tween 0,05 and 0.95 (increments of O«1) that are used to
determine the effects of forced convection on the tempera-
ture within the deforming tayer. The random arrangement
and frequency of the numbers in these files is the basis for
the cyclic method described in Chapter II. Variation in
the viscous variation factor results in a sltight change in
the velocity gradient across the deforming laver. The two
filesy FCONE and FCONTOs correspond te viscous variation
factors of 2.71828 and 10.0.

The foltlowing is a complete listing of the input
data used during the ten model runs,

SIDATAY

1
2.93E412 1.0E-3 5.,927E+8

25 2485 2.7182

1.210E47 1.136E+47 0.007 10.0
112315 2.5E-4 3.0F¢6 282,15
1073.15 923.15 206.0

SIDATAZ

?

7e93E+12 1.0F-3 5.927E+8

2«5 2485 2,7187%

T<246E+7 1.1%6E+7 0,007 10.0
127315 2.5E-4 3.0E+6 283.15
107215 923.15 296.0

SIDATAZ

1
7«02E+12 1.0F-7 5.927E+8

25 2.85 10.0

Te244E+7 1.136E+7 0.007 10.0
127315 2.5E-4 3.0F¢6 28%.15
1072.15 923.15 206.0



SIDATAL

1

2.93E+412 1.0F=-3 5.,927E+8

Ze5 2485 2.71832

121047 1.136€847 0.007 10.0
112215 T.0E-4 2.5E+6 28%.15
1073.15 923.15 206.0

SIDATAS

T

?093E+12 1.85“3 5.927E+8

2e5 2.85 2,7183

Te21CE+7 1.126E+7 0.007 100
112215 0.0 ZT.0FE+6 B873.15
1073.15 922.15 206.)

SIDATAS

7

2:26E+12 1051E-1é 2.1

Ce81 4.052E+16 0.01

2«5 Ta3X3 2.7183

Te244E47 1.172E+7 0.008 10.0
127315 0.0 2.0E+6 873.15
107315 923.15 206.0

SIDATA?

1
2935412 1.0F-3 5.927E+8

2.5 2.85 2,7187

121047 1.126F+7 0,007 10.0
112315 2.5E-4 3.0E+6 287.15
1072.15 923.15 206.0
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SIDATAR

1
Z2eF3F412 1e0F=2 5.G27E+8

Ze5 2.85 2.7183

1.210E+7 1.126€+47 0007 10.0
1073.15 923.15 206.0

SIDATAG

(K]

2e26E+12 T1.51E-16 2.1

.21 0.01

Ze5 3423 2.71E3

Te342E+47 1.172E+47 0.00% 10.0
147315 2.5€-4 4.0F46 283.15
107315 923.15 206.0

SIDATA10

1

?.93E+412 1.0F-3 S.927E+8

25 2485 2,7183

1246E47 1.126F+7 0.007 10.0
107315 923.15 206.0

FCONE

Neb5 035 0e65 075 025
NeZ5 0e25 045 015 065
Ne?75 0405 0.85 0.25 0.05
Ned5 0405 Ne15 0405 025
Ne25 0445 0415 015 075
Ne05 045 025 0.55 Ne35
015 0435 015 0.05 0a55
015 0425 0425 0.15 0.05
Nel5 0405 0475 055 Te55
Ned5 0u55% 0425 0.95 0.65
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FCON10D

Neb5S
Ce35
D75
035
0.35
0.05
N«05
.15
D45
Ne35

Qe25
0.25
D05
0«05
)
0«35
0-35
D5
005
Q45

0e65
Neb5
0«85
0.15
0.15
De 15
015
De25
0.25
Ne35

0.65
015
0.25
0.05
0.15
0.55
g.05
0.15
045
D95

0.15
0.55
0.05
.25
0«75
0.25
Da45
N.05
0.55
055
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APPENDIX C

OUTPUT DATA FILE - SODATA1

1N1.4
1] 2
Th: R3R .1

YRS:

YRS = 2@2.8
bL:

T 82903

ing,. 2
Dt :
221.3

YRS :

TD s

YRS: 4%5&6
bL:

Yh: R14 .4

507.0
DL
Do RQ$04

¥YRS:

YRS 2 6084
oL

Th: 802.9

¥YRS: 706.8
bt =

TD: 769.0

811.2
bt
Tb: 797.0

¥RS:

91246
DL 2
Th= 794 .9

YRS ¢

12.

12.

3.

13.

14.

13.

14.

14,

14,

VEL:
2
TF:

VEL ¢
34
TF <

VEL
gg

TF:

VEL:
11
TF:

VEL =
X7
TF:

VEL:
83
TF:

VFL®
18
TF:

VEL
42
TF:

VEL:
22
YF =

«65SESE+DY DEP: 29.37784
VISC: 5922E+11
7971 TI: 74444

«398SE+01 DEP: 2R.096465
VISC: .7705€E+11
78871 TIz 734 .1

3222401 DEP: 2R,63631
VISC: «9630E+11
780.9 TI: 725.9

«277T9E+01 DEP: 2B.34860
VISC: 1181E+12
77447 TI: 718 .7

«2635E+0 DEP: 28.08406
VISC: «1415E+12
768.5 Ti: 712.1

«2T84E+DT DEP:
VISC: 1469E+12
763,27 TI:z 705.9

27.83510

«2238%€+01 DEP: 27.60718
VISC: 1883E+12
759.4 TI:z 700.2

«20BLE+DT DEP: 27.39540
VISC: .2002E+12
7575 TI: 694.9

«1035€401
Visce

75545

DEP: 27.1970°9
«2136E+12

Tl: 689.9
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¥YRS: 1014.0 VEL: 1%8B9E+01 DEP: 27.00483
DL: 14.86 VISC: 2281E+12
TD: 792 .7 TF: 75%.5 Ti: ABS5.2
THE TEMP OUT TO SO0 METERS
5: 779.0 10: 745.7 15: 753.1 20z 7&1.6
25: 731.3 30z 7224 352 714 .8 40z 708.5
45: 703.4 50z 699 .3 55: 696.1 69z 693.6
65: 491.6 70: 6%20.1 75: 688.9 80z &R8 .0
BS5: 687.3 90: 686 .8 95z 6B6.4 100z 6R6.0
105z 685.8 110: 685.6 115z 68BS5.4 12Dz 6%5.3
125: 685.2 130: 685.2 135: 685.2 140: 675,22
145: 685.2 150: 685.2 155z 68BS5.2 160Nz 6%5.2
165: 685.2 170: 685.2 175: 685.2 18Dz 685,.2
185: 685.2 190: 685.2 195: 685.2 20D: 6%5.2
205z 6%542 210: 6852 21%: 68%5.2 220: 6%25.2
225z 6B5.2 230: 685.2 235: 685.2 24n: 6RS5,.2
245: 685.2 250z 685 .2 2551 6RS5.2 26Dz 6%5.2
265: 6RS5.,2 270: 685.2 275: 68B5.2 28Bn: 6RS,.?2
28S: 685.2 ?290: 68B5.2 29%: 685.2 300: 6%5.2
I05: 6R5.2 310z 685.2 315: 6852 320z 6852
X251 68542 330: 685 .2 ISz 685.2 3I40: 6RS5.2
345: 685.2 350: 685.2 355: 6B5.2 T60: 6R8S.?
365: 485.2 370z 685.2 I175%: 685.2 3I8D: 6%5.2
285: 68542 T90: 685.2 195: 6RS.2 400: 485,2
405: 6P5.2 410z 6852 415z 685.2 420: 68%5,2
625: 685.2 430: 685.2 435: 685.2 44D: 6B5.2
4452 685.2 4L50: 68542 455: 6RS.2 460z 685,2
465: 685.2 4T7D: 68542 A475: 685.2 4B80: 675,2
485 : 685.2 4L90: 68B5.2 495z 685.2 5S00: 6RS5.7
YRS: 1115.4 VEL: 1771E401 DEP: 26.%2365
Tb: 790.7 TF: 751.% TIz 48D.6
YRS: 1216.8 VEL: «1695E+01 DEP: 26,.65152
bL: 14 .47 VISC: «2579E+1?2
Tp: 788 .87 TF: 749.7 TI: 676.3%
YRSz 1318.2 VEL: 1620E+01 DEP: 26.48723
DL 14,71 VISC: ,2748E4+12
Th: 786.% TF: 767.7 TI:z 672.2
YRS: 1419.6 VFL: «1531F+01 BEP: 26.33074
DL: 14.64 VISC: «292R%E+12
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TD: 784.8  TF:z 7458  Ty: 468.

¥YRS: 15?21.0 VEL: «1509E+01 DEP:
: DL: 15.24 VISC: ,3108€e+12

Tz 7RZ2.9 TF: 743

«? TIz 664,

YRS 16724 VEL: «1434E+01 DEP:
DLz 14 .80 VISC: «3290FE+12
TD: 781 .1 TF: 742.2 TI: 660.

YRS: 1722%.% VEL: «1384F401

BL: 14.95 VISC: «349DE+12
To: 77942 TF: 7404 Ti: 657.

YRS: 1825.2 VEL: .12

27E+01 DEP:

DL: 15.2% VISC: 3703E+12
Th: 777 .4 TF: 738,46 TIz 652,

YRS: 19266 VEL: n1???€+01 DEP:
DLz 15.21 VISC: «3915E+12
Th = ??Ssé TF: 737.0 Tiz 650

YRS: 2028.0 VEL: -12655*01

btz 15.7°9 VISC: «4154E+12
Th: 773 .8 TF: 73%.2 Tl 647«

THF TEMP OUT

S: 761.1 10: 748.7
25: 715.7 30: 70644
L5z 684 .8 50: 67944
65: 667.3 70: 664 .4
85: 657.9 90: 6563
105: 652.8 110: 651.9
1252 6500 130: 649.6
165z 64B.6 150: 648.3
145: 647 .8 170z 647 .6
185: 647 .4 190: 647 .4
205: 64744 210z 647 .4
225z 6474 230: 647 4
7452 6474 250: 647 o4
265z 64T 4 270: 647 .4
28%: 6474 290: 647 <4
T0T: 6474 T10: 44T W4
325z 64T 4 B30z 647 4

T0 S00 METERS
152 736.9
35: 6%98.2
552 674.7
75: 661.9
95z 655.0

115z 651.2
1352 6492
155: 648.1
175z 647.4
195z 647.4
215z 647.4
235: 647 .4
255z 647 .4
275z 647.4
295: 6474
X15: 6474
335: 64744

3

2617869

5

26.03091

R

2

PEP. 25,8901R

2575666

9

25.62430

6

4

20z

40:

40z

8N:
100+
120:
140:
160¢
180:
200:
220z
240:
260z
280:
2pn:
320:
340

DEP: 25.49470

725.8
691.0
670.7
659.7
653.8
650.6
648.8
647 .9
647 .4
647 .4
647 .4
647 .4
647 .4
647 .4
647 .4
647
647 .4
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45
ThS:

6474
647 4
X8S: 647.4
405: 647.4
425: 64744
445: 647.4
465: 647 .4
4BS5: 647 .4

YRS: 2129.4
bL:

To: 7722

220.8
Dy:
b2 ?7@-5

YRS :

23%2.2
bL =
Th: 768 .8

YRS :

YRS: 2433.¢6
Dt:

TDs 767 2

2535.0
33 B
Tz 76545

YRS:

YRS: 26%¢6.4
bt :

Th: 764 .0

YRS: ?27%X7.9
bL:

Tz 762 .4

28729 .3
br:
To: 760.F7

YRS :

x50
T70:
I90:
410:
430
450¢:
470
490

1540

15457

15 .87

15.87

16.75

16.10

16.246

16.5%

T6D:
380
400:
420:
LGN
Lén:
480:
S00:

647 .4
647 .4
647 .4
647.4
6474
647 .4
647.4
647 .4

15¢%:
x7S5:
95z
1S
435
455
475¢
495

647 <4
647 o4
647 o4
647 4
647 o4
647 o4
647 o4
647 4

VEL: «1233E+01 DEP:
VISC: «4378BE+12
733%.4 TI: 644.3

TF:

«1181E+01
VISC: «4613E+12
732.0 TI® 641.3

VEL ¢

TF:

VEL: +T1147%E401 DEP:
VISC- «4881E+12

TF: 730.4 TI: 638 .4

VEL: 1101E+01
VISC: «5143E+12

TF: 728.8 TEz 635.5

«1099E+D1
VISC: «54371E+12
7272 TI: £22.8

VEL s
TF =
«T106%E+01 DEP:

VISC: «5712E+12
7257 Ti: 630.0

VEL:

TF:

VEL: .1029E+01
VISC: «6010E+12

TF: 724.2 TIz 4274

«1000E+D1
VISC: «6337E+12
722.7 TI: 62449

VEL=:

TF:

DEP: 250

647.4
647 .4
647 .4
647 .4
6474
647 .4
647 .4
647 .4

25.3700%

DEP: 25.25012

25.13420

2200

DEP: 24.91178

24.8%015¢9

DEP: 24.569705

DEP: 24.59564
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YRS :

2940.7 VEL: «9676E+D0 DEP: 24L.49707
PL: 16.5% VISC: «6667E+12
D= ?5901 TF = 721.2 TI: 622.‘0
¥YRS: 2042.1 VEL: «%664F+00 DEP - 24.40002
pr: 17.3¢ VISC: «700%9E+12
Tp: 757.% TF: 719.7 TI: A20.0
THE TE#P QUT TO S0O METERS
5: 746.5 10: 735.4 15: 7246 20z 714.4
25: 704.7 20. 695 .8 35z 687 .6 40: 4801
45: 672.4 50: 667 o& 55z 6621 60z 657.3
65: 653.1 70: 649 .4 752 646.1 BOs 643.1
85: 640.5 90: 638.1 95: 636.0 100z 634.2
10S: 6%2.5 110: 6%1.0 115z 629.7 120z 62B.5
1252 6275 130z 626.6 135z 625.7 140D: 625.0
165: 6243 150: 62% .8 1552 623.2 16Dz 622.8
1652 6224 170z 622.0 175z 621.7 180: 621.4
1852 621«1 190: 620.9 195z 6207 200: 620.5
205: 620.4 210: 6202 215z 620.0 220: 620.0
225: 620.0 230: 620.0 23S: 6200 240: 620.0
2465: 62040 250: 620.0 255z 620.0 260z 620.0
26S: 6200 270: 620.0 275z 620.0 280: 620.0
2R5: 620.0 290: 620.0 ?295: 620.0 300: 620.0
T0S: 620.0 310: 620.0 15z 620.0 320: 620.0
T25: 620.0 330: 620.0 335: 620.0 340: 620.0
2452 620.0 3I50: 620.0 I55: 620.0 360: 620.0
245: 670.0 37D0: 620.0 T?75: 62p.0 380: 620.0
I8%: 620.0 390: 620.0 T95: 62p.0 400z 6720.0
40%: 62040 410: 6200 415: 620.0 420: 620.0
425: 620.0 430z 620.0 4352 6200 440z 620.0
445: 620.0 450: 620.0 4552 6200 460: 620.0
46%: 620.0 4&70: 620.0 475z 62p.0 4B80: 620.0
485: 620.0 490: 620.0 495z 620.0 500z 620.0
YRS: *143%.5 VEL: «9437E+00 DEP: 2430292
b2 - 16 .85 VISC: «7353E+12
TD: 7543 TE: 718.4 TI: A17 .4
YRS: 3244.9 VEL: 9119400 DEP: 24,21025
pt: 16.9°%° VISC: «7H92E+12
Th: 755 .0 TF: 7171 TIz 4153
PL: 17.27 VISC: .BNBYE+12
TD: 753 .5 TF: 715,.6 Tz 41%.0



YRS: 2447.7 VEL: <BE63I1E+0D DEP:
Th = 752«” TF: 714.7 TI: 417
YRS: 3549.1 VEL: .8619E+00
bt: 18.07 VISC: «B90%E+12
YRS: 2650.5 VEL: .8450E400 DEP:
DL: 17.61 VISC: 9227%7E+12
Th: 74%9.2 TF: 711.5 T1: 606,
bL: 17.77% VISC: +3736E+12
Tz 748 .0 TF: 7210.7 Tz 604.
YRS: 3853.3 VEL: 7991E+0D
pL: 18,01 VISC: «1D22E+173
Th: 7465 TF: 708.% Ti: 402.
YRS: 39%4.7 VEL: .7784E+00
bt: 18,07 VISC: «1068E+17
YRSz 40%6.1 VEL: 7852g+00 PEP:
bL: 18.77 VISC: «1117E+13
Ths ?4}309 TF: 706.4 TI: 598.
THE TEMP OUT 10 S00 METERS
52 733.6 10: 723 .4 15: 713.6
25: 695.0 I0: 686.6 35z 678.7
45: 664.7 50z 658 .6 55: 653.p
65: 641 .4 702 639.2 752 635.4
85: 628 .8 90: 626.0 95: 623.4
105: 618.8 110: 616.9 115: 615.1
1252 612.0 130: 610.6 135z 609.4
165: 607.3 150: 606.3 155z 605.5
165: 604.0 170: 603.4 175z 602.8
185: 601.8 190: 601.4 195: 601.0
205: 600.3 210: 600.0 215: 599.8
225: 599.3 230: 599.1 23%: 599.p
245: 598.7 250: 598.4 255: S98.4
265: 598.4 270: 59844 275: 598.4

24.03224

8

6

DEP: 23.94557

23.858%79

5

4

4

4

DEP: 23.77524

DEP: 23,69421

DEP: 23.61500

23.53595

A

20

4D¢:

60:

Bn:
100:
120:=
140
160:
180:
200:
220:
240z
260z
280:

724 .1
671.4
648.0
6%2.0
621.0
6135
608.3
6047
602.3
600.7
599.5
598.8
508.4
598.4
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285z 59844 290: 598 .4 295: 598.4 300: 598.4
I0S: 598.4 T10: 598.4 315z S59B.4 320: S598.4
225: 598.4 TIN: SOCR8 .4 T3Sz S59R. 4 34N: 59B.4
T45: 59844 50z 598.46 355: S59B.4 360D: 598.4
?45: SOB.4  T7?N: 598.4 37S5: 598.4 38N: S98.4
385: 598.4 290: 598.4 I95: 598.4 40D: S98.4
405z S98.4 410: 598.4 415: 598.4 420: S9B.4
4252 S59R.4 430: S98.4 A435: 59B.4  44D: 598.4
4452 SO8.4 450: 508 .4 455z 59R.4 46Dz 598.4
465z S598.4 &L7D: 508 .4 475: 598.4 480: 598.4
485: 598.4 490: 598.4 495z S598.4 S0N: 598.4
¥YRS: 4157.5 VEL: «762%9+00 DEP: 2345773
bL: 18.37 VISC: «1168E+13
TD: 7426 TF: 705.1 Ti: 596.4
YRS: 4258.9 VEL: «7445€400 DEP: 2%.38207
DL: 18.49 VISC: «121RE+17
To: 741.4 TF: 707%.9 Ti: 594 .6
YRS: &4340.3 VEL: 7274E+00 DEP: 23.,70RS52
DL: 1B.95 VISC: «1272E+13
Th: 740 .1 TF: 702.7 TIz 592.7
YRS: 44A1.7 VEL: 7104E+00 DEP: 2%.23604
bL: 18383 VISC: 132%9E+13
Th: 732,82 TF: 701.5 TI: S590.9
YRS: 4543.1 VEL: 7132400 DEP: 2%.1641°%
bt : 19.51 VISC: +138BE+12
To: 737 .6 TYF: 700.7 TIz S58%.1
YRS: 4644,.5 VEL: J6956E+400 DEP: 23.09296
pL: 16,15 VISC: «T446E+13
Ths: 736 .4 TF: 69%.1 TI: S587.3
YRS: 4745.9 VEL: L67GRE+0D DEP: 23.023%87
bL: 19.24 VISC: «1503€+13
Th 735.7 TF = 698.? TIz S85 .4
YRS: 4BAT.3 VEL: «6651E+400 DEP: 22.95660
pL: 19.71 VISC: «1570E+13



Ths 734,70 TF: 494.9 Tr: S58%.9
YRS: A4%F8,.7 VEL: «6510E+00 REP: 22.89021
: pL: 19.461 VISC: 1636E+172
Th: 732.% TF: £95.7 TI: 5872 .%
bt: 20426 VISC: «1701E+12
Th: 721.7 TF: 694.6 Tz S580.6
THE TE™P OUT TO 500 METERS
5: 722.32 10: 713 .0 15: 703.9 20: 695 .1
25: 6846.7 30: 678.7 35z 671.2 40: 6642
45: 657.7 50: 651.7 55: 646.1 60: 661.0
652 636.2 70: 631.9 75z 627.8 80: 624.1
85: 620.6 90: 61744 95: 6714.5 100: 611.8
105: 609.2 110: 606.9 115: 6pn4.8 12Dz 602.8
1252 600.9 130: 599.2 135z 597.7 140: 59642
1452 594.9 150: 593 .7 155z 592.5 160: 591.5
1652 590.5 170: 58946 175: S588.8 180: S88.0
185: 58%7.3 190: 586.7 195z 586.1 200: 585.5
205: 585.0 210: 584.5 215: S58%4.1 220: 5%3.7
225: 583,23 230: 583.0 235z 582.7 240: 5%2.4
245: 5R2.1 250: 581.9 255: 581.6 260: S5%1.4
265: 58142 270: 581.1 275: S8p.9 280: 5%0.6
?85: 5R0.6 290: 580.6 ?295: 58%g.6 300: 5%0.6
T05: 58046 310: 580.6 215: S580.6 32D: SR%0.6
225: 5%0.6 330: S580.6 %35z 580.6 34D: 5%0.6
T45: 5806 T50: S5BO.6 55z 58n.S6 360: SR0.6
65: 520.6 370: 580.6 375: 58p.6 3I80: S5RD.6
38%5: 52046 290: 580.6 395z S5S8p.6 400: 58%0.6
405: 57046 410z 58046 415z 58p0.6 420: S5%0.6
625: 58046 430: 580.6 435z S80.6 440: 580.6
4452 520.6 450: 580.6 455: 58p.6 46D: S580.6
L65: S5R0«6 470: 58046 475: 580.6 480: 580.6
485: S80.6 490: S58%0.6 495: 58p.6 500: S5R0.6
YRSz S5171.5 VEL: 6423400 DEP: 22.75RB673
DL 19.93 VISC: «1771E+13
TD: 73”:5 TF ¢ &95.:/ TI: 5?900
YRS: S272.9 VEL: «6281E+00 DEP: 22,69481
bt: 720.03 VISC: 1839F+17%
Ths 729.5 TFz A92.% Tz 5774
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YRS: S374,.3 VEL ¢
13 B 2049

Th: 728.3 TF =

YRSE: S5475.7 VEL s
bt s 20«47

To: 727.2 TF=

55771 VEL:
pr: 21.07
Th: 726 .1 TF <

YRS:

YRS: 5678.5 VEL:
bL: 20.72

To: 7251 TF:

YRSz 5779.9 VEL:
Dbt s 20.83

The ?2400 TF=:

YRS: SE®1.2 VEL:
DL: 21.26

Ths 72%.0 TF:

YRS: 59Ff2.7 VEL:
pL: 21.19

TD: 721.9 TF:

YRS: 40%4.1 VEL:
btz 22.01

Th: 720.9 TF:

65 164E400 DEP: 22.63247
VISC: J1916E+132
£91.4 TI: S75.8

«6021E400 pEP: 22.57111%
VISC: +1990E+13
£90.7 TI: S74.3

«b025E+00 DEP - 22.51033
VISC: «2072E+13
68G.7 TI: 572 .8

«5947E+DD DEP: 22.44954
VISC: «27T49E+12
6BR,2 TIz 571.2

«SR13E400 DEP: 22.%9046
VISC: .2229E+13
68742 TI: 569.8

«3709E+400 DEP: 22,%3271
VISC: «2214E4+17
68642 TI: 568.3

«SS87E40N DEP: 22427579
VISC: .2403E+172
685.2 TIz 566.9

«5605+400 DEP: 22.21940
VISC: «2491E+172
684.2 TIz 565.5

THE TEMP OUT TO 500 METERS
S5: 712.3 10: 703.8 15: 695.5 20: 6B7.4
25z 679.5 In: 6720 352 644.9 40: 658.2
4%: 651.8 502 645.9 552 640.4 60z 635.2
65: 6%0.4 70z 626.0 75z 621.8 80z 617.9

85z 614.3 90: 610.9 95z 607.7

100: 604.7

105: 4602.0 110: 599.4 115: 597.0 120: 594.7
125: 592.6 130: 590.7 135z 588.8 140: 587.1
145: 58%5.5 150: 58440 155: 582.6 160: 5%81.3
165: 58041 170: 579.0 175: 577.9 180: 577.0
185: 576.0 190: 57542 195: 574.4 200: 573.6
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20%5: 572.9 210: 5723 215z S571.7 220: 571.1
2252 57046 230: 5701 235: 569.7 240: 569.3
2652 568.9 250: 548.5 255: 568.2 260: S67.8
265: 56745 270: 5673 275: S67.0 280: 566.8
285: 56645 790: S566.3 ?295: S566.1 3I0D: S466.0
305z 565.8 10z 54545 F15: 545.5 320z 565.5
T25: 5A45.5 330: 5655 T35: 565.5 240: 565.5
452 56545 I50: 5A5.5 T55: S565.5 360: S545.5
2652 5655 70z 565.5 3752 545.5 380: 585.5
785z 5655 I90: 565.5 395z S565.5 400: 565.5
40%: SA5.5 410: 5655 4157 565.5 420: 5565.5
6252 54545 430: 545.5 4352 565.5 440z 565.5
465 : 54545 4501 585.5 4552 5655 460z 5655
465: 56545 4703 565.5 475z 565.5 480z 54A5.5
485 : 565.5 490z 5655 495z 565.5 500: 565.5
YRS: £A185.5 VFL: 552%p+00 DEP: 22.16275
pL: 21.52 VISC: «2583E+13
Thb: 719.9 TF: 483,73 TI: 564.1
YRS: 62%6.9 VEL: 5404£400 DEP: 22.10784
DLz 21.62 VISC: «2674FE+13
Th: 718.9 TF: 682.3 Tl 562.7
YRS: £3%8.3 VEL: .57211E+400 DEP: 22.0541D
bt 22.04 VISC: +2774E+17
Th: 717 .9 TF: ABT.72 Tz 561.4
YRS: A4RQ,.7 VEL:T «5204E+00 DEP: 22.0010%8
pt: 21.992 VISC: «2R77E+113
TDz 716.92 TF: 680.4 TIs 560.0
YRS: £591.1 VEL: «5232+00 DEP: 2194841
DLz 22.77 VISC: «2977E+13
Th: 715.9 TF: A7%9:4 TI: 558.7
YRS: 66%92.5 VEL: 5164E+(0 DEP: 291.89552
PL: 22.31 VISC: «3082E+172
To: 715.0 TF: 678,5 TI: S57 .4
YRS: 4A723.9 VEL:® «S50SSE+(QN DEP: 2184417
DL: 22.41 VISC: «318B7E+12
Tz 714 0 TF: A77 6 TI:z 556.1
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YRS -

YRSz

YRS:

XN

i
WA LA A A

19 50 53 N0 B8 e

P )
N
w
"

165¢:
185:
?05:
22%5:
245z
265:
28S:
0% :
12S5:
245
745
ZRE =
4052
425 :
445:
445 ¢
485 :

YRS :

YRS :

L2 4981
vVisce:
Fs 67607

L: «4R64
VISC:
Fz 675.%

L: l‘t gg?
VISC:
F: 674.9

E+00 DEP: 2179376
«3704E413
TI: SS54.%

E+00 pEP - 21,.74421
« 3417412
TI: 553.64

E+00 DEP: 21.69487
«3537E+17
TI: 5524

THFE TEMP OUT Ton 500 METERS

£895.3 VE
L 22 8%
To: 713.0 T
£9C6.7 VE
bL = 22.7%
Th: 7121 T
70%8.1 VE
QL: ZB-SE
To: 7112 T
70 .2 10
672.7 30:
6&6.4 SQ:
625.5 70:
60%a1 90:
526.3 110:
586.2 130:
57R.2 150«
572.0 170:
567.2 190:
543.4 210:
5604 230:
558.1 250:
556.3 270:
554.9 290:
553.,8 T10:
553.0 7T30:
5%2.4 350:
55%2.4 370:
5524 390:
552.4 410:
552«4 430:
5524 4503
5S2.4 470:
5524 4930:
7199.5 VE
bt 23.15
7300.9 ve
pL: 23.27

695 .3
645 .6
640 .7
621.0
605 <&
593.5 1
584 .0 1
576 .6 1
S70.7 1
S46.1 1
562.6 ?
55928 2
557.6 2
555.9 2
S5446 ?
553.6 3
552.8 2
55246 1%
5524
582.4 %
5524 &
552.4 &
552«4 &
5524 &
552.4 4
L: 4874
VISC:
Ls 4745
vVISC:

15: 687.6 20: 6%0.0
35z 658.9 40z 65245
55: 635.3 60: 6%0.3
75z 616.8 80: 612.9
95: 602.3 100: 599.2
15 59p.% 120: 588.5
35: 582.0 140: 58Q0.1
59z 575.0 160: 573.5
752 569.5 18n: 548.3
952 565.2 200: S564.2
15z 561.8 220: 561.1
55z 557.2 260: 556.7
75: 555.6 28D: 555.2
9%: 5544 300: 554.1
15z 553.4 I20: 553.2
352 55247 340: 552.4
55z S552«4 360: 552.4
752 55244 380: 552.4
95z 552.4 400: 552.4
152 552.4 420: 552.4
IS: S52.4 440: 552.4
55z 5524 4602 5524
752 5524 480D: 552.4
95: 552.4 S0D0: 552.4

E+00 DEP: 21.64502
«3650E+13
TI: 551.1

E+00 DEP: 21.,59679
«3770E+17
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TD = 709.4

YRS: 74p2.3%
bL =

Thb: 708.5

YRS: 7503.7
bL:

To: 707 .6

76N5.1
11 I
To: 704 .7

YRS:

YRS: 7706,5
bL:

T0: 705 .%

YRS: 7807.9%
DL

Tp: 705.7

YRS: 7909.3
bL:

Th: 704 .1

YRS: £010.7
bt =

The: 702.2

YRS: #172.2
bL:

Th: 7024

23.

23.

24 .

23.

23 .

24 .

TF:

VEL =
&0
TF:

VEL:
57
TF«:

VEL:
29
TF:

VEL:
95
TF:

VEL ¢
Ge
TF =

VEL?
3z
TF:

VEL:

24 34

TF:

VEL:

?5.05

TF:

6777 Ti: 549.9

«4663E+Q0
VISC: 3%99E+13
6722 TIz 548.7

«4564E+00
VISC: 4035E+13
714 TI: 547 .6

4590400
VISC: 4169E+413
6705 TI: S546.4

«457SE+00
VISC: +4301€E+13

(6947 TI: 545.3

L4 473E400
VISC: o443SE+17
6.9  TI: 5441

«4TETEH]N DEP:
VISC: «4S80FE+12
£6RT TI: 543 .0

«4295E400
VISC: «4729E+13
66742 TI: 541.9

LTISE4DD
VISC: L4R79E+13
AGbo b TIz 540.8

THE TEMP OUT TO0 500 METERS

695.0
6665
641.6
621.3
604 .9
591.8
521.1

(1]

e 20 38 W

N OO
IRV, IRV, IV, IV, IRV, RV, ]

b . ]

L 2]

10:
I0:
50¢
70:
g0
110:
130

6%7 6
659 .8
6361
616 .8
601.4
588.9
578

15¢2
35z
5S¢
75¢
95
115:
«83 135:

680.4
653.5
630.9
612.6
598.0
586.2
576.6

20z
40z
60
80¢
100:
120:
140

DEP: 21.54959

DEP: 21.50314

DEP: 21.45487

DEP: 21.41D014

DEP: 21.36467

21.%2032

DEP: 21.27661

DEP: 21.233209

6733
667 .4
62549
608.7
594 .8
583.6
574.6
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145

145: 572.6 150z S70.7 155: 549.0 160: 587.3
165: 5657 170: 564.2 175: 562.8 180: 561.4
185: 56042 190: 559.0 195: 557.8 200: 556.7
2052 555.7 210: 55448 215: 553.9 220: 553.0
22%: 55242 230z 551.4 235: 550.7 240Nz 550.0
2652 549.3 250: 54B.7 2552 S4B.1 260: 547.6
265: 547 .1 270: 546.6 275: 546.1 280: 545.7
2852 545.3 2902 544 .9 295: 5644.5 300: S5644.1
305: 543.8 310: 543.5 315: 543.2 320: 562.9
325: 542.7 3301 546244 33%: 542.2 340: 542.0
245z 541.8 750z 54%1.6 355: S541.4 360: S&1.3
T65: 54141 370: 540.8 375: S4pg.8 3I8B0: 540.8
TBS: 54048 390: 540.8 295: 540.8 40Nz 540.8
405: 540.8 410: 540.8 415: 540.8 420n: 540.8
425: 540.8 430z 540.8 435: 54p.8 440: 540.8
645: 540.8 450: 540.8 455: 54p.8 460D: 540.8
4652 540.8 470: 540.8 475z 540.8 480: 56408
48%: 540.8 490: 5640.8 495: 54g.8 500: 540.8

YRS: R213.6 VEL: «4305e+400 DEP:z 27.18214
btz 24,75 VISC: .5033£+1%2
TD = ?01¢6 TF+: 665.6 TI: 53967

YRS: 8315.0 VEL: «4215E+0DD DEP: 21.14530
PL: 24.79 VISC: «5182E+13
Th o ?OO.g TF: 66442 TI: IR .7

YRS: R47%4.4 VEL: 4131E+400 DEP: 21.10448
pt: 25.1% VISC: 5348E+13
Th = 699‘9 TF: 664.8 Tls 53?06

YRS: R517.8& VrEL: 4055400 pEP: 21.06223
BL: 25.1¢ VISC: «5519€E+13
Th: 499 .1 TF: 663.2 TIz 536.6

YRS: PR619,2 VEL: 4074E+00 DEP: 21.02213
Dr: ?5.84 VISC: «56B4E+13
Tos 698 .7 TFz A62.5 TI: 53%.6

YRS: R770.6 VEL: 4067E+400 DEP: 20.98062
DLz 25.54 VISC: «585£4E+13
TD: £97.5 TF: 661.7 TI:z 534.5



YRS : PR?22.0 VFL: «3QR&
DL: 25.60 V1sSCs
TDs 494 .7 TF: 66Q.9

¥YRS: RG24 VEL: .3909
o bL: 25.97 VISC:
Th: 695 .9 TF: 660.7

YRS: ©9074.8 VEL: 3841
bL: 25.97 VISCs
Th: £95.1 TF: 659.4

YRS: ©176.2 VEL: 3855
PL: 72862 VISC:
TD = 69&03 TF: AS5%.54

THE TEMP OUT TO
687 4 10: 680 .5
660.7 30: 654 .4
637.C 50: 671.8
6174 70z 613 .1
501.3 90: 597.7
10%: 588.0 110: 58%5.0 1
125: 577.0 130: 574.6 1
1452 568.0 150: 566.0 1
165: 540.6 170 559.0 1
18%: 5%4.5 190: 553.2 1
2052 549.6 210: 548.5 2
225: 545.5 230: S544.6 2
7452 5421 250: 5414 2
265: 539.4 270: 538.8 2
28%: 53%7.2 290: S526.7 ?
305%: 5%5.46 210: 535.0 3
325: 534.0 330: 533.6 2
TLT: 532.8 3I50: 532.5 3
Z65: 5T1.8 370: 531.6 3
T85: 531.0 390z 530.9 3
405: 5%0.6 410: 530.6 4
425: 530.6 £30: 530.6 4
445: 530.6 A450: 530.6 4
£65: 5306 &70: S30.6 4
LRS: 520.6 49N: 530.6 4

O
[V, W, QW IEV ¥,

0 e S 0n 0

YRS : 92?7.6 VFEL = 03855
btz 2637 VIisC:
Th: 69T 4 TF: 657.%

E+0C DEP: 20.94011

«6N30E+13

TI:z 533.5

E+00 DEP: 20.90053

«620%E+13
TI: 53%2.

E+00 DEP:
«6396E+13
Ti: 531.

5

2086146

5

E+00 pEP: 20.82254

«6SGLE+TT
TI: 5310.

500 METERS
15: 673.8
35: 64B.4
55 6267
75 608.¢
952 594.32
15: 582.2
35z 5723
585z 564.1
75z 557.4
95: 551.9
15: 547.4
315z 543.7
5%: S540.7
75z 538.3
95z 5%36.3
15: 534.7
35: 513.3
552 532.3
75z 531.4
95z 53p.6
15z 530.6
35: 530.6
55: 53p.6
75z 53p.6
85: 520.6

g+00 DEP:
«6777E4+13
TI: 529.

6

20z

40¢

60:

80z
100:
120:
140z
160:
1802
200¢:
220:
240¢:
260
280:
Ig0:
320z
240
160
28n:
4p0:
420z
440¢
460z
480:
500¢:

6671
662.6
621.9
605.0
591.0
579.6
5701
562.3
5559
550.7
5664
542.9
540.1
537.7
535.8
534.3
532.0
532.0
521.2
520.6
5306
5206
530.6
530.6
530.6

20.783%28

6



YRS:

YRS:

YRS:

wy

YRSz

YRS

¥RS ¢

YRS

YRS: 1N07R.8 VEL: «3475E+40D DEP: 20.48825

YRS: 10140.2 VEL: .3499E+00 DEP: 2045297

¢32¢9
btz

9470
bt =

Th: A£G72 .1

2511
DL

673
bL:

Q74
br:

GRZG
bL:

9977
bL:

DL

bL:

680.5
6555
623.0

: 61349

0 VEL: 3777E+010 DEP:
26 .41 VISC: .6971E+13

TD: 59269 TFs 457.7 TI= S28.6

b VEL: «3706E+00 DEP: 20.70735

26 .77 VISC: «7175E+13

«B VEL = W3&44E+00 DEP: 20.5702R

26.78 VISC: «7385E+17

Th: A91.7 TF: 655,.8 TI: 526.5

«Z VEL: 34A62E+0D DE®: 20.63336

2756 VISC: «7600E+13

Th: A90.6 TF: 655.0 TI: 525.8

.6 VEL: «3668E400 DEP: 20.59591

27 1R VISC: 7808+13

Th: £89.9 TFEz 654.3 TI: 524 .9

oG VEL: .3595£+00 DEP: 20.55937

27.21 VISC: «8025E+13

Th: 489 .1 TFz 653.6 TIz S24.0

«b VEL: 3533E+00 DEP: 20.522632

27«69 VISC: B8252E+13

TD: ARE 4 TF: 652.9 TIs 523.1

2757 VISC: «8482E+13

Th: 87 .7 TF: 652.2 Ti: 522.2

28435 VISC: 8726E+13

Th: 686.9 TF: 6515 Tz 521.3

THE TEMP OUT T0 500 METERS
10: 674 .1 15: 667.8
I0: 649 .6 35: 643.8
50: 627.9 55: 623.0
70: 609.6 752 605.5

20.74489

TF: AS56.5 TI: 527.7

60: 618.3
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BS: 597.9
105: 584.6
125: 573.5
145: 5641
1652 556.3
18%: 549.8
205: 544.4
225: 539.9
245: 536.1
26S5: 523.0

285: 530.4
T05: 528.3
225: 526.5
345: 525.0
452 523.8
T85: 522.8
40%5: 522.0

425: 521.3
445: 521.3
465: 521.3
485: 521.3

YRS: 10241.6
DL :
Tz A8¢.

YRS: 10343.0
12
Tp: 48S5.

YRS : 10444 4
bL:

YRS: 10545.1%
1 3

YRS: 10647.2
oL

bL=:

30: 594 .4 95: 591.0 100:
110: 581.6 115: 578.8 120:
130: 571.0 135: 568.6 140:
150: 562.1 155: 560.1 160:
170: 554.6 1752 552.9 180:
190: 548 ,4 195: 547.0 200:
210: 543 .2 215: 542.0 220:
230: 538.9 235: 537.9 24D:
250z 535.3 255: 534.5 260:
270: 532.3 275: 531.7 280:
290: 529.8 ?295: 529.3 300:
210: 527.8 315z 527.3 220:
330: 52641 335z 525.7 340:
350: 524.7 355: 524.4 260:
I70: 523.5 375: 523.3 38n:
3902 522.6 395: 522.4 4QOD:
4102 521.8 415: 521.6 420:
430: 5213 435z 521.3 440:
£5C: 5213 4553 521.3 460:
470: 521.3 475: 521.3 480:
490: 521.3 495: 521.3 500:

VEL:

2797

x TF:
VEL:

?8.01

b TF=
VEL:

28 .47

G TF =
VEL:

28,38

? TF =
VEL:

2914

5 TF ¢
VEL ¢

28«78

587.7
5761
56643
558.2
55144
545.7
540.9
537.0
533.7
531.0
528.8
526.9
525.4
524 .1
523.0
522.2
521.3
521.3
5213
521.3
521.3

«3A83E4DD DEP: 20441742

VISC: «8950E+1%
650.9 Tiz 520.4

«3416E400 DEP: 20.38270

VISC: «9195€+12
6502 TI: 519.6

«3359E400 DEP: 20.34%71

VISC: +9446E+132
£69.5 TI: S51R.7

«330%E+400 DEP: 20.31504

VISC: R709E+17
648 .2 TI: 517.9

«3332E4QnN DEP: 2028145

VISC: «9950€E4+13
48,2 TI: 517.0

«3326E400 DEP: 2024750

VISC: «1022E+14
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Th: L8272 .8 TF: 476 TI: S516.
YRS: 108F0,.p VEL:Z «3257E+00
- DL: 28081 “ISC: ;1D48E+1‘
Th: AR2.2 TFs A46.9 Ti: 51%.
YRS: 109%1.4 VebL: 3205400
DL: 2625 VISC: +1076FE+14
TD: £81.5 TF: A46.7 TI: S14.
YRS: 11052-8 VEL® 33163E+GQ
brL: 2%.14 VISC: «11D4E+14
Th: 680 .8 TF: 445.4 TI1: S1%.
YRS: 111%4,2 VEL: .Z217%E4+00 DEP:
PL: 29.92 VISC: «1133e+14
Th: 680.2 TF: 645.0 TI: S12.
THE TE™P OQUT TO S00 METERS
s 6741 10: 668.1 15z 662.1
2%: 650.5 30z 644 .9 35: 639.4
45: 629.1 S0z 624 .2 55: 6194
65: 61D0.6 70z 606 .4 752 602.5
85: 595.0 90: 591.5 95: 588.1
1052 S81.7 110: 578.7 115z 575.9
1252 5705 130: 567.9 135z 565.5
145: 560.9 150: 558+8 155z 5S56.7
165: 552.8 170: 551.0 175z 549.3
18%: S46.0 190: S444 1952 542.9
205%: 54042 210: 538.9 215: S37.4
2252 535.3 230: 534.2 235: 5%3.1
265: 5311 250z 530.2 2552 529.32
265: 5276 270: 5268 275z 52641
285: 524.7 290z 524.0 295: S52%.4
Z05: 52242 10: 5217 1%z 521.1
%252 5201 330: 5197 3I35: 51%.2
T45: 51844 350: 518.0 255z 517.6
3652 516.9 3270: 516.6 3I75: S516.3
IB5: 515.7 390: 515.4 395z 515.2
40%: 5147 410: S14.4 415z 514.2
425z 513.8 430: S13.6 435: 513.4
445: 512.9 450: S12.9 455: 512.9
4652 512.9 470z 512.9 475z 512.9
4852 5129 490: 512.9 495z 512.¢

2

'A

L3

7

DEP: 20.216444

DEPC 29-18201

DEP: 2014982

20.11776

9

¢0:

40

60

80:
1400:
120:
140
160:
180:
200¢:
220¢
2402
26n:
280:
300:
x20:
140:
260z
380:
400:
420:
40z
L6N=
48n0¢:
50n:

6563
63442
614.9
598,6
SB4 .8
573.1
56342
554.7
567 .6
561.5
5364
5321
528 .4
525.4
522.8
520.6
518.8
517.3
516.0
514.9
514.0
513.3
512.9
512.9
512.9
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YRS: 112%5.6 VEL:
bL: 29.57
Thes 79 .5 TF:

YRS: 11357.0 VEL:
13 2% <61
Th: A7R .9 TF =

YRS: 11458,.4 VEL =
DL = 20.03
Tb: A£78.2 TF:

YRS: 11559.8 VEL:
bt : ?9.95
TDes ART77 <4 TF =

YRS: 11641.2 VEL:
bt: 30.70
TD: 674.9 TF:

YRS: 11762.6 VEL:
bt: 30.34
Ths 67643 TF:

YRS: 11844.0 VEL:
bt 320.40
TO: 675.7 TF:

YRS 11945.4 VEL =
prL: 320.87
Th: A75.1 TF:

¥YRS: 120468 VEL =
pt: 320.7%
Tp: ATL .S TF =

YRS: 172148.72 VEL:
bt T1.47
T 672 .9 TF =

«3T69E+0D DEP: 20.08543
VISC: «1162E+14
KoL b Ti: 512.1

«3112E400 DEP: 20.05%81
VISC: «1191E+14
643 .8 Tz 51132

«305RE+QQ DEP: 20.02285
VISC: .1221E’14

64%.1 TI: 513.6

«3021E+00 pEP: 19.99212
VISC: «1252E+14
662.5 TI: 509.8

.3034E4ag QEP: 19.96151
VISC: «12B4E+14
£61.9 Ti: 509.0

«3INZ2RE+QD DEP: 19.937063
VISC: «1315E+14
661.7 Ti: 508.3

«2Q74E+(D nEP:z 19.90039
VISC: T1347E+14
6407 TI: 507.5

«2924E400 DEP: 19.870764
VISC: T1381E+14
66041 TI: 506.8

.2892E+00 DEP: 19.84134
VISC: «1415E+14
439.5  TI: 504.0

«2903E400 DEP: 19.81204
VISC: «T144°9E+14
63B.9 TI: 5053

THE TEMP OUT TO 500 METERS
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E: 668.1 10: 662 .4 15: 656.8 ¢0: 651.2
25%: 645,.8 30: 640.4 I85: 635.3 40z 630.2
45: 625.3 50: 620.6 55: 616.1 60z 611.7
65: 607.5 70: 603.5 75: 599.6 80: 595.9
B5:-592.3 g0: 588.8 95z 585.5 100: 582.3

1052 579.2 110: 576.2 1152 573.3 120: 57046
1252 567.9 130: 565.3 13S5: 562.9 140: 5680.5
T1645: 558.2 150z 556.0 155: 553.9 1460: 551.9
165: 549.9 170: 548.0 17%: S46.2 180: S544.4
185: 542.8 190: 541.1 195: 539.,6 200: S5%8.1
205z 53%6.6 210: 535.2 ?215: 533.9 22N: 532.6
225z 531.4 ?230: 53042 235z 529.1 240: 528.0
2465z 5269 250: 5259 255: 524.9 260z 524.0
2652 523 .1 270z 522.2 275z S2%.4 280: S520.6
285: 519.8 ?290: 51%2.1 295: S18.4 300: S17.7
305z 5170 T10: 5164 315: 515.8 320: 515.2
2252 S514.7 T30: 5%74.1 3352 513.6 7T40D: 513.1
245z 512.7 350z 512.2 355z 511.8 3260: 511.4
T65: 5109 370: S10.6 T75:2 51p0.2 38Nz 5N9.8
ZT85: 509.5 390: 509.2 TF95: S50B.9 400: S508.6
405z 508.3 410: 508.0 415z 5n7.7 420: 507.5
42%: 507.2 A430: 507.0 435: 5n6.8 440z 5066
445: 506.3 450: 506.2 455: 5p6.0 &460: 505.8
465z 505«6 470: 5053 475z 505.3 48n: 505.3
48S: 505.3 490: 505.3 495: 505.3 Spp: 505.3
YRS: 122696 VEL: +2916r400 DEP: 19.78233
DL: %1.22 VISC: 14B4E+14
Ths AT7ZT.% TF: A3R.3 Tz S04.6
YRS: 12371.0 VEL: .2RSRE+0D DEP: 19.757%28
PL: T1.20 VISC: 1518€+14
T A72.7 TF: 637.% Ti: S0%.2
YRSz 12472.4 VEL: 2802400 DEPz 19.,72491
bt: 31.60 VISC=- 1556E+14
Th: A72.1 TF: 637.2 TI: 50%.1
YRS: 12573.8 VEL: «2771E400D DEP: 1%.69673
Tb: A71.5 TF: 83646 TI: 502 44
YRS: 12675.2 VEL: 2782E+00 DEP: 19.66%67
PL: 32.34 VISC: ~1463DE+14
Tb: 4670.9 TF: 634,.0 TIiz S01.7
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bt 32.02 VISC: 1668E+14
YRS: 12878.0 VFL: +2739E+00
pr: *2.00 VISC: 1707414
YRS: 12979.4 VEL: 2487€+00
DL: 32.3% VISC: <1747E+14
TD: 691 TF: 634.4 Ti: 499.
YRS: 170%0.¢ VEL: «2659€E+00
bL: 32.34 VISC: 1788BE+14
Th: 66%.5 TF: 633.% TI: 499,
YRS: 13172.2 VEL: +2667E40D
pL:  33.12 VISC: 1828E+14
TD: A6E O TPz 637%.3 Tl: 498,
THE TEMP QUT TO 500 METERS
5: 662.6 10: 657.2 152 651.9
252 646144 30 636 4 35: 631.4
45: 621.9 S0z 6173 55z 613.0
65: 6046 70z 600.7 75z 596.9
85: 589%.7 30: 5R6.3 95: 583.0
105: 5768 110: 573 .8 115: 571.0
125: 565.46 130: 563.0 135: 5605
1452 555.8 150: 55346 155z 5%51.4
165 : 547.3 170: 54544 1752 543.5
185: 540.0 190: 53843 19%: 536.7
205: 533.6 210z 572.2 215: 53p.%8
225: 52R 1 230: 526.8B 235: 525.6
245: 52343 250: 522.2 255z 521.2
?65: 519.2 270z 5183 275: 517.4
?85: 515.7 290: 514.9 295: 5164.1
I05: 51246 310: 511.9 315: 511.2
125: 5310.0 330: 509.4 235: 508.8
245z 507.7 7T50: 507.2 355z 506.7
T65: 50548 T70: 505.3 3I75: 504 .9
785z 504.1 390: 503.7 3I95: 503.3
405z 502.6 410: S502.3 415: 502.0
425: S01.4 430: 501.1 435: 500.8
445z 500.3 450: 5001 455: 499.8
465 : 49944 470z 499.2 475: 499.0

0

3

6

0

3

e N
oo J e I e J v Y e}
(TN

” 2 00

10

DEP: 19.6401S

DEP: 19.51231

DEP: 19.58510

DEP: 19.55807

DEP: 19.53115

666.6
6266
608.7
593.3
579.9
568.2
55841
569.3
561.7
535.1
529.4
524 .5
520.2
516.5
513.3
510.6
508.2
506.2
50445
503.0
501.7
500.6
499.6
498.8

152



153

485: 4O9R.7 490: 498.5 495: 498.3 500: 498.3

YRS: 132%3.6 VEL T <24BR1p+00 NEP: 19.50%83
: pL: %z2.81 VISC: 1870E+14
TD: £67 o4 TFe A32.7 Tl: 497 .6

YRS: 13325.0 VEL: .262%E+07 DEP: 19.47711
Dt 2 32079 VISC: 019115*16
TD: 6£66.9 TF: 4322 TI: 49649

YRS : 174%6,5 VEL: .25B0E+0D DEP: 19.45098
pt: 33.16 VISC: 1956E+14
TD: #£68.3 TF: 631.4 TI: 496.3

YRS: 135°7.9 VEL: 42554E+00 DEP: 19.42502
pt: 3I3.17 VISC: +1999E+14
Th: 565:7 TF: 631.1 TIz 495 .6

YRS: 136%9.3 VEL: «2564E400 DEP: 19.79914
b 33.90 VISC: 2045E+14
Th: £65,.7 TF: A30.6 Ti: 49%.0

YRS: 127°0.7 VEL: .258SE+00 DEP: 19.%7282
bL: T3.64 VISC: 2089E+14
Th: Lb64.6 TF: 630.0 TI: 494.3

YRS: 13892.1 VFL: «2536€£400 DEP: 19.34704
DL TT.61 VISC: «2135e+14
TD= Ab4 1 TF: 4255 TIs 40%.7

YRSz 12993.5 VEL: .2494E+400 DEP: 19,3217R
Lz %3.97 VISC: «2183E+14

TD: A63.6 TF: 629.0 TI: 493.0

YRS: 14094.9  VEL: ,246NE+QD DEP: 19.29477
pL: 33.9S VISC: «2232E+14
TD: 663.0 TF: 62R.S  TI: 492.4

YRS: 14198.3 VEL: 24648E+400 DEP: 19.27187
Pl T4 465 VISC: «2280E+14
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Th: K62 .5 TF: £27.9 T1: 491 .8

THE TEMP OUT TO0 500 METERS
6572 10z 65242 15z 647.1 20z 6621
6272 3I0: 672 .4 35: 6276 40: 623.0
618.5 50: 614 .1 55: 609.9 60 605.8
601.9 70: 598 .0 752 594.3 80z 590.8
SR7.3 90: 584 .0 95: 58p0.8 100: 577.6
5766 110: 571.7 115z S68B.8 1202 566.1
125: 5634 130: 560.9 13S:z 558.4 140: 556.0
145: 553.6 1502 551.4 155z S49.2 160: 5647.1
165: S45.1 170: 54341 175z 541.2 180: 539.4
185: 537.6 190: S535.8 195: 534.2 200: 532.6
205: 571.0 210: 529.5 215: 528.p0 220: 526.6
225: 5253 230z 524.0 ?235: 522.7 240z 521.5
245: 520.3 250: 519.1 255: 518.0 260: 516.9
265: 515.9 270: 514.9 275: S513.9 28p: 513.0
?85: S512.1 290: 511.2 295: 51g«4 300: 50%9.6
I05: S0B.8 310: S08.0 315: 507.3 320: 506.6
3252 505.9 330: 505.3 335: 504.6 340: 504.0
T4S: 50344 7S50z 502.9 355z 502.3 360: 501.8
365z SN1.3 370: 500.8 375: 500.3 380: 499.8
2852 499.4 390: 498.9 395: 498.5 400: 498.1
40S5: 407 .7 410: 497.4 415: 497.0 420: 496.6
625z 4963 430z 4960 635z 495.7 44Dz 495.4
44S: 495.1 4502 494.8 455: 494.5 460: 494.2
665: 4940 470: 493.7 475: 493.5 480: 493.3
48%: 493.0 4902 492.8 495: 492.6 500: 492.4

=Y

OX0 &N
WA LA A AN
T

YRS: 142°7.7 VFL: 2481400 DEP: 19.24562
bL: 34.42 VISC: «2%30E+14

TD: A61.9 TFz 427.4 TI: 491.2

YRS: 14399.1 VEL: 2437E+00 DEP. 19.22185
bt = 24 41 VISC: «2379E+14
Th: £61.4 TF: 626.9 T1: 490.5

YRS: 14500,.5 VEL: .2397E+00 DEP: 19.19756
DLz 34 .74 VISC: «2433E+14

Tb: 4A60.9 TF: 62644 TI: 489.9

YRS: 14601.9 VELz «2366E+00 DEP: 19.17152
DLz 34.74 VISC: +2485E+14
Tb: A60 .73 TF: A25.9 TI: 489.3



YRS: 147N3,.3 VEL® «2371e+00 DEP:
DL:  35.47% VISC: «2539E+14
.FD: 659.8 TF = 625.4 TI: 688.
YRS: 14804.7 VEL: <228BSE200
br: 35.27 VISC: 22593E+14
Th: 659.3 TF: 624.9 Ti: 48R.
YRS: 14906 .1 VEL: +2750E+400
pL: 35.21% VISC: +264TE+14
Th: A58.% TF: 524.4 TI: 487.
YRS: 150N7.5 VEL: +230RE+]D
bL: 35.55 VISC: 42705E+14
Tb: £A58.2 TF: 623.9 TI: 487.
DLz 35.54 VISC: «2763E+14
Th: £57.7 TF: 623.4 TI: 486.
YRS: 15210,32 VEL s 2281E+(00
DL: T6.20 VISC: «2B21E+14
Ths 657 .2 TFs 622.9 TI: 485.
THE TEMP OUT TO 500 METERS
€: 652.3 10: 64744 152 64246
25z 63%.1 30: 62845 35z 624.0
45: 615.2 50: 611.0 55: 606.9
65z 599,2 70: 595.4 75z 591.9
85: 5R5.0 90: 581.7 95z 578.6
105: 5725 110: 569.6 115: 566.8
12%: 56%T.4 130: 558.9 135z 556.4
1452 551.7 150: 549.4 155: 547.2
165: S43.0 170: S541.0 175z 539.1
185: 535.4 190z 533.6 195: 531.9
205: S28.6 210: 5271 215: 525.56
225c 522.7 230: 521.3 235: 520.0
2645: 517.5 250: 5163 255: 515.1
265: 512.9 270: 511.8 275z 51p.8
?285: S508.8 290: 507.9 295: 507.0
205: 505«2 310: 504.4 215z 503.6
225: 5021 330: 5014 335: 500.7
452 4993 50z 498.7 3I55: 498.1
T65:2 40649 I70: 4963 375z 495.8
I8S: 49448 I90: 494.3 395: 493.8

1914957

I4

1

5

0

4

8

20:z

40+

60¢:

80:
100:
120:
1402
160:
180:
200z
220z
240:
260z
280z
300:
32n:
T4n:
360:
380:
400:

pEP: 19.12530

DEP: 19.10142

pEP: 19.07203

DEP: 19.0548¢9

DEP: 19.037184

637.8
619.5
603.0
SB8e4
575.5
564.1
5540
56451
537.2
530.3
5241
518.7
514 .0
509.8
506.1
502.8
500.0
497.5
495.3
493.3
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£05: 492.9 410: 49244 415: 492.0 420:= 491.6
£25: 491.2 A430: 4908 435: 49p.5 44Dz 490.1
45: 4898 450: 489 .4 455: 489.1 4L60: 4RB.8
465 LRB .5 470z 488.2 4752 487.9 L4LBN: 4R7.6
4852 4873 490: 4871 495: 4LB6.8 500: 4B6.6
YRS: 15311.7 VEL: «2294e%00 pEP: 19.00RSD
TD=s £56.7 TF: 6224 TI: 485.2
YRS: 15413%.1 VEL: «2261E+00 DEP: 1%.98552
pL: T6.02 VISC: «2%40E+14
Th: A54.2 TF: 421.9 TI: 48B4 .6
YRS: 15514.5 VEL: .2221E+00 DEP: 1B.96301
bL: 36.32 VISC- «3002€E+14
Th: A55.7 TF: A21.4 TI: 484 .1
YRS: 15615.9 VEL: 2193E+400 pEP: 18.94073
DL: Tg.3% VISC: 3065E+14
Th: £5%5,.2 TF: 420.9 TI: 48%.5
YRS: 15717.3 VEL: «2204E+4D0 DEP: 1B.%1R46

pt: 37.01
Th: 654.7 TF:

YRS - 15818,.7 VEL:
DL: T6.8"
Ths £54 .2 TF:

YRS: 15920.1 VEL:
TD: £53.7 TF:

¥YRS: 15021.5 VEL:
bL: 37.18
Tp: 652,272 TF:

YRS: 16122.9 VEL =
pL: 27.17
To: £5%2.7 TF:

VISC: «3128E+14
620.4 TI: 48%.0

«2207E+00 DEP: 18.8960D
VISC: 319%E+414
620.0 Tz 482.4

.2175E+00  DEP: 18487390
VISC: o3257E+14
619.5 TI: 481.8

«2138E+00 DEP: 18.85224
VISC: «3%24E+14
£19.0 TIz 481.3

«2116E+0D BEP: 18.83072
VISC: «3293E+14
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YRS: 14224.3 VEL: «2121E+00 DEP:
bL: 37.84 VISC: «34672E+14
Th: £52.2 TF: A1%.1 TI: 480,
THE TEMP OUT TO S00 METERS
5: 647.5 10: 642 .9 15: 628.3
252 629.3 30z 624 .9 352 620.5
45: 612.1 50: 608.0 55: 604.1
65: 506.5 70: 592.9 75: 589.4
BS: SR2.7 90: 579.5 952 576.4
105: 570.4 110:z 5675 115: S564.7
125z 5594 130:2 55649 135z 554.4
145: 569.7 150z 547.4 1552 545.2
165: 541.0 170: 538.,9 175: 537.0
1852 5233.2 190z 531.4 195: 529.7
205: 526.3 210: 524 .7 215: 523.2
225: 52042 230: 518.8 235: 517.4
24%: 514.8 250: 51%.5 255z 512.3
265: 509.9 270: S50B.8 275z Sp7.7
285: 505.6 290: 504.6 295z Sn3.7
30S: 501.8 310: 500.% 3I15: 5pp.1
2252 498.,5 I30: 697.7 335: 496.9
T4£52 495 .5 350: 4G4 .8 355z 494.1
TES5: 492.8 370z 4G2.2 375z 491.6
T85: 49044 39D: 489.9 395: 489.4
§05: 42843 410: 4BT .9 415: 4B7.4
425: 4B65 A430: 486.0 435: 485.6
445 LRB4LJB 450: 484 .4 455: 484.1
465: 493.3 470: 4B3.0 A475: 482.7
4851 4B2.0 490z 4R1.7 495: 481.5
YRS: 16325.7 VEL: «2126+00 DEP:
DLz 37.58 VISC: «3532E+14
Th: £51.7 TF: 4176 TI: 479
pL: 37.59 VISC: «3602E+14
YRS: 16528.5 VEL: 205FE+00
bL: 37.%5 VISC: «3674E+14
Th: ASN.R TF: 61647 Tz 47%.
YRS: 16679.9 VFL: 2037400
oL: T7.97 VISC: 3750E+14

12.80930

2

20:

40:

60:

80:
100z
120:
140:
160:
180:
200¢:
220z
240:
260:
280:
300:
220z
340
3602
3I80:
400:
£20:
440z
460:
480:
500:

633,.8
616.3
600.2
S86.0
5733
562.0
552.0
543.0
535.1
528.0
521.7
516.1
511.1
506.7
502.7
499.3
49642
493 .4
4%91.0
428.8
486.9
485.2
483.7
482.3
48%1.2

1R.78765

7

2

6

DEP: 1876639

DEP: 1R.74554

DEP: 18.72483
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Thz &S

0.7%

Ti: 47%.

THE PROGPAM HAS TERMINATED DUE YO

SOLIDIFICATION OF

YRS: 14660.3 v

512
25¢:
45:
65 :
8BSz

105:
125:
145:
165:
18°%:
205:
225:
245
265:
285%:
z05:
225:
245
T65:
I85:
&0° 2
£25:
445 :
465 :
485 ¢

bL ¢
Th: £S5

645.3
627 1
610.3
595.2
5816
5695
558.6
S48 .8
S40.1
532.3
52544
519.2
513.7
508.7
5C4 .4
500.5
497.0
493,.9
491 .1
488 .7
48645
494 o6
LR2.8
48%1.3
479.9

37.9
0.1

Tye TEMP OUT To 500 METERS

10:

10:

560

70z

90
110:
130:
150:
170
190¢
240¢:
230
250¢:
270:
2902
10:
230:
I50:
I70:
T90:
410+
430
450
470:
490+

THE DIAPTIR.

EL: «2014E+00 DEP:

2 visc: 3
TF: A14,.0

640 .7 15:
622 .7 15:
606 .4 55:
591 .6 75
578.5 95
S66.6 115=
556.0 135¢:
546.6 155:
528.1 175:
530.5 195:
523 .8 215:
517.8 ?235:
512.4 255:
507.6 275:
503.3 295:
499 .6 T15:
49642 T3S5:
493 .2 255:
490.5 275:
488.1 3195:
486.0 415:
L4824 .1 43S5:
482 .4  455:
4B0 .9 475:=
479 .6 495:

783E+14

TI: 4782,

636.0
618.5
6025
588.2
575.4
563.9
553 .6
544.3
536.1
528.8
522.2
51644
511.1
506.5
5024
498.7
495 .4
492.5
489.9
487 .6
685.5
483.,7
482 .0
480.6
6£79.3

1

18.71869

0

20:

40:

60z

80:
100:
120:
140¢
160¢
180:
200:
220z
24N:z
260:
280¢
100z
120
3402
360:
3180:
400:
202
4402
460z
480z
500z

62145
6143
5988
584 .9
572 .4
561.2
5512
5422
5%4.2
5271
520.7
515.0
509 .9
505.4
5014
497 .8
494 .6
491.8
489,.3
427 .0
485 .0
423 .2
4% 1.6
48042
479.0

158



	mahonmstxtf
	mahonmstxtf001
	mahonmstxtf002
	mahonmstxtf003
	mahonmstxtf004
	mahonmstxtf005
	mahonmstxtf006
	mahonmstxtf007
	mahonmstxtf008
	mahonmstxtf009

	mahonmstxtc1
	mahonmstxtp001
	mahonmstxtp002
	mahonmstxtp003
	mahonmstxtp004
	mahonmstxtp005
	mahonmstxtp006
	mahonmstxtp007
	mahonmstxtp008
	mahonmstxtp009
	mahonmstxtp010
	mahonmstxtp011
	mahonmstxtp012
	mahonmstxtp013
	mahonmstxtp014
	mahonmstxtp015

	mahonmstxtc2
	mahonmstxtp016
	mahonmstxtp017
	mahonmstxtp018
	mahonmstxtp019
	mahonmstxtp020
	mahonmstxtp021
	mahonmstxtp022
	mahonmstxtp023
	mahonmstxtp024
	mahonmstxtp025
	mahonmstxtp026
	mahonmstxtp027
	mahonmstxtp028
	mahonmstxtp029
	mahonmstxtp030
	mahonmstxtp031
	mahonmstxtp032
	mahonmstxtp033
	mahonmstxtp034
	mahonmstxtp035
	mahonmstxtp036
	mahonmstxtp037
	mahonmstxtp038
	mahonmstxtp039
	mahonmstxtp040
	mahonmstxtp041
	mahonmstxtp042
	mahonmstxtp043
	mahonmstxtp044
	mahonmstxtp045
	mahonmstxtp046
	mahonmstxtp047
	mahonmstxtp048
	mahonmstxtp049
	mahonmstxtp050
	mahonmstxtp051
	mahonmstxtp052
	mahonmstxtp053
	mahonmstxtp054
	mahonmstxtp055
	mahonmstxtp056
	mahonmstxtp057
	mahonmstxtp058
	mahonmstxtp059
	mahonmstxtp060
	mahonmstxtp061
	mahonmstxtp062
	mahonmstxtp063

	mahonmstxtc3
	mahonmstxtp064
	mahonmstxtp065
	mahonmstxtp066
	mahonmstxtp067
	mahonmstxtp068
	mahonmstxtp069
	mahonmstxtp070
	mahonmstxtp071
	mahonmstxtp072
	mahonmstxtp073
	mahonmstxtp074
	mahonmstxtp075
	mahonmstxtp076
	mahonmstxtp077
	mahonmstxtp078
	mahonmstxtp079
	mahonmstxtp080
	mahonmstxtp081
	mahonmstxtp082
	mahonmstxtp083
	mahonmstxtp084
	mahonmstxtp085
	mahonmstxtp086
	mahonmstxtp087
	mahonmstxtp088
	mahonmstxtp089
	mahonmstxtp090
	mahonmstxtp091
	mahonmstxtp092

	mahonmstxtc4
	mahonmstxtp093
	mahonmstxtp094
	mahonmstxtp095
	mahonmstxtp096
	mahonmstxtp097
	mahonmstxtp098
	mahonmstxtp099
	mahonmstxtp100
	mahonmstxtp101
	mahonmstxtp102
	mahonmstxtp103
	mahonmstxtp104
	mahonmstxtp105
	mahonmstxtp106
	mahonmstxtp107
	mahonmstxtp108
	mahonmstxtp109
	mahonmstxtp110

	mahonmstxtref
	mahonmstxtp111
	mahonmstxtp112
	mahonmstxtp113

	mahonmstxtax1
	mahonmstxtp114
	mahonmstxtp115
	mahonmstxtp116
	mahonmstxtp117
	mahonmstxtp118
	mahonmstxtp119
	mahonmstxtp120
	mahonmstxtp121
	mahonmstxtp122
	mahonmstxtp123
	mahonmstxtp124
	mahonmstxtp125
	mahonmstxtp126
	mahonmstxtp127

	mahonmstxtax2
	mahonmstxtp128
	mahonmstxtp129
	mahonmstxtp130
	mahonmstxtp131
	mahonmstxtp132

	mahonmstxtax3
	mahonmstxtp133
	mahonmstxtp134
	mahonmstxtp135
	mahonmstxtp136
	mahonmstxtp137
	mahonmstxtp138
	mahonmstxtp139
	mahonmstxtp140
	mahonmstxtp141
	mahonmstxtp142
	mahonmstxtp143
	mahonmstxtp144
	mahonmstxtp145
	mahonmstxtp146
	mahonmstxtp147
	mahonmstxtp148
	mahonmstxtp149
	mahonmstxtp150
	mahonmstxtp151
	mahonmstxtp152
	mahonmstxtp153
	mahonmstxtp154
	mahonmstxtp155
	mahonmstxtp156
	mahonmstxtp157
	mahonmstxtp158


