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Task 1: = Computer Calculatlons of lee/Fault interaction

— Prmclpal Investigator: Robert Terhune WW
- Calculations by: Robert Terhune W

Scope of work

Define the conditions under which an upward .propagating dike
would be captured by an intersecting fault. The new calculations are
" to be based on the results of the earlier calculations that suggested
- complete capture by an 80 degree dipping faylt that is intersected by

a vertical dike at depths of 300 and 1000 meters. The calculation for

the 60 degree dipping fault intersected by the dike at a depth of .
1000 meters suggested that the magma could both intrude the fault
and continue to move vertically upward as a vertical dike.
— - The calculation to be performed under this scope of work are
—  to better define the conditional depth and fault dip for which capture
. of the dike would be complete, partial, or absent. It is desirable that
the region between the intersection depth and the surface be
modeled in some of the calculations. The fault dip and depths are
indicated in the following table

——
[ —
I —

e Dip 30 40 50 60 70 80

. Depth degree degree ‘' degree degree degree degree
300m Task 1 Task 1 Task 1 Task 1 Task 1 1993
1000m, Task 1 Task 1 Task 1 1993 Task 1 1993

T 2000m Task 1 Task 1  Task 1 Task 1  Task 1 Task 1

— Table 1 Calculation parametérs of dip vs depth.

The calculations are to be done in a sequence designed to
eliminate unnecessary depth-dip combinations. All calculations will
initially be with the rock properties used for the previous 1000 m
———— calculations. If time and money remain after the above series of
. calculations have been completed a second series will be started
using a different set of physical properties.

The results of the calculations as they proceed will be discussed
with the CNWRA staff on a biweekly basis. A final report on the
calculations will be issued on completlon of the work for task 1.

End of Scope of Work

Specml training: None
.End of Special training
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‘Hypothesis to be evaluated:
It is assumed that for a propagating dike that intersects a fault,

there is some dip angle of the fault for a given intersection depth
that the magma will move up the fault instead continuing to
propagate the dike fracture. The purpose of this study is to model
the propagation of the dike fracture and determine under what
conditions the dike will continue past a fault and/or open up the
fault as a function of dip angle and depth of intersection.

End of Hypothesis to be. evaluated.

Summary of the ‘technical approach used in the analysis

. Develop a computer model of a geologic section that
incorporates 'an equation of state for the rock, the overburden stress,
a dipping fault, the potential path of a dike, "and models the.
propagation of the dike fracture. The computer code to be used for
this analysis is DYNA3D.

DYNA3D is a explicit finite element code for analyzing the
transient dynamic response of three dimensional solids and
structures developed and ‘maintained by Methods Development
Group, Mechanical, Engineering Department, of the Lawrence
Livermore National Laboratory, Livermore, CA.

Summary of the technical approach used in the analysis

Brief description of
Assumptions: :
Assumptions are made with respect to _
1. Defining the problem as a plane strain problem
: See below :
- 2. The form of the overburden stress
. See Item 2 after Calculational Plan
3. The boundary conditions
See below
4, Effects of magma heat on equation of state model.
See Item.4 after Calculational Plan_
5. The physics of dike propagation.
See Item 5 after Calculational Plan

#

End..of Initial/boundary conditions

Assumption for Plane strain geometry. |
Pollard (See references) describes the geometry of a

generalized dyke based on numerous studies as being on the order of

several meters thick, several kilometers in outcrop length, and
several kilometers in depth. The displacement of the dyke wall is
essentially normal to the orientation of the fracture so it seemed a
reasonable approximation to model the dyke as a, mode I, blade
crack in plane strain. Creating a 3D model that would give results
different from a plane strain model requires modeling significient
variation of the crack geometry in the plane of the dyke crack. This
would add new variables and complications to the problem. which
would not contribute to the primary goals of this task, In addition
the size of the problem would be "n" times the size of the plane
strain problem where n is the number of zones in the plane of the
dyke crack. Consenquently, the plane strain approximation is not -
only within accepted practice for the purposes of this analysis but
neccessary to achieve the results with a reasonable effort.

End of Assumption for Plane strain geometry.

Initial/boundary conditions '
 The grid is approximately 1700 m in the vertical y direction,
2000 meters in the horizontal x direction and 20 meters in the
horizontal z direction. '
~ The global boundary conditions are as follows
- Boundary " Boundary condition
X = Xmin no displacement in x direction
X = Xmax no displacement in x direction
y = no displacement in y direction
y = free surface or transparent boundary
no displacement in z direction
Plane of symmetry

The dike lies on the x=0 plane and expands in both the pbsitive
and negative x direction. ' :
The fault is normal to the x-y plane.

T

2
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Reference documents

1. Robert Whirley and J. O. Hallquist. "DYNA3D A Nonlinear,
Explicit, Three-dimensional Finite Element Code for Solid and
Structural Mechanics: User Mahual" UCRL-MA-107254, May 1991
This reference for the DYNA3D computer code gives a complete
description of the code, the assumptions incorporated in the model,
and includes descriptions the equation of state models, and the
boundary conditions available as well as other aspects of the model.

2. David D. Pollard. "Elementary Fracture Mechanics Applied to
he Structural Interpretation of Dykes". Geol. Assoc. Can Spec. Pap.,

—%. (34, 5-24, 1987

Tius reference discusses the fracture mechanics of dyke propagation

with respect to fracture configuration and stress state.

-+, 3. John R Lister and Ross C. Kerr. "Fluid-Mechanical Models of
Crack Propagation and their Application to Magma Transport in
Dykes". Jour. of Geophysical Research. Vol 96, No. B6 Pages 10049-
10077, June 10, 1991

This reference discusses the stresses involved in dyke propagation,
the level of neutral buoyancy (LNB) and how it affects the
propagation of the dyke, and the shape of the dyke fracture during
propagation.

4. R. G. Van Buskirk. D. S. Gardiner, S. W. Butters.
"Characterization of Yucca Flat Materials. Terra Tec Inc. University
Research Park 420 Wakara Way Salt Lake City, Utah. 84108 TR 78-
67 November 1978
This reference give the mechanical test data for samples obtained
from drill holes at depths that vary from 500 to 1000 meters. The
data used was on Dolomite Limestone samples from hole U7ae and

Ue7ns. This was the same material used in the previous study at a
depth of 1000 m.

End of References
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""" Identif R ‘
' T - (a}; Configuration management is maintained by the Lawrence —
———~ ____ Livermore National Laboratory. ' e
— (b) Computer platform used: SUN 3
(c) Directory and file games
1. Sensitivity studies S
J SR a. Dikeparm, EOS ‘ R
Y b. Dikeparm, Dikezone o
] c. Dikeparm, DikeLen
d. Dikeparm, Pres ’ ' 3
e. Dikeparm, Vel : —
. f. Dikeparm, dip90 SR
EE— 2. Calculations S
E— a. Depth300m, dipXX
— b. Depth1000m, dipXX ~
| c. Depth2000m, dipXX
where XX varies from 30 to 80 in steps of 10 degrees ——
T (d) Computer language and compiler: —
] 1. Language: Fortran 77
N 2. Compiler: Sun3 Fortran 77 Compiler
M‘_}—‘“'“‘“ Identify aspects affecting computational reliability. . —
R SN ~Sensitivity studies were done to evaluate the fpllowmg: —
r— (a) Balance of zone size on accuracy of calculation Vs time step.
et Goal is to use a zone size where the results vary slowly w1th' zone Size
R but the time step of a reasonable size that the calculation will
| complete in a reasonable amount of time.
(b) The sensitivity of the calculations to the length of the e
T e pressurized dyke for a given dyke pressure. . —
s (c) The effect of assuming the magma heat will make the ;.ocl'c
more ductile, and more compressible by vaporizing the water within
7 the rock near the dyke wall. ' ‘
- e (d) The sensitivity of the calculational results on the velocity of ™
] S
‘ the magma front. o
T——t (e) The sensitivity of the calculational results on the magma L
— pressure for a given dyke length. ' S
I (f) The effect of a fault on the dike fracture propagag}&p rate. |
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Primary references used for theoreucal analysis
1. Overburden stress:

(a) J.C. Jaeger and N.G.W. Cook
"Fundamentals of Rock Mechanics"
Chapman and Hall, London. 1971
(b) 1.C. Jaeger
"Elasticity, Fracture and Flow"
Barnes and Noble, New York. 1956

. 2. Effect of magma heat on dyke wall
(a) S.P. Clark Jr.
"Handbook of Physical Constants"
The Geological Society of America, 1966

Brief description of DYNA3D computer code. '
g The DYNA3D global model is built from blocks. ‘Each block has
its own finite element grid, material properties, initial conditions and
boundary conditions. For this study the 8 node continuum elements
are used for the finite elements of the blocks. The blocks are put
together to form a global model with one coordinate system and
where the exterior boundary conditions of the blocks form the global
boundary conditions. The blocks are tied together by a slip surface
that links each node of one block boundary to the boundary of the
block other and visa versa. One side is designated as a master slip
and the other is designated as the slave. It is important that the
slave side has the same or more nodes than the master so that the
slave can follow the deformations of the master.
Stresses, strains, displacements and any wave form will transmit
across a tied slip as though the blocks were one. There are a number
of different types of slips that can be used between blocks. For this
study three slip types will .be used. These are

(a) tied slip to lock two blocks together

(b) sliding with separation and friction used for the fault

(c) tied with failure used for the dyke

Type (b) requires both a static and kinetic friction coefficient to be
specified. Type (c) require both a shear stress failure limit and
tensile failure limit to be specified. ,

-

Description of DYNA3D continued :

Other type of boundaries used for this study are sliding boundaries
along a specified plane, non-reflecting (transmitting) boundaries,
symmetry planes, free surfaces, and prescribed pressure history on a
boundary. We had planned to use non-reflecting boundaries for all
exterior global boundaries but realized that this study is essentially a
quasi-static problem, not a wave propagation problem, and not
suitable for a non-reflecting boundary condition. Consequently the
sliding boundaries along a specified plane was used where the
displacement is restricted in the direction normal to the plane. A
prescribed pressure history was used to model the expansion of the
dyke walls and the magma front propagating the crack toward the
surface.

There are a number of methods of defining the gravity stress
initialization. We chose to use the method where the hydrostatic
pressure at a given depth is the integration of the dens1ty of the rock
from the surface to the specified depth. This integration is done for
each element in.each block at time equal zero.

End of Descrlptlon of DYNA3D
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Calculational Plan
1. Establish the units to be used in DYNA3D and the reports.

Establish method for determining the overburden stress.
Define the material properties and equation of state.
Estimate effect magma heat might have on rock EOS.
Assumptions on physics of dyke propagation.
Sensitive studies
Sensitivity of results to variation in rock shear strength
Sensitivity of results to different compression models
‘Sensitivity of results to Zone size
. Sensitivity of results to Dike Length
Sensitivity of results to magma velocity
Sensitivity of results to magma pressure
g. Sensitivity of results in approximation to fault. dip = 90

7. Design block structure to form fault/dyke system. One of our
goals is to. make all calculations the same except for the variables of
dip and depth. Since the previous calculations varied from one
calculation to the other, the calculations done in 1993 will be
recalculated for this study.

a. Intersection depth at 300 meters. Surface is ymax. = 0

Sk wd

A N
o

AN
re e

1. dip = 80 degrees (different EOS for 1993 calc)
2. dip = 60 degrees
3. dip = 30 degrees
4. dip = 50 degrees
5. dip = 70 degrees
6. dip = 40 degrees

b. Intersection at 1000 meters. Same block structure as
above for each dip angle except ymax at depth of -700 m.
c. Intersection at 2000 meéters. Same block structure as
above for each dip angle except ymax at depth of -1700 m.
8. Run calculations for“intersection depth at 300 meters for dip
angles of 80, 60 and 30 degrees
9. Run calculation for intersection depth at 2000 meters for dip
angles of 80, 60 and 30 degrees.

10. Run rest of calculdtlons in order based on results of these
six calculations.

9/‘ o

v

1. Establish the umts to be used in DYNA3D and the reports. ——
DYNA3D will accept any set of consistent units. The following R
units were used for this study
: Parameter Units Abrev.
Distance meters : m
Time miliseconds ms ————
— - Mass N Megagrams Mg —
— Force Giga-Newtons  GN S—
I Stress - ~ Giga-Pascal GPa .
o | Energy Giga-Joules a ;
- “  density , . Mg/m
S— velocity m/ms ) ——
e T acceleration ~ mlgp?§) _ —
The gravity constant in these units 18 ;
= 9.80 e-06 m/(ms)2 —
WW 2. [Establish the method for determiniﬁg the instu overburden ——
BEmm— stress.
e ' Assuming that no horizontal displacement t_akes place at depth Ea—
e then the model for the principal stresses Ti at depth is: E—
A T; = d*g*h o
] Ty = T3 = (pr/(1-pr)*Ty i
e B where
d = rock density e
“ g = gravity constant e
e h = depth from the surface  —
pr = Poissons Ratio /Z l(/f —
] e /
: — \
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Overburden stress continued. . .

if the assumption is made that an additional horizontal stress

exists in the direction of the:second principal stress then
§

T = d*g*h
Ty = (pr/(1-p)*Ty + To
T3 = (pr/(1-pr))*T; + pr*Ty

Another assumption is that the stresses become hydrostatic due
to action of creep over long periods of time. The principal
stresses at depth under this assumption are

T1 =Ty =Ty = d*g*h

Py = 333*%(Ty + Ty + T3 )

Po=dr * g*(y-y0)
where

Py is the overburden pressure

d, is the density of the rock :
= 9.8 e-06 m/(ms)2
=00 o

g is the gravity constant
yo is the ground surface .

There is no convincing.data to select one model over the other as
while there seem to be considerable data showmg horizontal -
stresses equal to the vertical stresses there is many cases where
the horizontal is either less than or greater than the vertical

stress. Since the hydrostatic model is the simplest model, it was
chosen for the insitu stress model.

KwT
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| . Define the material properties and Equation of State. S —
The rock type simulated in the model is Dolomite Limestone and ..
) is the same as was used in a previous study. The equation of ——
mmw:;_mww state is based on laboratory tests on small samples taken from N
| cores obtained in hole U7ae and hole Ue7ns located in the Yucca  ——v-r
Flats area of the Nevada Test Site. The samples of Dolomite S—
N Limestone came from a depth of 869 m (U7ns) and 610 m S
L (Ue7ae). The measured characteristic properties of the Dolomite S—
Limestone are as follows: ST
. s N
Bulk density = 2.69 Mg/m3 ——
! Dry density = 2.64 Mg/m3 R
Grain density - = 2.84 Mg/m3 R
I R Ultrasonic Sound velocnty = 6.13 m/ms S—
— . Ultrasonic Shear velocity = 3.19 m/ms S—
R B Water by weight = 2.0 % R
ol Calculated porosity = 0.220 N
R Calculated Poissons Ratio = 0.314 R
R
| ; Calculated Bulk Modulus = 58. GPa —
N . Calculated Shear Modulus = 26. GPa R
T e
— 0.7 —
—] /Q W g WW
::: f/ ) ! N
B \\ | // /)
] \ /
| \ [
] ) \
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"taken from hole Ue7ae and ‘Ue7ps at the Nevada Test Site.

Rock Equation of State Measurements

The equation of state tests were done on small core samples
The rock
was classified as Dolomite Limestone. Cylindrical shaped samples
approximately 6.4 cm in height and 3.2 c¢cm in diameter are normally
cut from the most competent portions of the core for all the
compression tests.

The compression test that form the basis of the data used in
this report are: the hydrostatic compression tests to pressures of 0.4
GPa, the uniaxial strain tests to an axial stress of 0.4 GPa, and the
triaxial compression failure tests at confining stresses of 0.0, 0.05,
aqd 0.4 GPa. In each test the axial stress compressed the height of
the sample and the confining stress compresses the diameter of the
sample. The associated strains with these stresses are the axial strain
and the transverse strain respectively. It is how these two stresses
vary in relation to each other that defines the type of test.

The hydrostatic compression test: The axial stress and confining
stress are increased equally such that all stresses are equal at
all times. Measurements of the stress state and the transverse
and axial strain are taken at regular intervals of axial stress

The uniaxial strain test: The axial stress is first, compressed a-
small amount which causes the diameter of the sample to
expand. The confining stress is then increased -till the
transverse strain is zero. Measurements are taken of the axial
stress, the confining stress and the axial strain at regular
intervals of axial stress. This is repeated sequentially where
each time the transverse strain is compressed back to zero.
This test is very efficient in squeezing out the porosity of the
sample at low compression.

[

V///r\?wl

Equation of state continued. . . .
The triaxial compression failure tests: The axial stress and the
confining stress are set to a given value that defines the stress
.-state of the test. The axial stress is then increased till the rock
sample fails while the confining stress remains constant at the
initial value. Measurements of the axial and transverse strain,
and the stress state are made at the failure stress. The
volumetric strain usually will dilate as the sample approaches
failure because of micro fractures that are opening under the
~ stress load. ,
The equation of state parameters consist of two curves, one that
relates the compression pressure to the volumetric strain and the
other relates the shear failure stress to the mean pressure. See EOS
data plots. The data for the volumetric strain vs pressure is shown

- below. Note that 1 kilobar = 0.1 GPa.

Pressure (kb) Relative : volume change= (v-vg)/vg
~ Hydrostate
0.0 0.0
. 0.32 0.0013
, 1.00 0.0035
+2.00 0.0062
3.0 0.0085
- 4.0 0.0106
Uniaxial Strain
_ Loading Unloading
0.0 | 0.0 0.0064
0.120 | 0.00295 0.0076
0.290 0.0060 0.0090
0.495 0.0084 0.0100
0.720 0.0103 0.0112
1.000 0.0116 0.0124
1.465 0.0139 0.0140
2.0 - 0.0157 0.0157
3.0 ' P 0.0184 0.0184
4.0 | /6'0[ 0.0210 0.0210
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—— EOS' data continued: ' R E'WWF“”WW\«. H + L7[/ é Q v o ,,.;/
— There are two pressure - volumetric strain curves, one from I '
T the hydrostatic pressure tests and one from the uniaxial strain tests. YT
—  The EOS data plots shows the volumetric compression data for the R Q
—  hydrostatic stress and uniaxial, strain tests. The initial bulk modulus T \Y 3 4+
— for the hydrostatic test is 27.3 GPa and for the uniaxial strain test the ~— 7 AU
~ modulus was 4.9 GPa. At 0.4 GPa the bulk modulus was 43.5 GPa for T g
— _the hydrostatic test and 42.5 GPa for the uniaxial strain test S Y
e o . . . ]
— indicating that it is the matrix of the rock that is being compressed ' | Q 2 ¢
= although the' sample in the hydrostat'lc test c.ont.ains apprO).(irr.lately Q& ® ,4/7 a/ /,057(_4 é. ,
— 1% more void space than the sample in the uniaxial test. This is ‘

approximately the same bulk modulus as determined from the ultra
- sonic measurements. The initial data is given in kilobars and positive """

4 /ém ax za,/ /muﬂ( vzj

/
e straln in compression. | T & Zémcuaa..-/ un/oaju;lf
~—— The shear stress data is from both the triaxial and uniaxial 1
— laboratory measurements. The data for the shear stress is given B g &= 4 -+
— below in kilobars. Note 1 kb = 0.1 GPa T b " SO ,O/ .02
— —— AVAL
o
S Confining stress (kb) Shear stress (kb) — ’
— drill hole Ue7ns depth 1999 feet 1 3 5
— 0.0 0.60 I -
e 0.5 . 2.5 N
- - I Y 4
4.0 5.5 X
——— drill hole U7ae depth 2850 feet .. ] NS 3 .
— 0.0 - 0.66 — . |
. 0.5 . 124 . R S— /N\ 4 U& 77)5 E;i /V‘(QJ((A/
S 4.0 _ 7.5 ,, T o) 10) U'?a;é /rvx/\'/a/
I e y
— | | | «
« e JE /
— The EOS data plots also show the stress difference, the axial . T > U7a’e’ /’[’“‘Q’XM/ .
—— stress minus the confining stress, as a function of the mean stress at — “ \J
——— failure for triaxial failure tests. In addition the path of the stress W
—— state for the uniaxial strain test is also shown. Since the range of T . ; ) ‘ 4 -t
~—" stresses for all of the calculations is much less than 0.3 GPa, only the  — o - 2 3 Y 5
T et . 0 _ 1 : ‘ Tt ' '
—— oW stress portlon of the data is relevant. ‘ ' :
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EOS data continued:

The data from hole u7ae is in approximate agreement with the
shear stress path observed in the uniaxial strain tests. The maximum
shear stress for the uniaxial tests.were 0.24 GPa.

In a tensile test the most tensile stress is increased to the point
that the rock fails in a brittle manner which determines the tensile
strength of the rock. Most rocks are relatively weak in tension
because of inherent flaws. When data from tensile tests are not
available as in this case, the tensile strength is usually estimated by
extrapolation of the triaxial failure envelope from the unconfined
compressive strength point to where it intersects the pressure axis.
For the Dolomite Limestone this approach gives a tensile strength of
Ehat varies between 0.02 to 0.03 GPa depending on which data set
us used. |

4. EOS data as used in the calculations

The equation of state data used in the calculatlons requires the
data be in the form of pressure vs volumetric strain. The volumetric
strain = In(v/vg) where vqg is the initial volume. The pressure is in
GPa.

Pressure (GPa) Strain = In(v/vq)
Hydrostate
0.0 0.0
0.03 -.0013
0.10 -.0035
0.20 -.0061
0.30 - 0085
0.40 -.0106
1.00 - -.0200
Uniaxial Strain
0.0 0.0
0.03 - -.0005
0.06 -.0061809
0.08 -.0087615
0.10 -.01014
0.13 -.011929
0.18 -.013903
- 0.23 N -.015873
- 1,03 ! ’ -.029559.

1S

ST ‘ T o
The shear strength 1s entered into the model as a equauon where
(v, — "2 =3(ao+al-P+a2*p2)

where ag, ap, az, and the tensile strength pc are specified
Two strength curves were specified and tested for suitability.

Case 1 agp = 0.001Z a; = 0.038
ap = -.001 pc = -.031
Case 2 ag = 0.0003 a; = 0.009
' ap = 0.0 pc = -.033 ,

Strength curve Case 1 models the low pressure triaxial tests and
merges into the uniaxial strain data. Strength curve Case 2 is an
estimate of the strength at high temperature and is about half the
strength of Case 1. i

5. Equation of State Assumptions

- The effect of the magma on the side of the dyke may decrease
the rock's strength in two ways. (1) The rock contains about 2%
water by weight. The heat from the magma causes the water to
pressﬁrize the pores and microfractures in the rock causing failure at
a much lower shear stress. (2) Adding heat to a rock will increase
the ductility of all rocks. However the increase in ductility can for
some rocks increase the ultimate strength and for ¢thers lower the
ultimate shear strength as compared to the cold rock of these
lal:{oratory tests. The temperature of basaltic layds have been
observed. in the range of 1000 to 1250 degrees centigrade. Some
dolomite and limestone data show a decrease in strength. Data for-
Limestone (densities 2.60 to 2.71 Mg/m3 ) exists for temperatures to
800 degrees centigrade and when extrapolated to 1100 degrees
centigrade indicate compressive strengths less than 0.1 GPa. Data for

Dolomite (density 2.82 to 2.87 Mg/m ) show a decrease in strength to

a range of 0.025 to 0.4 GPa from a failure strength of 0.8 GPa at 24
degfees centlgrade \)Qg_ P&?ﬁ_ o?é 14 - '/7 (Q
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Equation of State Assumptions continued:
In addition to the magma effects on the strength there is a small
sample effect where the most competent portion of the core is tested
and inherent fractures which exist in larger blocks of rocks are not
represented in the data. All of these effects would weaken the rock
below that measured on the samples. Based on these considerations
two strength curves were d.eveloped where one matched the U7ae
triaxial strain iiijun @_ data (#1) and the other was half the first
one (#2). The shear strength curve (#2) was used for most of the
sensitivity studies. A’ ductile model was used except for tensile
failure. : ) 4

The heat of the magma may also effect the compress1b111ty of
the rock where the water vapor from the rock escapes into the dyke
fissure allowing the pressure to collapse the pores space. In other
words the rock becomes more compressible without the water than
with the water in the pores. )

Based on the above logic, the more compactable compressibility
curve of the uniaxial stress test is favored over the hydrostat
however a sensitivity study between the two is presented.

5. The physics of dyke propagation
. “ The physics of dykes formation is controversial and data is
limited to seismic observations of magma fracture of the rock, from
lava flow around volcanos and mid ocean ridges, and field studies of
- dykes exposed by uplift and erosion. This data indicates that magma
fracture occurs at velocities less than 1 m/s and with typical widths
that vary between 0.5 to 5 m and outcrop lengths that vary between
1 to 10 km. Seismic velocities indicate that the melt initially collects
in reservoirs at the base of the lithosphere. Pressure induced
expansion of a reservoir will create tensile hoop stresses in the
surrounding rock leading to fractures oriented, normal to the least
compressive regional stress through which the magma can propagate.

According to Lister the primary driving force for a magma driven
fracture is the buoyancy of the magma in the host rock. At shallow
depths, where the buoyancy is negative, the rﬁagma may still drive

~ the fracture due to the reservoir pressure and/or momentum of the“
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‘Lister argues that the total effective pressure p; in the magma is
given by

Pt = Pnh * Pe + Pr + Py + po +’const
i

where
Pe is the pressure due to elastic deformation of the wall
Pn is the hydrostatic pressure
. Py is the viscous pressure drop from viscous magma flow.
pr 1is the pressure required to fracture the rock
Po is the overpressure between the magma and the rock.

The elastic stress is given by modules of elasticity times the strain.
’,I‘he strain is approximated by w/L where w is the half width of the
fracture and L is the shorter of the other two dimensions of the
fracture. The modulus of elasticity can be either Youngs modulus, the

bulk modulus or the shear modulus to give a ball park estimate of
the elastic stress in the rock.

Pe = m*w/L = k* dyke wall displacement

where

m is the modulus of elasticity

w is the width of the fracture

L is the length of the fracture _

k is a proportional constant for a given media
The hydrostatic pressure of the magma on the surrounding rock is in
neutral buoyancy if the density of the magma equals the density of
the rock. The buoyancy is positive if the magma is less dense than

the rock and negative if the magma is more dense. The pressure is
given by

Phn =(dy -d; )*gz

\/k 54/
< o where 7 25
I d,, 1is the density of the magma
— d, is the density of the surrounding rock.
— g is the gravity |
— "7 is a measure of the depth
T : " The estimated Reynolds number for magma flow in dykes is much
—— """ less than- 1000 indicating th& flow is laminar. For laminar flow the
———J""""7"  vyiscous pressure drop is approximated by '
SN e Py = v*h2 /(W? *1)
~———"" " where |
—_— v is the viscosity of the magma l 4
et h is the height of the fracture
—_— w is the width of the fracture
— t is the time since fracture initiation
e The fracture stress is often characterized by a fracture toughness
B coefficient that includes the effect of microfractures in the rock
e surrounding a propagating crack. The internal pressure required for
EE— the propagation of a magma fracture is given by
B + pg= K/(D)I2
B where
EE— K is the fracture toughness coefficient
e S L is a characteristic length of the crack
e T The internal pressure of the magma must expand the fracture
e T against the tectonic stress normal to the crack “to allow the magma to
— flow. The overpressusre is difference between the magma internal
— pressure and the tectonic stress given by
— Po = Pi - 5¢
""" where
e p; is the magma internal pressure
ey P 8y - is the ‘tectonic stress normal to the crack

-mmm1miiHHHIHHHHHHH gy
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- Lister argues that if the dyke is to remain open at its lower margin

then the magma internal pressure pg must be at least comparable to
pn. If the dyke does not propagate upward then py + p, must be
less than pgr. Thus for a statiomary dyke pp, must be much less than
Pf |

Estimated values of the parameters for a stationary dyke indicate the -

maximum height is on the order of 100 m and the maximum width is
on thé order of 2 mm. A stationary dyke is very thin such that the
magma would freeze and would not propagate. Consequently since
known dykes are approximately 1 meter in width, their height must
be much greater than a 100 m. As the height increases, pp increases
and pr decreases. Thus when the height is much much greater than
100 m then pr is much less than pp, indicating that the pressure
required to fracture the rock ahead of the crack is much less than the
available stress to drive the fracture. This suggests that the rate of
propagation of the crack is not controlled by the resistance to
fracture but by the resistance of the viscous flow up the dyke to the
crack tip. Lister argues that by assuming p, is approximately equal

to pe then the following relationship holds for the region of the crack
far back from the tip.

h? /w = 7. e+06 m

Since w is on the order of one meter and h is on the order of several
thousand meters, then the above rat1o is much greater than 7. e+06
m which suggests that p, is much greater than p,.

The dominate stresses left which are involved in the propagation of

the magma are the viscous pressure and the hydrostatlc pressure
where

Pv = Ph-

%607/ /s - .

The Physics of Dyke PrOpagdtlon continued ST NI

The half width wg of the crack in this ;eg'ibn is proportional to the
viscosity, the flow rate of the magma, ‘and the buoyancy of the

magma. Near the crack tip the overpressure and hydrostatic pressure

must drive the walls of the crack back against the elastic resistance
of the surrounding rock and,regional stress. Lister solves the
equations\m for elastohydrodynamic flow for the shape of thevcrack
behind the tip. The results of this analysis indicates that a bulb
forms near the crack 'tip where the half width is greater than the half
width far back of the tip.When the crack toughness is assumed to be
zero the half width of the bulb near the tip is 1.27* wg . |
Pollard investigated dyke propagation from the point of view of
fracture mechanics. The dyke was modeled as a blade shaped mode I
elastic crack.

A magma pressure P was assumed sufflclent to dilate the crack
against a remote compressive stress S and the elastic stiffness of the
rock. The change in the elastic strain energy is given by

. U= pi*aZ *(P-S)2 [(1-pr)/(2*shr)]
where
" a is the half length of the crack

., P is the magma pressure

S is a compressive stress the crack is opening against

fpr is Poissons Ratio

shr is the elastic shear modulus

pi is 3.14... :
The energy available for fracture is given by the change in strain .
energy with respect to crack length.

G=- dU/ da

resulting in the energy available for a increment of propagation at
each of the two dyke tips of

G = pi*a*(P-S)2 [(1-pr)/(2*shr)]
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The Physics o

Dyke Propagation continued

‘An estimate of the stress difference (P-S) is obtained from comparing
the equation for displacement at long range from a dyke to
measurements of displacement on several volcanos. Assuming range
for the shear modulus is 1 < shr < 6 GPa and a Poissons Ratio 0.25, the
driving pressure falls in the range of

,-001 GPa < (P-§) < .004 GPa

If one assumes a rock stiffness closer to those measured on
laboratory samples, a driving pressure of 20 to 30 MPa would result.
Thus . .

020 GPa < (P-S) < .030 GPa

Pollard discusses what he calls a "Cohesive Zone Model" as shown
on next page. The cohesive zone model. Magma pressure, P, is

exerted on the dyke wall except over a small length L at the dyke
tip. This length of dyke wall may be subject to a fluid pressure P

This model resembles the conditions of the proposed Dyna3d
calculations. '

The stress intensity factor K is given by

K = (P-S)*(pi*a)l/2 - P¥Q*L/pi)l/2 ,
where ‘ -
| a is the half length of the crack
P is the magma pressure
S is a compressive stress the crack is opening against
L is the unpressurized dyke wall

L<<a

Setting K to zero and solving for L gives the distance ahead of the
magma that the stress intensity would be reduced to zero.
L = (piZ a/8)*[(P-S)/P]2

- L o 25
o T slyos N
. - The Physics of Dyke Propagation continued N E—
— L
: " Assuming that the ratio of (P-S)/P is onvt'he order of .3 and the cra(lck —
""" half Jength is on the order of 600 m’ then the crack tip leads the B
— " magma pressure by ' | —
e L=80m 3 —
B— End "Physics of Dyke Propagation” | —
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