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ABSTRACT

Lund, B. 2000. Crustal stress studies using microearthquakes and boreholes. Acta
Universitatis Upsaliensis. Comprehensive Summaries of Uppsala Dissertations from the
Faculty of Science and Technology 517. 75 pp. Uppsala. ISBN 91-554-4671-X.

The state of stress in the crust is essential for the understanding of geodynamic processes
such as the transmission of plate driving forces through the lithosphere and the triggering
of earthquakes. This thesis describes the development and application of new methods for
the estimation of crustal stresses. The first study revisits the stress state of the Swedish
upper crust using data from the deep boreholes in Siljan. The analysis of wellbore image
and other logging data enables us to constrain orientations and magnitudes of in situ
stress. We find a strike-slip faulting regime at depth with the maximum horizontal stress
in a WNW ESE direction and Sy — Si ~ 60 MPa at 5 km depth. The remaining three
studies in this thesis are concerned with stress estimation from microearthquakes. We
utilize earthquake data from the Icelandic SIL network in southwest Iceland. The first
microearthquake study develops a stress tensor inversion scheme for focal mechanisms,
including new methods for the selection of fault plane from the nodal planes as well as
a novel technique to account for the errors in the focal mechanisms. The second study
introduces a new method to assess the similarity of focal mechanisms for earthquakes with
closely located hypocenters. The method is also promising as a monitoring instrument
of earthquake repeating patterns. Finally, these new methods are applied to one year
of seismicity before the November 13, 1998, My = 5.0 Olfus earthquake. During the
year we find significant temporal variations in microearthquake repeating patterns, and
a large anomaly ending at the main event. The estimated background state of stress is
well constrained, stress inversions over time show a rather stable, subhorizontal direction

of o3 with more variations in o1 and os.
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A NOTE ON NOTATION

A note on notation

In this thesis T will attempt to stick to the following stress notation conventions.
In the first sections o;; signifies any general stress tensor but once the concept of
effective stress has been introduced o;; is the effective stress and S;; the applied
stress. All stresses are considered positive when compressive. The term hydrostatic

stress is often used for the situation o1 — 05 — o3. This becomes a little confusing
when pore pressures and boreholes are present and I will reserve hydrostatic for
the stress (or pressure) exerted by the weight of a unit area column of the fluid in
question. Vectors are in bold, n, tensors and matrices bold underlined, A.

o DT
Oz, Uyya Ozz,
011, 022, 033
Orry, 000, Ozz,
ny7 Ozz; Jyz-,
012, 013, 023
Orf, Orz, 06z,
01, 02, 03
01,02, 03
01, 02, 03
O1N; O1E, O1d
n

t

On, On

T, T

OH, Oh, OV
P, Py, B

General, deviatoric and reduced stress tensor

Normal stress components in a Cartesian

coordinate system

Normal stress components in a cylindrical coordinate system
Shear stress components in a Cartesian

coordinate system

Shear stress components in a cylindrical coordinate system
Magnitudes of the principal stresses

Principal stress vectors

Orthonormal basis vectors in the principal stress directions
Components of ¢ in the North, East, down coord. sys.
Vector normal to a plane, unit length

Traction vector on a plane

Normal stress magnitude and vector, on a plane

Shear stress magnitude and vector, in a plane

Maximum and minimum horizontal stress and vertical stress
General fluid pressure, pore pressure, borehole fluid pressure



1 Introduction

Despite our long traditions of using rock as a construction material, traditions
probably as old as civilization itself, it was only during the last century that the
need to understand and measure the forces acting in the rock became urgent. The
foundation of tall buildings and long bridges, the excavation of long tunnels and
deep mines and the drilling of deep wells can only be safely carried out with knowl-
edge of how the rock responds to changes in the stress field. The advancement
of civil, mining and petroleum engineering spurred interest in the measurement
of rock stresses and from the relief methods of the 1930s the development of new
stress measurement techniques has been constantly increasing. At the same time,
in geology and geophysics, the need for quantitative estimates of the development
of folds and intrusions, the movement of earthquake generating faults etc., ac-
centuated the need for estimates of in situ stress from the deep crust. Further
interest in deep stress estimates was triggered by the plate tectonic revolution.
Plate tectonics has been very successful in describing various tectonic processes by
a single concept, but the forces that drive the plates are still not well understood.
Which forces act on the plates, where do they act, what are their magnitudes and
how and where are they transmitted? Some of these questions can be answered
through the study of mechanical stresses in the lithosphere. The recent interest in
stress transfer and stress triggering of earthquakes is a field which requires detailed
knowledge of crustal stresses, preferably both before and after large earthquakes.
Accurate estimates of the background stress field and the perturbations caused
by smaller groups of events will contribute to the understanding of earthquake
generating mechanisms and, hopefully one day, the forecasting of earthquakes.

This thesis describes some new developments in the estimation of crustal
stresses from earthquake focal mechanisms and a new method for the monitor-
ing of one aspect of earthquake faulting, based on focal mechanisms and locations.
An application of an integrated stress measurement strategy, utilizing two deep
boreholes to measure crustal stress, is also included in the thesis.

The thesis is divided into two parts. The first part starts with an introduction
to the stress tensor concept and to some of the properties and applications of the
stress tensor. Included in this section is also a very brief summary of rock fracture,
friction and pore pressure. In the next section I introduce the methods used to
infer stress from earthquake focal mechanisms and include some comments on the
use of P and T axes as stress orientation indicators. This section also contains a
discussion on the distribution of focal mechanism data, pertaining to stress tensor
inversion. The third major section of this part of the thesis describes some of the
methods used for inferring stresses from deep boreholes. I have concentrated on
hydraulic fracturing, borehole breakouts and induced tensile fracturing. Since all
of the data for the seismological part of this thesis come from the Icelandic SIL
network, T have included a very brief introduction to the tectonics of Iceland and



8 2 THE STRESS TENSOR

the operation of the SIL network. After SIL follows the summaries of the papers
and a few concluding remarks.

The second, or main, part of the thesis consists of four papers. Paper I describes
the estimation of the orientation and magnitude of the state of stress in Siljan,
Sweden, using data from the deep boreholes Gravberg-1 and Stenberg-1. All stress
related data obtained from the two boreholes have been compiled and analyzed
using an integrated stress measurement strategy. Papers II, III and IV are all
based on microearthquake data from Olfus in southwest Iceland. Paper IT extends
an earlier stress inversion method by introducing a new nodal plane selection
criterion, and through the use of acceptable focal mechanisms it allows for errors in
the mechanisms. Paper III introduces a new technique for assessing the similarity
of focal mechanisms, which is also discovered to be very valuable as a monitor of
earthquake repeating patterns. In Paper IV we apply the methods developed in
Paper II and IIT in a study of one year of seismicity prior to the November 13,
1998, magnitude 5.0 earthquake in Olfus.

2 The Stress Tensor

Stress is defined by considering a force, OF', acting on a surface, 0A, see Figure 1A.
The limiting value of ¢ = OF /0 A as the surface A goes to zero is called the trac-
tion vector, or sometimes the stress vector. Following Jaeger and Cook [1979] I use
the sign convention that compressive stresses are positive. In order to completely
describe the stresses acting at a point in an elastic medium, consider the stresses
acting on the infinitesimally small cube of material in Figure 1B. Stress compo-
nents acting perpendicular to the surfaces are called normal stresses and denoted

A t B 74

oF n Oyy
a
Oyz A Oy oy,
’ Ozy ¢< | Oxx > X
a O gx
Ozz

/
1

Figure 1: A) Definition of stress on a plane with area A subject to a force OF. Traction
vector t and plane normal n. B) Infinitesimal material cube showing the nine components

of the stress tensor. Compression is positive.
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Oza, Oyy and o,. Stress components acting along planes are referred to as shear
stresses and denoted 04, 0. etc. I use the subscript notation on-in, i.e. the stress
components act on the surface denoted by the first subscript in the direction de-
noted by the second subscript. Shear stresses are considered positive as indicated
in Figure 1B. In the static case, when all forces acting on three orthogonal faces of
a body are in equilibrium, we can write the nine stress components in a Cartesian
coordinate system as

Ozx Ozxzy Ozxz

Oyz Oyy Oyz (1)

Ozx Ozy Ozz

Furthermore, inspecting Figure 1B we intuitively see that if 0., is not equal

to oy, there would be a couple a®(o,, — 0y;) , where a is the length of the side of
the cube, acting to rotate the cube. For the angular moments on the cube to be
in equilibrium, e.g. around the z-axis

20,y + 8;;;’ a— 20y, + 8;;; a=0 (2)
and as a — 0, we require 0,y = 0yy, and similarly o, = 0., and 0y, = 0,y. The
stress matrix is hence diagonally symmetric (for a more stringent proof see e.g. Aki
and Richards [1980] p. 19), it is always real and only six of the nine components
are independent. We know from matrix theory that real symmetric matrices have
important properties such as real eigenvalues, orthogonal eigenvectors and that
they are orthogonally diagonalizable.

At this point it is convenient to introduce the tensor concept. Intuitively, a
tensor can be thought of as a quantity composed of a collection of vectors, and
in three dimensions a tensor is a combination of three vectors. This is analogous
to considering a vector a collection of scalars, which in three dimensions are three
scalars. More rigorously, a tensor is a quantity that is defined only in terms of
its transformation properties under orthogonal coordinate transformations [ Gold-
stein, 1980]. In Cartesian three-dimensional space, a tensor S of the Nth rank
may be defined as a quantity having 3" components Sijk... (with N indices that
run from 1 to 3) that transform under an orthogonal transformation A as

ik (&) = aiajmarn - .. Stmn.. (x) (3)
By this definition, a scalar is a tensor of rank zero and is invariant under orthogonal
transformation. A first rank tensor has three components transforming as

S =a;S; (4)

and is hence equivalent to a vector. The nine components of a second rank tensor
transforms as

K

;= @ika; Skl (5)
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which is precisely how our symmetric stress matrix transforms. Using matrix
notation, Equation 5 can be written more compact as

S'=ASA" (6)

T will use Equation 6 extensively in later stress tensor coordinate transformations.

2.1 Properties of the stress tensor

During transformations of the stress tensor there are some quantities that do
not change, that are invariant. These are, in addition to the eigenvalues, the
coefficients of the characteristic equation that defines the eigenvalues.

Ogx — A Ozy Oxz
Oya Oyy — A Oy =0 (7)
Ozx Ozy Ozz — A

giving the characteristic equation

A* — tr(0i)A? + minor(o;;)A — det(oy;) = 0 (8)

where
tr(oij) = Oups +Ooyy + 022 9)
minor(aij) = Ozz0yy + OyyOzz + 03002z — U;w - Uiy - ng (10)
det(0ij) = OuaOyy0zz + 20yc02y020 — Jmazy — O'yydzm — Jzzoim (11)

The trace (tr), the sum of minors and the determinant (det) of the stress tensor
hence always stay constant during transformations and can be used to verify that
transformation algorithms work properly. The invariants are also important in
the formulation of failure criteria. The trace is related to the mean normal stress
component of the stress field which is defined as S = tr(o;;)/3.

We noted above that real symmetric matrices have real eigenvalues, orthogonal
eigenvectors and can be diagonalized. This implies that there always exists some
coordinate system where the stress tensor is diagonal and this coordinate system
is referred to as the principal system, where the shear stresses are zero on planes
orthogonal to the coordinate axes and where the normal stresses act along the
principal axes directions (the eigenvectors). The principal stress magnitudes (the
eigenvalues) are denoted o1, o2 and o3 and the stress tensor takes the simple form

01 0 0
=10 o2 0 (12)
0 0 g3

where, by definition, o1 > 09 > 03. The principal stress system is very important
in applications of stress theory to geophysics and geology. Calculations are usually
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much simpler to perform in the principal system, as we shall see below, and when
discussing crustal states of stress, faulting regimes and laboratory experiments,
the principal stresses are frequently used. Due to the presence of the free surface,
the stress field close to the Earth’s surface is expected to have one principal stress
vertical and hence two horizontal principal stresses. Numerous measurements
from all over the world, using a wide variety of measurement techniques, indicate
that this assumption is valid in most cases. One principal stress is commonly
found to be inclined less than 30° to the vertical [Zoback et al., 1989; Amadei and
Stephansson, 1997]. These measurements also indicate that the magnitude of the
vertical stress is commonly explained by the weight of the overburden [Amadei
and Stephansson, 1997], i.e. oy = fOD p(2)g(z) dz, where p(z) is the density of
the overlying rock, g(z) gravity and D the depth. However, localized anomalies
exist, and have been attributed to local geological features or active tectonic zones
[Amadei and Stephansson, 1997]. A state of stress in the crust where all principal
stress magnitudes are equal to oy is often referred to as lithostatic. Contrary to the
straightforward calculation of the vertical stress, the magnitudes of the horizontal
stresses are much more difficult to predict. In some circumstances lithostatic
stress conditions are assumed, another frequently used expression is oy v/(1 —v),
where v is Poisson’s ratio for the rock. This expression assumes (1) an ideal,
homogeneous, linearly isotropic continuous half-space with horizontal surface, (2)
a rock mass under gravity loading alone with vanishing horizontal displacements
and (3) no influence of the loading history on the stress build up. In general,
however, measurements show that horizontal stresses vary considerably and these
variations are inferred to be caused by such diverse mechanisms as tectonic stress,
thermal stress, erosion, anisotropy, glaciation and deglaciation, topography and
other active geological features [Amadei and Stephansson, 1997].

It is sometimes convenient to subtract the mean normal stress component from
the stress tensor and the resulting quantity is then called the deviatoric stress ten-
sor, D = o — SI. This separates the stress tensor into one component that
determines the uniform compression or dilatation, and one component that deter-
mines the distortion or shearing, the deviatoric component. The deviatoric stress
is important in failure criteria since these are primarily concerned with shearing
stresses. 01- 03 is sometimes referred to as the magnitude of the deviatoric stress.

Another method of decomposing the stress tensor was suggested by Angelier
et al. [1982], which I follow using a measure of the relative size of the intermediate
principal stress R = (01 — 03)/(01 — 03) after Gephart and Forsyth [1984], where
0<R<L

01— 03 0 0
g = 0 09 — 03 0 +0’3l (13)
0 0 03 — 03
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1 0 0
o=(o1—03)(0 1-R 0] +o3l (14)
0 0 0
o= (01 —03)T+o031 (15)

We see that the stress tensor is decomposed into a reduced stress tensor, T, mul-
tiplied with a constant that is a measure of the shear stress magnitude, plus an
isotropic component. The choice of R might seem odd in this context, Angelier
et al. [1982] instead used the more natural choice ¢ = (09 —o03)/(01 —03) = 1 — R,
but we shall see below that R is useful when resolving the shear stress on a plane.

2.2 Stress on a fault plane

Consider a fault plane with normal n = (n1,n2,n3) in a homogeneous stress field
o as in Figure 2. Performing all calculations in the principal stress system we
can easily obtain the components of the normal, o,,, and shear, 7, stresses. The
traction vector t is given by

—t =on = (01n1,02n2,03n3) (16)

remembering that our sign convention dictates that compressive stress is positive
and thus has the opposite direction to the plane normal. From the traction vector
we calculate the normal and shear stresses on the plane

—0, = (t-n)n = (0103 + gani + o3n3)n (17)

—T=t—o, (18)

Figure 2: Decomposition of the traction vector ¢ on a plane into the normal stress on

and shear stress 7 components.
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We find for the shear stress components

-1 = (01— (oln% + ogng + Ugng))nl
-9 = (09— (oln% + ogng + Ugng))ng
—T3 = (03 — (aln% =+ Ugng + J3n§))n3

and using the relation n? +n3 +n3 =1

—T1 = (n%(al —02)—|—n§(01 —03))711
—Ty = (n3(01 — 09) +ni(01 —03) — (01 — 02))n2
—73 = (n3(o1 — 09) +ni(o1 —03) — (01 — 03))n3
Finally, remembering that R = (01 — 02)/(01 — 03) and using K = n% + Rn} we

can write
Km
—17=(01—03)| (K—R)ng (19)
(K - 1)77,3

and hence the magnitude of the shear stress is

T = (01 — 03)y/n3 + R*n3 — K? (20)

Equation 19 shows that the direction of shear stress on a plane is independent of
the absolute magnitude of the principal stresses and only depends on the orienta-
tion of the plane in the stress field and on the ratio R [Bott, 1959]. Comparing
Equation 19 with Equation 15 we see that the shear stress direction on a fault plane
is determined by the reduced stress tensor and that neither adding an isotropic
stress nor multiplying the tensor with a positive constant will modify that direc-
tion. This result is central to inversion schemes that estimate the principal stresses
from earthquake focal mechanisms.

The maximum shear stress directions and magnitudes are obtained from the
stationary points when Equation 20 is differentiated with respect to the coordinates
of the fault plane. I will only state the results here, for a full treatment see e.g.
Jaeger and Cook [1979]. There are three directions of maximum shear stress, all
of which bisect the angles between the principal stresses. The greatest is

1
T= 5(01 —03) (21)
bisecting the directions of o7 and o3. The other stationary values are, as expected,
1 1
T=—(01 —02) 7T==(09—03) (22)

2 2

The normal stresses corresponding to these directions are

%(014-0'3) %(0'1 +02) %(024'0'3) (23)
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Op

OH

Figure 3: A) Circular hole in a material under uniaxial, compressive stress of magnitude
of at infinity. B) Coordinate system and orientations of the components of the stress

tensor in cylindrical coordinates.

2.3 Stress around a borehole

If a circular hole is made in a homogeneous body experiencing a homogeneous
stress field, stress will concentrate around the hole since no force can be carried
through the interior void. Figure 3A shows the stress concentration around the
hole in a body under uniaxial compression, of magnitude ¥ in the far-field, in the
x-direction. Since the hole boundary is a free surface, the stresses acting normal
to the boundary must decrease to zero at the boundary. As I will show below,
at the point x — 0, y — =R, we have the largest compressive stress, 0,, — 30§
and o,y = 0. At x = £R and y = 0, we have the largest tensile stress, o, = 0
and oy, = -of*. Even if the hole is filled with other material, of differing elastic
moduli, there would be a perturbation in the stress field around the inclusion.
The equations governing the stresses around a hole are best represented in polar
coordinates, for the 3D case cylindrical coordinates will be used, see Figure 3B.
The stress equations are obtained by considering the equilibrium equations in the
three coordinate directions, e.g. in the case of the tangential (or hoop) stress, ogg,
we require the tangential forces to sum to zero, Y Fy = 0, which yields

1 (90’99 8(77@ 2 o
v o0 T or tyloe) =0 (24)

If we assume that the rock is elastic and isotropic and that the borehole is parallel
to one of the principal stresses, an example is a vertical borehole in an area where
the vertical stress, oy, is a principal stress, we obtain the analytical solutions
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described already by Kirsch [1898].

1 R? 1 R?* _R* APR?
Opr = §(O'H +on) (1 - r_2> + §(UH —on) (1 - 4r_2 +3r_4> cos 26 + 2
1 R2 1 R4 APR?
oY) = §(O'H—|—0'h) <1+7"—2> —§(O'H—O'h) <1+3r—4> C0829— 7’2
1 R? R*

oy and o are the maximum and minimum horizontal stresses, 6 is the angle
around the borehole from the direction of the maximum horizontal stress, see
Figure 3B, R is the borehole radius and r the radial distance to the point of
measurement (r > R) and AP is the difference between the fluid pressure in the
borehole, Py, and the formation pore pressure, Py. At the borehole wall, » = R,

the equations simplify to

o = AP (25)
ogg = omg+op—2(cyg —op)cos20 — AP (26)
org = 0 (27)

Comparing these equations with the simple case considered in Figure 3A, we see
that the equations further simplify to the results stated above, at § = 0 and
0 = 90° with oy = 01, o, =0 and AP = 0.

The general case with a borehole arbitrarily inclined in the stress field was
considered by Hiramatsu and Oka [1962] and Fairhurst [1968], here I will only
state the equations evaluated at the borehole wall, r = R. The stresses referred
to below, o;; 4,5 = 1,2,3, are stresses in a borehole local Cartesian coordinate
system where the z-axis lies along the borehole axis, the x-axis is in the plane
perpendicular to the borehole axis directed towards the bottom side of the borehole
and the y-axis is in the same plane but perpendicular to x. This is the coordinate
system utilized by Peska and Zoback [1995]. The cylindrical coordinate system is
also local to the borehole with the z-axis parallel to the borehole axis.

orr = AP

ogg = 011+ 092 —2(011 — 022) cos 20 — 4voyo8in 20 — AP (28)
0. = 033 —2v(011 — 022) c0s20 — dvoi9 sin 26

0g: = 2(023cos — o13sinb)

In this Cartesian coordinate system, 6 is the angle from the x-axis around the
borehole wall towards the y-axis. v is Poisson’s ratio. These general equations
will be used for the borehole stress analysis in Paper I.
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2.4 Transformation to the principal stress coordinate sys-
tem

We have seen above that calculations of normal and shear stresses on a plane and
stresses in a borehole are simple in the principal stress coordinate system. Tt is
therefore advantageous to transform fault plane normals and borehole coordinates
to the principal system before carrying out the calculations. We shall also see
that the transformation of a vector from the geographic North, East, down (NEd)

P is very simple in the

coordinate system, nV P4, to the principal stress system, n
case where the principal stress axes are represented in NEd coordinates. We write

the transformation

61 N &1-E &1-d
n =AnNFl = |Gy . N &9 -E &o-d|nVFd (29)
63N &3-E &3-d

where &; are unit vectors in the principal stress directions, in the NEd coordinate
system, and N = (1,0,0), E = (0,1,0) and d = (0,0, 1) are the basis vectors
in the NEd system. Writing o;nx, o;g and o;4 for the three components of &,
Equation 29 simplifies to

£ NEd
OIN O1E O1d og1'n
nP = O9N O3 024 nNEd = 0?2 -nNEd (30)
2 NEd
O3N O3E 03d g3 n

Naturally, transforming vectors from the principal system to the NEd system is
just as easy, we simply use the transpose of the transformation matrix above.
This transformation matrix will be frequently used in the stress tensor inversion
scheme for earthquake focal mechanisms described below. The stress tensor is
there known in the principal system and we need to transform the planes of the
earthquake focal mechanisms to the principal system.

2.5 Direction of horizontal stress

Using the results of the previous sections we can calculate the directions of the
maximum and minimum horizontal stresses. Realizing that the horizontal stress
equals the normal stress on a vertical plane, we define the normal of a horizontal
plane as in Figure 4A, n = (ny,ng,0) = (cosq,sinq,0) in the NEd coordinate
system. Using Equation 30 we find the plane normal in the principal stress system

OINNN + O1ENE
P
n’ = | oannn + o2EnE (31)
O3NNN + O3ENE
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Horizontal stress

0 20 40 60 80 100 120 140 160 180
Angle from North [deg]

Figure 4: A) Vertical plane normal for the calculation of horizontal stress. B) Variation
of o, with respect to to the angle . The direction of the principal stresses are o1 N30°E
horizontal, o2 vertical, o3 N120°E horizontal and the magnitudes 01— 1.2, 02— 1, 03—
0.7.

and Equation 17 gives us the plane normal, or horizontal, stress component

—On = [01 (oinny + o1gnE)® + oa(canny + o2pnE)*+
os(osnny + UgEnE)ﬂ n? (32)

We find the stationary points, where o, has its maximum or minimum, by differ-
entiating the magnitude of o, with respect to «

d
% = sin2aoi(0tg — o) + 02(055 — 05n) + 03(03 — o3n)] +
2cos2alo101N01E + 020N 02E + 0303803E] = 0 (33)

o, will have one maximum and one minimum in the interval 0° < o < 180°, see
Figure 4B for an example, and reorganizing Equation 33 we find

2(0101NO1E + 0209N 02 + 0303N03E)

tan 2a =
o1(0fy — 0ip) +02(03y — 035) + 03(03y — 035)

(34)

from which « can be determined. A test needs to be carried out, using the horizon-
tal stress magnitude from Equation 32, to identify whether we found a maximum
or minimum, and then the direction of the second horizontal stress, maximum
or minimum, can be computed since we know that they are orthogonal to each
other. Equation 34 fails (the denominator is zero) if we have one vertical principal
stress and two horizontal principal stresses of equal magnitude. In such a case all
horizontal stresses are equal. If |o1n| = |o1E|, |o2n]| = |o2r| and |osn| = |o3E]
Equation 34 also fails, in this case the horizontal stresses have directions N45°E
and N135°E, respectively.

Equation 34 seems to indicate that we need to know the magnitudes of the
stresses to infer the direction of the maximum horizontal stress. This is, however,
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not the case as we can see by considering the reduced stress tensor of Equation 15.
The isotropic component of the stress tensor does not have any preferred direction
and the (o1 - 03) constant only affects the magnitude of the horizontal stress, i.e.
the direction is only dependent on the reduced stress tensor. Starting again from
the vertical plane normal in Equation 31 we now find the horizontal stress

—Op = (01 — 0'3) [(UlNTLN + alEnE)2 + (1 — R)(O’QNTLN + O'QETLE)Q] nP (35)
and hence the expression for the angle is

2(o1no1E + (1 — R)oano2g)
(J%N - U%E) +(1— R)(”%N - J%E)

As described above we need to test the solution by calculating the horizontal stress

tan 2« = (36)

magnitudes. This is done using Equation 35, and since we are only interested in
the relative sizes of the maximum and minimum horizontal stresses, we can neglect
the unknown (o7 - o3). The horizontal stress direction calculation using R fails in
the same circumstances as did Equation 34. Being able to calculate the direction of
maximum horizontal stress without knowledge of the principal stress magnitudes
is very useful for visualizing the results of the stress tensor inversions described in
Section 3.4, where no absolute magnitudes are retrieved.

2.6 Visualizing the stress tensor: Stress ellipse and Mohr
circle

Adopting the principal stress axes as our reference system we know from Equa-
tion 16 that the traction vector on any plane with normal n is

—t = (01n1,02n2,03n3)

Since all normals are assumed to have unit length, i.e. n? +n% +n3 = 1, it follows
that the components of the traction vector lie on an ellipsoid with semi-axes oy,

o9 and o3 , , ,
t 4 t
Z+EX+=2=1 (37)
o1 03 O3

The stress ellipsoid, see Figure 5 left column, is a convenient tool to easily visualize
the orientations and magnitudes of the principal stresses and hence the prevalent
faulting regime and the magnitude of the shearing stresses.

The stress ellipsoid is, however, less convenient for showing the relationship
between the orientation of a plane in the stress field and the resulting magnitudes
of the normal and shear stresses upon it. To this respect we use the Mohr circle
diagram which, as we shall see, is very useful also in the discussion of rock failure.
I will not derive the angular relations for the Mohr circle here, see e.g. Jaeger and
Cook [1979], instead the relationship between the normal to a fault plane and the
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Figure 5: Stress ellipsoids and Mohr circles for two stress tensors with equal value of
R = 0.6. The upper tensor has 01— 1.3, 02— 1 and 03— 0.8 and the lower tensor has
01— 1.9, 02— 1 and o3— 0.4. Observe the difference in the shapes of the stress ellipsoids

but the identical shapes (except for a scale factor) of the Mohr circle diagrams.

normal, shear and principal stresses are illustrated in Figure 6. The angle between
the o7 axis and the normal is denoted o and the angle between the o3 axis and
the normal is #. Using the equations for the magnitudes of the normal and shear
stresses, Equations 17 and 20, we find that if one angle is kept fixed, varying the
other angle traces out a circle in o, 7 space. If we fix one angle in the plane
of two principal stresses, the three main circles in Figure 6B will be traced out,
e.g. for a fault normal in the o1 - o9 plane (6 = 90°), Figure 6A, we have a circle
centered on A (normal stress (o1 + 02)/2) in Figure 6B, with radius (o1 — 02)/2.
We see from Figure 6B that normal stress for the circle varies from o7 to o9 and
shear stress from 0 to (01 — 02)/2, as we expect. Setting € to any other angle
will trace out other circles centered on A, such as the DEF circle segment. The
largest of the three main circles traces out the stress magnitudes on normals in
the o1 - o3 plane. If desired, the Mohr circles can be mirrored in the o, axis to
allow for negative shear stress magnitudes. The space enclosed between the two
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Figure 6: Figure modified after Jaeger and Cook [1979]. A) One octant of the stress
ellipsoid showing the definitions of the angles o and 6 and the traces of two ellipses for
fixed values of « (GEH) and 6 (DEF). B) The Mohr diagram corresponding to the stress
ellipsoid in A.

smaller circles and the larger circle shows the possible shear and normal stresses
on any plane in the stress field. Using the Mohr diagram we can hence read off
the normal and shear stress magnitudes for any value of a and 6, i.e. any direction
of the fault plane normal.

Comparing the stress ellipsoids and the Mohr diagrams in Figure 5 we see that
although the ratio R is often referred to as the shape factor it does not describe the
shape of the stress ellipsoid but instead the position of the oo point in the Mohr
diagram. R reflects how close o9 is to o1 or o3, but it does not give any information
on the magnitude of (o1 - 03), i.e. the size of the Mohr diagram. An unscaled Mohr
diagram can be constructed using only the directions of the principal stresses and
R. Although without information on the absolute magnitude of the shear stress,
such a diagram is valuable for the analysis of the relative stability of fault planes,
since the location of the fault plane normal in the Mohr diagram only depends
on the relative orientation of the fault plane normal with respect to the principal
stress axes.

2.7 Rock fracture, friction and pore pressure

A material is said to be brittle under conditions in which its ability to resist load
decreases with increasing deformation [Jaeger and Cook, 1979]. These conditions,
such as low temperature and pressure, prevail for silicate rock in the Earth’s upper
lithosphere, which is consequently considered to be in a brittle state. Since most
of this thesis will discuss only brittle material, this section will focus on brittle
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failure.

The strength of a material can, in simplest terms, be viewed as the maximum
stress that the material can support under given conditions. Theoretical calcula-
tions of strength often over-estimate the strength by orders of magnitude if they
do not incorporate mechanisms to account for material defects such as cracks. To
propagate the defects in the material, the theoretical strength has to be overcome
only locally, within a stress concentration produced by the defect, hence the effec-
tive strength of the material is lowered. After failure has been initiated a complete
loss of cohesion across a crack usually occurs, an effect called brittle fracture. To
predict the onset of failure there exists a number of different failure criteria of
which I will concentrate on the important Coulomb criterion.

Due to the difficulties in predicting rock failure mechanisms theoretically, the
strength of rock under general stress conditions is described by empirical or semiem-
pirical criteria. These criteria all relate the principal stresses, with some material
parameters, so that they define a limiting failure envelope of the form [Scholz,
1990]

o1 = f(o2,03) (38)

For tensile failure the simple, but adequate, assumption that the material fails on
a plane perpendicular to the least principal stress, o3, when that stress falls below
the uniaxial tensile strength 7', results in the failure criterion

03 — —T() (39)

Shear failure under compressive stress is commonly described by the criterion
introduced by Coulomb [1773] where shear failure is resisted by the cohesion, or
intrinsic shear strength, of the material, 7y and by a constant times the normal
stress across the plane

T = po, + 70 (40)

where 7 is the shear stress at failure and o, the normal stress on the plane.
The parameter p is called the coefficient of internal friction, in analogy with the
coefficient of sliding friction for cohesionless soils. Stretching the analogy further
we write tan¢ = p and refer to ¢ as the angle of internal friction after the
steepest angle of repose for soils. Note, however, that the Coulomb criterion is
strictly empirical.

The Mohr circle diagram is very useful in analyzing the Coulomb criterion since
it is stated in terms of shear and normal stresses. In Figure 7A T have superimposed
the failure line, f1, of Equation 40 on a Mohr circle of o7 and o3. The slope of the
failure line depends on the coefficient of friction, the larger the friction, the steeper
the line. The Coulomb criterion is two-dimensional, there is no predicted effect of
an intermediate stress, which is why I use the maximum and minimum principal
stresses. If the (o1 - o3) difference would have been large enough for the stress
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Figure 7: Figure modified after Scholz [1990]. A) Mohr circle for o1 and o3 illustrating
the failure lines superimposed by the Coulomb criterion. B) Angular relationship between

principal stresses and the fracture planes.

circle to reach the failure line f1, failure would occur and we see from the Mohr
diagram that it would occur on two conjugate planes oriented at acute angles
T ¢

0=7-75 (41)

on either side of the oy axis and with opposite sense of shear direction, see also
Figure 7B. Using Equation 17 and 20 for the normal and shear stress magnitudes
and the geometry of Figure 7, we can describe the Coulomb criterion in terms of
the principal stresses

o1 [\/}LQ—H—M} — 03 {\//12—4—1-1-/1} =279 (42)

This is a straight line in the o1, o3 plane with intercept at the uniaxial compressive

Co = 270 [\/;ﬁ—ﬂ + u} (43)

on the o axis. Experiments using triaxial stress condition show generally good
agreement with the Coulomb criterion [Jaeger and Cook, 1979] in that the o4
versus o3 curve is approximately linear and the shear fracture plane is inclined at
an angle of less than 45° to the o; direction.

strength

Byerlee [1978] compiled measurements of frictional strength for a wide variety
of rocks under different loads, and was able to fit the data with two straight lines.
For lower normal stress, o, < 200 MPa, he found

T = 0.850,, (44)

and for higher normal stress
7 =150+ 0.60y, (45)
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T is, again, the shear stress at failure and both stresses are measured in MPa. This
friction law, referred to as Byerlee’s law, is, with very few exceptions, independent
of lithology. It holds over a very wide range of hardness and ductility (from
carbonates to silicates) and is to first order independent of sliding velocity and
roughness. Byerlee’s law applies, in general, for temperatures below 400°C and
can, due to its universality, be used to estimate the strength of natural faults.

Sliding on faults in the Earth’s crust is often considered to take place on pre-
existing planes of weakness where there is essentially no cohesion, i.e. 79 = 0.
Following Jaeger and Cook [1979] we can write the ratio of principal stresses for a
crust in frictional equilibrium with one principal stress vertical as

o 2
2= (Viz+ T+ ) (46)
3

where p, is the coefficient of sliding friction on pre-existing faults. This would
give us the failure line f2 in Figure 7, assuming that the sliding friction equals the
internal friction.

If we study a crack that contains fluid at a pressure P, this pressure can be
linearly superimposed on the applied stresses S;; and we find that the effective
stress o;; depends on the difference [Scholz, 1990]

Uij S Sij — P(Sij (47)

where §;; is the Kronecker delta. Most physical properties of porous solids change
in response to changes in the effective stress, as opposed to changes in the applied
stress. The effective stress law affects macroscopic strength as well, so the Coulomb
criterion should be written as

T=pon + 710 =p(Sp — P)+ 710 (48)

which agrees well with experiment [Scholz, 1990]. The pore fluid term will move
the Mohr circles to the left, along the o axis or move the friction line to the right
along the same axis, as f3 in Figure 7TA (f3 additionally has 79 = 0, this is just for
ease of illustration in the figure).

3 Stress information from microearthquakes

Earthquake focal mechanisms are an excellent source of information on stress di-
rections and relative stress magnitudes in the crust. In fact, as of 1997, 58% of
the stress indicators in the World Stress Map database were from focal mecha-
nisms [Miller et al., 1997]. In this section I will briefly introduce earthquake focal
mechanisms and how to obtain estimates of the stress tensor from the mechanisms.
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3.1 The seismic moment tensor

Since the work of Reid [1910] on the San Andreas fault before and after the 1906
San Francisco earthquake, it has been generally recognized that most earthquakes
are caused by slippage on active geological faults. This process can be mathemat-
ically described either as a displacement discontinuity in the medium or in terms
of body forces in an intact medium, which are applied to certain elements in the
source region. The first approach can, however, be incorporated into the second by
the use of body-force equivalents, i.e. outside the source region the seismic waves
set up by slip on a fault are identical to the waves generated by a distribution of
certain forces with canceling moments on the same fault [Aki and Richards, 1980].
Close to the source the force equivalents are non-unique, fault slip is equivalent
either to two single-couples (a double-couple), Figure 8A, a single-couple plus a
single-force system, Figure 8B, or a single-couple with any combination of single-
couple to single-force system, all of which give no net force or net couple outside
the fault region [Aki and Richards, 1980]. Far away from the source, where we usu-
ally only observe waves with wavelengths greater than the fault’s linear dimension,
the fault acts as a point source and the body-force equivalent to shear faulting is
a double-couple. The strength of the couple, the seismic moment My, is defined
as My = puA where p is the shear modulus and @ the average displacement over
the active fault area A. In Figure 8A our hypothetical fault lies in the z3 = 0
plane and slip occurs in the x; direction. In the point source approximation, where
we only have one double-couple, the equivalent body-force description for a fault
in the 7 — 0 plane, with slip in the z3 direction, is identical to the one above
and we have the well known ambiguity between fault plane and auxiliary plane.

A B

—_— e —_— e =
X X
-—— — o = 1 -—— —— o = 1
X3 X3

Figure 8: Distribution of body-forces equivalent to fault slip. The fault plane is the z3
= 0 plane. A) Two single-couples (a double-couple). B) One single-couple and a system
of single-forces. Modified after Aki and Richards [1980].
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Figure 9: The nine generalized couples of the seismic moment tensor. Modified after
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There is no information in the radiation from an effective point source of slip that
enables one to distinguish the fault plane from the auxiliary plane. If the double-
couple description is generalized to arbitrary orientations in space and if we allow
for discontinuities in displacements normal to the fault (this incorporates appar-
ent expansions or compressions), there will be nine generalized couples forming
the seismic moment tensor M, as shown in Figure 9. The tensor depends on the
source strength and fault orientation and it characterizes all information about the
source that can be obtained from observing waves with longer wavelength than
the source dimensions [Aki and Richards, 1980]. The moment tensor is symmet-
ric due to conservation of angular momentum, it is time dependent (following the
temporal development of slip, see e.g. Aki and Richards [1980]) and can be written

Mpq = pA(upvy + agvyp) (49)

where @, is the average slip in the x,, direction on a plane with normal v, in the z,
direction and vice versa. The components of M,, are, hence, the representations
of forces in the z, directions with moment arms in the z, directions. In terms of
the seismic moment and with the choice of coordinate axis made in Figure 8, the
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Figure 10: A) The double-couple force system and the equivalent force dipoles, the P
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and T axes. B) The “beach ball” representation of the double-couple mechanism in A.
Quadrants where the first motion of the P-wave is compressional are black, the P and T

axis directions are indicated with small squares.

moment, tensor for the double-couple is

0 0 M,
0 0 0 (50)
My 0 O

As the moment tensor is real and symmetric, it can be rotated into a principal
system where all off-diagonal elements are zero

0 0 0
0 —My O (51)
0 0 My

This tensor shows the characteristics of a double-couple moment tensor; one eigen-
value is zero and the trace of the tensor is zero. We see that the double-couple is
now represented by two force dipoles without shear, c.f. Figure 9, one compressive
(the negative eigenvalue) and one tensile (the positive eigenvalue). The corre-
sponding eigenvectors are (0,1,0) for the null eigenvalue, also called the B axis,
1/v/2(1,0,—1) for the —Mj eigenvalue, or the P (pressure) axis, and 1/v/2(1,0,1)
for the My eigenvalue, or the T (tension) axis, see Figure 10. The P and T axes
are always at 45° to the fault plane/auxiliary planes and always in the plane of
the nodal plane normals, thus, in the plane of the double-couple force system.

The slipping fault is specified by three angles, see Figure 11. I use the conven-
tion established by Aki and Richards [1980], p. 106, for the angles of the strike,
dip and rake of the fault plane solution. These angles can be used to parameterize
the fault normal, n, and slip, @, vectors, the moment tensor components M,
and the P and T axes, i.e. the geometrical properties of a double-couple source is
adequately described by the strike, dip and rake.

The seismic moment tensor is a convenient tool for calculating the displacement
field from a seismic source, since once the Earth responses (the Green’s functions)
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Figure 11: Definition of the angles used to describe a fault plane solution. ¢g is the
azimuth of the fault strike with respect to North, 0 < ¢s < 360, 0 is the dip of the fault
plane from horizontal, 0 < § < 90 and ) is the rake, or direction of slip, in the fault plane
with respect to the horizontal, —180 < A < 180. The rake is the direction of motion of
the hanging wall with respect to the foot wall.

to the different moment tensor components have been computed, actual ground
motion is just a linear combination of the responses weighted by the moment tensor
components [Aki and Richards, 1980]. The moment tensor can accommodate other
types of sources such as tensile faults, volume sources such as explosions or rapid
phase transitions and also non-double-couple mechanisms, where there might be
a net force, such as in landslides, volcanic eruptions or unsteady-fluid flow [Julian
et al., 1998]

3.2 P and T axes and the stress tensor

As noted above, the P and T axes are force dipoles of an equivalent body-force
description, generating seismic waves that have displacements indistinguishable
from the displacements generated by a shear dislocation discontinuity. The diag-
onalized moment tensor for a double-couple source, with the P, B and T axes as
principal axes, resembles a principal stress tensor with magnitudes o1 = 1 (or My),
o2 — 0 and o3 — -1 (or —Mj). (Note that there is a sign difference in the defi-
nitions of the stresses, which are considered positive for compression, and the PT
force dipoles, where tension is positive.) It is, however, important to distinguish
between the crustal stress tensor and the P and T axes dipoles. McKenzie [1969]
showed that only if the earthquake fractures homogeneous rock without internal
friction is the P axis parallel to o7. If, as is commonly observed, the earthquake
occurs on pre-existing planes of weakness, the only restriction that can be placed
on o7 is that it must be in the dilatational quadrant of the focal mechanism, i.e.
within 90° of the P axis. Nevertheless, P and T axes are frequently used as ap-
proximations for the stress axes. If one assumes a coefficient of friction of = 0.6
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and if the fault plane is known, there is only a 15° difference in the orientation
of the P axis and o;. Great care has to be observed in these approximations,
however. Consider earthquakes on the San Andreas fault (SAF) in California,
USA. Large right-lateral strike-slip earthquakes on N S striking subvertical faults
are frequently observed on the SAF, yielding P axis directions of approximately
N45°E. The SAF is, however, known to be subjected to an almost fault normal
direction of o1le.g. Zoback and Beroza, 1993], and the P axis approximation of o4
is 45° in error.

The direction of the maximum horizontal compressive dipole, Py, is calculated
in the same manner as the direction of maximum horizontal stress, og, i.e. a
vertical plane is inserted in the PT force dipoles and rotated until the horizontal
compression is maximized [Slunga et al., 1984]. A mere projection of the P axis
to the horizontal is not sufficient, especially when neither the P nor the T axis
is close to horizontal or vertical. In the following I will refer to the horizontal
compressive dipole as horizontal compression, or maximal horizontal compression,
as computed from the PT dipoles. This is not to be confused with the horizontal
stress, or maximum horizontal stress, which is calculated from the stress tensor.

As an illustration T compare P and T axes from two groups of events used
in Paper IV with the stress tensors estimated for the two groups. Both groups
consist of 40 events and were inverted for the causative stress tensor using the
technique described in Paper II. Studying individual events I find, as expected,
that a projection of the P axis to the horizontal only agrees with the proper
maximum horizontal compression calculation when the P and T axes are either
both subhorizontal or one subhorizontal and one subvertical. For example, for
a P axis with trend 129.1° and plunge 39.8° and T axis with trend 358.7° and
plunge 37.9° the direction of maximum horizontal compression is N108.2°E, a 21°
difference from the horizontal projection of the P axis. The first group of events
yielded a rather well constrained stress tensor of oblique strike-slip with a normal
faulting component, o; trending 214° with plunge 30°, and o3 having trend 306°
and plunge 4°. This gives a direction of oy of N34.8°E. Calculating the average
Py axis for the group I obtain N39.8°E, with a standard deviation of 10.1° and a
range between N1.4°E and N70.5°E, i.e. the average horizontal compression axis
agrees quite well with the horizontal stress direction but individual earthquakes
can have large deviations in their orientations. Stress inversion of the second
group produced a normal faulting stress regime but with o; and o9 having equal
magnitudes, implying a strike-slip component. This stress estimate was less well
constrained than that for group 1 and this is reflected in the average P, T and
Pp axes directions, which have larger ranges. The direction of oy is N64.4°E
and the average Py direction N62.7°E, with standard deviation 16.4° and range
N23.5°E to N122.0°E. I find that for a larger number of events the average of
the P and the T axes are a reasonable approximation of the state of stress but
that, in agreement with McKenzie [1969], individual earthquakes cannot be used
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to estimate the stress tensor with any confidence. The PT stress approximation
also only yields directions and no information on the magnitudes of the stress
components.

3.3 Determining fault orientations from seismic wave obser-
vations

There exists today a large number of inversion procedures for obtaining infor-
mation about the seismic source. The simplest techniques use only P wave first
motions to constrain the three angles of the fault plane solution. More advanced
schemes use amplitudes or amplitude ratios to obtain the fault plane solution and
a measure of the seismic moment My. Even more complex inversions estimate the
entire moment tensor with both double-couple and non-double-couple contribu-
tions. The stress tensor inversion technique described in paper II of this thesis
and the spectral amplitude correlation scheme in paper II1, were developed on the
basis of the source mechanism inversion by Slunga [1981], later extended by Régn-
valdsson and Slunga [1993]. The techniques in paper II and III are not limited to
a certain focal mechanism inversion technique, but their development was inspired
by features of the Slunga [1981] technique, which is why I will point out the main
ideas behind his approach, which I will refer to as the RS-technique.

Developed for use in local networks with source-receiver distances of less than
100 km, the RS-technique assumes a pure double-couple source without over-
shoot in the source-time function. Under such circumstances the P and S wave
far-field impulses are only dependent on the fault plane solution and the seismic
moment. Using the absolute values of the spectral amplitudes (the low-frequency
asymptote) for P, SV and SH waves plus the first motion directions of the P wave,
the RS-technique performs a grid search over strike, dip and rake, calculates the
radiation pattern and, if the radiation pattern agrees with the polarity readings,
performs a direct, least-squares inversion for the seismic moment. The misfits
from the inversions are compared and an optimal, best-fitting focal mechanism is
found. Of great importance for the stress tensor inversion in paper II is the fact
that the RS-technique not only yields an optimal focal mechanism with associated
errors, but also produces a range of well fitting, acceptable, focal mechanisms.
These acceptable mechanisms have source orientations and slip directions that
satisfy the recorded spectral amplitudes and polarities and give sufficiently small
least-square misfits, which we will refer to as amplitude errors. The number of
acceptable mechanisms obtained in the inversion depends on the shape of the
objective function and usually varies between 10 and 90. Events with poorly
restricted focal mechanisms have a larger number of acceptable mechanisms. This
provides the stress inversion routine with a measure of the non-uniqueness of the
focal mechanism and a range of mechanisms, that all fit the data, to test in the
inversion scheme.
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The RS-technique was successfully tested on Swedish earthquakes in the 1970s
and 1980s and is incorporated into the routine analysis of the Icelandic seismic
network SIL (Section 5.2). Focal mechanisms produced using the RS-technique
have been compared to moment tensors produced using full waveform inversion
[Shomali and Slunga, 2000]. Icelandic earthquakes of My, ~ 4 were used and there
was generally good agreement, between the two approaches.

3.4 Inverting focal mechanisms for the stress tensor

We learned from the work of McKenzie [1969] that the crustal stress tensor cannot
be estimated with confidence from the focal mechanism of one earthquake. Instead,
we need an inversion mechanism that allows us to estimate the stress tensor from
a larger number of earthquakes, and to formulate such a mechanism we will turn
to structural geology and studies of faulting for help. The basic principles for slip
on an arbitrarily oriented fault in a stress field were formulated by Wallace [1951]
and Bott [1959]. Bott [1959] also proposed that slip on any fault plane will occur
in the direction of maximum resolved shear stress (Bott’s criterion) and showed,
as in Equation 19, that the shear stress direction does depend on the orientation
of the fault plane in the stress field and the relative size of the intermediate stress,
R, but does not depend on the actual principal stress magnitudes. In his paper,
Bott [1959] suggests that his equations could be used to determine the stress
orientations and R, but it was not until Carey and Brunier [1974] utilized Bott’s
criterion that an inversion scheme for the causative state of stress was formulated.
Carey and Brunier [1974] added the assumption that the motion shown by striae
on the fault planes in their data set were all caused by a single common stress
tensor. Their analysis was extended and improved on by a number of authors [e.g.
Angelier, 1979; FEtchecopar et al., 1981; Angelier et al., 1982; Armijo et al., 1982;
Michael, 1984; Reches, 1987; Angelier, 1990]. In common for most of these authors
is the use of the geometric information of strike, dip and rake of the fault data for
the estimation of the reduced stress tensor T, i.e. the directions of the principal
stresses and the ratio R. The reduced stress tensor is equivalent to finding four of
the six independent components of the stress tensor. The last two, the magnitude
of the maximum shear stress (o1 - o3) and an isotropic component, cannot be
determined without additional information. Estimating four parameters imply
that we need at least four earthquake focal mechanisms as input data, see however
the data discussion in Section 3.4.1 below. Inverting the fault plane measurements
without other constraints than the ones of stress homogeneity and Bott’s criterion
discussed above, is a highly non-linear process. The papers quoted above use a wide
variety of numerical techniques for the stress inversion and some add constraints
to linearize the problem in their methods. Angelier [1979] proposed both an
iterative inversion minimizing the angle between the calculated maximum shear
direction and the slip direction in the fault plane, and a direct least-squares (LS)
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inversion minimizing the calculated shear stress perpendicular to the slip in the
fault plane. The iterative LS-inversion scheme developed by Angelier et al. [1982]
incorporates the errors of the fault plane measurements, Michael [1984] linearized
the problem by requiring that the shear stress magnitudes on all failing faults are
similar, Reches [1987] used the constraint that shear and normal stresses on the
faults are related by a Coulomb failure criterion and Angelier [1990] minimized
the angle between slip direction and shear stress while requiring large shear stress
magnitudes to obtain a linearized inversion scheme. All these different approaches
can yield a variety of results and, especially, very different error estimates.

Generalizing these inversion schemes from geological fault slip measurements
to earthquake focal mechanisms [e.g. Vasseur et al., 1983; Gephart and Forsyth,
1984; Angelier, 1984; Michael, 1987; Carey-Gailhardis and Mercier, 1987] is rather
straightforward but introduces the problem of the two nodal planes. We know from
the double-couple discussion in section 3.1 that there are two indistinguishable
nodal planes for each focal mechanism. Which is the “correct” plane, which plane
did slip in the earthquake, which plane should be used to infer the causative state
of stress? Using focal mechanisms in a stress inversion scheme requires us to either
choose one of the nodal planes or to justify incorporating both. Angelier [1984] ex-
perimented with the inclusion of both nodal planes, inferring axisymmetric stresses
(R — 0 or 1) in which case both nodal planes are equally plausible. Gephart [1985]
later showed that this is strictly admissible only if the B axis is coplanar with the
two equal stress axes. Another common approach to the nodal plane problem
is to choose the nodal plane which best fits surface geological evidence of fault
orientations [e.g. Angelier, 1984; Gephart, 1990]. However, extrapolating surface
fault orientations to earthquake focal depths is not always possible, an area can
have complex surface faulting structures that are difficult to use to constrain the
earthquake nodal planes. One might also wish to estimate subsurface fault struc-
ture using the stress inversion. In such cases the stress inversion technique itself
must choose a preferred nodal plane. One method of picking the fault plane is
to test both nodal planes in the stress field under consideration and choose the
nodal plane which has the smallest angle between the shear stress and the slip di-
rection (angular deviation) [e.g. Vasseur et al., 1983; Gephart and Forsyth, 1984;
Bergerat et al., 1998]. I will refer to this method as the slip angle method. Tested
by Michael [1987], the method works satisfactory when there are large differences
in the angular deviations between the nodal planes. In more difficult situations,
however, the reliability can become much degraded, see e.g. Magee [1997] and Pa-
per II. Carey-Gailhardis and Mercier [1987] suggested an alternate fault picking
mechanism; for each stress state they calculate an apparent value of R for each
nodal plane and since for non-axisymmetric stresses only one of the nodal planes
can have R in the allowed range 0 < R < 1 [Gephart, 1985], the “good” nodal
plane is picked. A method for choosing nodal plane based on a stability criterion
is presented in Paper II of this thesis.



32 3 STRESS INFORMATION FROM MICROEARTHQUAKES

The grid search inversion method by Gephart and Forsyth [1984] introduced
a novel approach to the angular deviation, or measure of misfit. Previously the
misfit angle was usually defined as the angle between the tested shear stress di-
rection and the observed slip direction in the fault plane. Gephart and Forsyth
[1984] showed that this implicitly only considers errors in the slip direction but
not in the orientation of the plane. They instead defined the misfit angle as the
minimum rotation angle between the observed slip direction and the family of
admissible fault geometries. Gephart and Forsyth [1984] also utilized a one-norm
misfit criterion instead of an LS-criterion, based on observations that the angular
misfit residuals were better fit by an exponential distribution than a normal dis-
tribution. Carey-Gailhardis and Mercier [1987] tested the fault planes obtained in
the stress inversion against the first motion data from the focal mechanisms. This
approach was used in conjunction with the Gephart and Forsyth [1984] inversion
by Magee [1997] to better constrain the stress inversion and further utilizing the
basic seismological data, Horiuchi et al. [1995] developed a completely integrated
focal mechanism and stress tensor inversion based on polarities.

Paper II of this thesis introduces a stress tensor inversion technique based on
the Gephart and Forsyth [1984] method but with considerable extensions in terms
of allowing for the misfit of the earthquake focal mechanisms and in the choice of
nodal plane.

3.4.1 On the distribution of data

Many of the authors referred to above have pointed out that the distribution
of data is important for the success of the stress tensor inversion schemes. We
noted above that we need at least four earthquake focal mechanisms to constrain
the four parameters in the inversion. In addition, the focal mechanisms have
to be sufficiently well distributed in terms of nodal plane orientations. A large
number of earthquakes on similarly oriented faults with similar slip directions
will not constrain the stress tensor more than one or two events having those
orientations. (Many events on similarly oriented faults with significantly varying
slip is, obviously, an indication of heterogeneous stress or bad data.) It is hence
important to assess the information available in, or the redundancy of, the input
data in terms of sufficiently well distributed focal mechanisms. An additional
problem with redundant data is the calculation of the confidence limits. Using
the total number of events in the calculation often under-estimates the size of the
confidence regions due to data redundancy. Magee [1997] addressed the problem
by assigning both nodal plane normals for all events to 10° bins over the lower
hemisphere. She then used half of the number of filled bins as the number of
non-redundant events to use for the confidence limits calculations. This limited
the possible number of non-redundant events to 101.

In Paper III we present a different solution to the problem of redundant data
through an assessment of the events’ focal mechanisms based on spectral amplitude
data.
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3.4.2 Magnitudes of the principal stresses

In order to calculate stress magnitudes for the directions and R value obtained
from stress inversion of earthquake focal mechanisms we need to introduce addi-
tional information on the stress tensor. This is usually done by using a failure
criterion to constrain the o; - o3 magnitude and by normalizing the vertical stress
to one. Absolute magnitudes of the principal stresses can then be obtained by
assuming that the vertical stress equals the weight of the overburden. T utilize
the Coulomb failure criterion, see Equation 48, to obtain the principal stress mag-
nitudes. Rewriting the Coulomb criterion in terms of the principal stresses, the
necessary equations can be written

2
oy = 03 (\/u2+1+ﬂ) + Cy (52)

R~ 7o 53)
01 — 03
Sy = 81074+ S205, + Ss03, (54)

R is the stress ratio introduced above, Sy the vertical stress and the S;0;4 are the
vertical components of the principal stresses. Setting M = (y/u2 + 1 + u)? and
normalizing with the vertical stress, Sy, so that 0;/Sy = (S; — P)/Sy = s; — po,
where s; are the normalized principal stress magnitudes, and ¢y = Cy/Sy the
normalized compressive strength, we find from Equation 52

51 = s3M +po(1 — M)+ co (55)

and from Equation 53
So = 81(]. — R) + ssR (56)

Setting X = po(1 — M) + ¢o and substituting Equations 55 and 56 in Equation 54
we obtain the final equations for the normalized stress magnitudes.

1—X(o};+ (1= R)a3,)

%= Mokt (MO R) T R)oy 1 ol (37
ss = s3(M(Q1—-R)+R)+X(1-R) (58)
s1 = S3M + & (59)

It can sometimes be valuable to express the crack fluid pressure, or pore pres-
sure, as a fraction of o3 and if the derivation above is repeated with p, = P/Ss
and Y = M(1 — p;) + ps, we find for the normalized stress magnitudes

1 —co(ofy + (1 = R)o3,)

B YA, TR R, (00
S = 83 (y(l —R)+R)+Co(1 —R) (61)
s1 = s3¥Y+c (62)
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The stress magnitudes can then be calculated using appropriate values for the
coefficient of friction, u, the pore pressure P and the uniaxial compressive strength
of the rock Cy.

4 Stress information from deep boreholes

As alluded to in the Introduction, the need to measure in situ stresses in civil,
mining and petroleum engineering, as well as in geology and geophysics, has led
to the development of a large number of stress measurement techniques. In this
section I will only discuss a few of these techniques, concentrating on the methods
used in stress measurements in deep boreholes. For a comprehensive review of
current rock stress measurement techniques the interested reader is referred to
Amadei and Stephansson [1997].

While the methodology for determining the orientation and relative magnitude
of in situ stresses is now well-established [e.g. Zoback and Zoback, 1980, 1989, 1991]
and has been utilized at literally thousands of sites around the world [e.g. Zoback,
1992], there have been extremely few sites where in situ stress magnitude has been
measured at depths greater than 2-3 km, see review in Brudy et al. [1997]. This
is in part due to the very few deep boreholes drilled but also because conven-
tional stress magnitude measurement techniques, e.g. overcoring and hydraulic
fracturing, are technically extremely difficult in deep boreholes. Recent devel-
opments [Brudy and Zoback, 1993; Peska and Zoback, 1995; Brudy and Zoback,
1999] in the interpretation and analysis of drilling-induced compressive and ten-
sile failures in wellbore image data have, however, made stress orientation and
magnitude estimation considerably easier and also allow for a continuous stress
profile along the borehole. The use of an “integrated stress measurement strat-
egy” (ISMS) for continuous stress orientation and magnitude estimation was first
reported from the Cajon Pass borehole [Zoback and Healy, 1992] and was further
extended [Brudy et al., 1997] in the stress analysis of the KTB deep borehole. The
ISMS involved a combination of direct measurement of the least principal stress,
using hydraulic fracturing, and detailed analysis of extensive drilling-induced well-
bore failure. For later reference I have included, see Figure 12, the stress profiles
from the Cajon Pass borehole [Vernik and Zoback, 1992] and from the KTB main
borehole [Brudy et al., 1997]. An ISMS is utilized in Paper I of this thesis and
I will briefly review the new wellbore image data methods here, starting however
with the well-established but very important hydraulic fracturing method.

4.1 Hydraulic fracturing

Determination of the state of stress in boreholes using the hydraulic fracturing
method is common today and can be utilized to a considerable depth and in almost
any rock formation. The hydraulic fracturing method assumes that the borehole
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Figure 12: State of stress inferred from the Cajon Pass and KTB scientific boreholes,
both drilled into crystalline rock. Left) Stress profile from the Cajon Pass borehole using
the hydrofracturing data of Zoback and Healy [1992] for S;, and the borehole breakout
analysis of Vernik and Zoback [1992] for Sg, assuming nonporous rock (o = 0). Figure
modified from Vernik and Zoback [1992]. Right) Stress profile from the KTB boreholes.
Stress magnitudes from hydraulic fracturing in the pilot hole is shown as solid, S, and
open, S, squares. Between 3 km and 6.8 km, the results from the combined analysis of
borehole breakouts and induced tensile fractures have been merged into a solid, Sy, and
an open, Sy, polygon. Below 6.8 km the Sy magnitude is only calculated from tensile
fractures. At 7, 7.7 and 9 km km only the estimation for the least possible Sj, magnitude
is shown. Figure modified from Brudy et al. [1997].

is drilled parallel to a principal stress direction, which is usually considered valid
for vertical boreholes, see Section 2.1. It is also important to have a test interval
free of natural fractures, since these would render the results invalid (Cornet and
Valette [1984] introduced a hydraulic test on pre-existing fractures, the HTPF
method). In a hydraulic fracturing test a section of the borehole is sealed off by
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Figure 13: Pressure-time curve of a typical hydraulic fracturing experiment showing
three pressurization cycles. The first cycle achieves a breakdown of the formation,
whereas the two following cycles reopen the newly created fracture. During the shut-
in phase the shut-in pressure, ISIP, is observed, which is identical to the least principal
stress. Modified after Brudy [1995].

packers, to prevent borehole fluid from escaping up or down the borehole. Fluid
is pumped into the sealed-off section and with increasing fluid pressure the hoop
stress, ogg, at some points on the borehole wall will become tensile and when the
tensile strength of the rock is exceeded a fracture will form in the borehole wall.
The fracture will propagate perpendicular to the least principal in situ stress, os.
Figure 13 shows a typical pressure versus time curve.

The injection interval is pressurized very rapidly in the beginning of the first
cycle, causing a linear pressure increase with time. This is in order to attain the
breakdown pressure, P., as quickly as possible, avoiding that the borehole fluids
invade the host rock. Penetration of borehole fluids will cause the pore pressure
in the host rock to increase, thus decreasing the effective stress and triggering a
premature breakdown of the formation. At the breakdown pressure, a fracture
initiates in the borehole wall where the hoop stress is most tensile (§ = 0 in
Equation 26), exceeding the tensile strength of the host rock, i.e. ggg > —T.
Although well-established and frequently used, there is still some discussion as to
which formulation should be used for the calculation of the maximum horizontal
stress using the breakdown pressure. For a borehole in porous rock with non-
penetrating borehole fluid, the breakdown pressure is

P.=35,—Sy—PFP+T (63)

as derived by Hubbert and Willis [1957], where P, is the formation pore pressure
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and T is the tensile strength. If the borehole fluid penetrates the formation, the
breakdown pressure equation is modified

. 3Sh—SH—2’r]P0—|—T

P. = 64
where 7 is the poroelastic coefficient
a(l —2v)
= ——" 65
"= Sa ) (65)

with v being Poisson’s ratio of the formation and o = 1— K/ K, the Biot coefficient,
K and K, are the bulk moduli of the rock constituents (grains) and the rock
bulk, respectively. Equation 64 is part of the analysis of hydraulic fracturing
presented by Haimson and Fairhurst [1967, 1970]. A third approach was suggested
by Schmitt and Zoback [1989] using an effective stress law of the type

oij = Sij — BPydy; (66)

where (3 is a constant between 0 and 1 that depends on the porosity. This will
replace the equations above with

P.=35,— Sy —pBPy+T (67)

for a non-penetrating fluid and

. 3Sh—SH—277P()+T
148 —2n

for fluid penetration. The introduction of the effective stress law lends support to

the elimination of the pore pressure term when interpreting hydrofraturing data

P

(68)

from low permeability, hard granitic rocks [e.g. Bjarnason et al., 1989; Vernik and
Zoback, 1992; Brudy and Zoback, 1999].

Further pumping into the injection interval leads to propagation of the newly
created fracture into the formation. Pumping is then stopped and the interval is
shut-in. Borehole fluid will continue to flow into the growing fracture from the test
interval and the fluid will also infiltrate into the fracture walls, causing the rapid
decrease in pressure observed in the early shut-in phase. Once the asperities on the
fracture walls make contact the pressure drop rate will decrease substantially and
create a corner in the pressure-time curve, see Figure 13. The shut-in pressure,
ISIP in Figure 13, is estimated from this corner, marking the lowest pressure for
which the borehole fluid carries the complete load of the stress perpendicular to the
fracture. Since the fracture is created perpendicular to o3, the shut-in pressure
equals the o3 magnitude. The pressure is then released, allowing the injection
interval, the fracture and the host rock to drain back to hydrostatic pressure.

The pressurization cycle is repeated, commonly three or four times. Again, the
pressure increase is first rapid and linear but then becomes non-linear. The point
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of deviation from non-linearity marks the reopening pressure, P,, of the fracture,
and is lower than P, due to the now negligible tensile strength

P. =35, —Su — (P (69)

using the Schmitt and Zoback [1989] formulation. Additional pumping will open
the fracture further and drive more fluid into the formation. Another shut-in
phase follows, then drainage and repressurization. There are various methods to
accurately determine P., P, and the shut-in pressure.

Bredehoeft et al. [1976] suggested that the tensile strength of the formation
could be determined from the difference between the breakdown pressure and the
reopening pressure, assuming that the fracture closes completely between cycles.
This implies determining the maximum horizontal stress as

Sy =35, — P — R (70)

The orientation of the hydraulic fracture, and thus the orientation of op, is
determined either by an impression packer or by borehole televiewer or Formation
MicroScanner logging of the test interval.

Performing hydraulic fracturing tests in very deep boreholes is very difficult
[e.g. Gustafsson and Rhén, 1990; Brudy et al., 1997]. Pressures and flow rates have
to be high, which is technically demanding for the equipment. Due to difficulties
in reaching the breakdown pressure, pressure-time records can be troublesome to
interpret. Both in the Gravberg-1 borehole, in Siljan, Sweden, and in KTB, the
deeper hydraulic fracturing tests could only give a lower bound on o3, see Paper
I and Brudy et al. [1997], respectively.

4.2 Borehole breakouts

Breakouts are zones of failure of the borehole wall which form symmetrically at
the azimuth of the least principal horizontal stress [e.g. Bell and Gough, 1979;
Zoback et al., 1985, and many others|, see Figure 14. The breakouts are frequently
elongated in the direction of the borehole axis, and can be described by three
parameters; orientation in the borehole 8y, opening angle 2¢;, and radial depth ry,
see Figure 14. There are currently two mechanisms thought to be responsible for
the formation of breakouts, both due to the stress concentration around the bore-
hole (see Section 2.3). Gough and Bell [1982] and Zoback et al. [1985], followed
by refined analysis by other authors, suggest that if the difference in horizontal
magnitude between the two horizontal principal stresses is sufficiently large, break-
outs will form in compressive shear failure. The opening angle can be empirically
related to the far-field principal stresses [Barton et al., 1988; Vernik and Zoback,
1992; Haimson and Song, 1993], and if the breakout shape is described as the area
where the rock stresses overcome the in situ compressive strength, C'ep, the onset
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Figure 14: Borehole breakout in the wall of a vertical borehole subject to the maximum,
S, and minimum, Sj, principal horizontal stresses. 0, is the breakout orientation, ¢

the breakout opening half-angle and 7, the breakout depth.

of breakouts can be formulated as
0’99(91,)ZSH+Sh—Q(SH—Sh)COSQHb—APZCeﬁ (71)

where 6 is the angle from the maximum horizontal stress Sy to the onset of the
breakout, see Figure 14, and AP is, again, the difference between the borehole
fluid pressure and the pore pressure in the host rock. The relation between the
breakout onset angle 8, and the breakout opening angle ¢, is

Op =7/2 — (72)

Assuming that the effective rock strength C.g can be properly estimated, Equa-
tion 71 can be used to estimate the magnitude of Sy. For the second breakout
formation mechanism, Zheng et al. [1989]; Lee and Haimson [1993] and others pro-
pose that there is tensile splitting involved in the formation of breakouts. Brudy
et al. [1997] reports from the KTB borehole that both mechanisms can be identified
in rock samples and cuttings: compressive shear failure and extensional splitting
of flakes due to the high tangential stress and a lack of “confining pressure” from
the drill fluid. How breakouts stabilize is a subject still undergoing debate, see
e.g. Zheng et al. [1989]; Cheatham [1993].

A variety of logging tools have been utilized to analyze borehole breakouts. 4-
arm caliper, or dipmeter, logs can be used with appropriate caution not to interpret
zones of complete wellbore failure or zones eroded by the drill-string (key seats)
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as breakouts. See Plumb and Hickman [1985] or Paper I for a description of
caliper data analysis. The resolution of caliper data is, however, low and there is
no information on the width of the breakouts, i.e. the breakout orientation angle
0p is 90°. Formation MicroScanner (FMS) [Ekstrom et al., 1987], or Formation
MicroImager (FMI), logging instruments measure microresistivity profiles in the
borehole wall and give much higher resolution and better coverage of the borehole
wall. These instruments do require four pads to follow the wellbore, which can be
difficult if the breakouts are large, as in the Gravberg-1 borehole, see Paper 1. The
best coverage of the borehole wall is obtained by a borehole televiewer (BHTV)
instrument [Zemanek et al., 1970]. The BHTV emits acoustic pulses while rotating
around the axis of the borehole. Travel time and amplitude of the reflected signals
are measured and the travel-times converted to radial distance. This gives, under
appropriate borehole fluid conditions, an excellent view of the borehole wall. All
three parameters describing the breakouts can be measured from the logs, and
comparisons made by e.g. Shamir and Zoback [1992] shows that the BHTV logs
are superior to caliper logs for breakout analysis. All the above logging tools
allow a continuous assessment of stress orientations in the borehole, the BHTV
(and in some cases FMS/FMI) technique also allows a continuous assessment of
Su magnitude if the magnitude of S} is known, e.g. from hydraulic fracturing
measurements.

In spite of the still not fully resolved issues of formation and stabilization, it has
been found that borehole breakouts in vertical boreholes can reliably be used as
indicators of the direction of the least horizontal principal stress [e.g. Zoback et al.,
1985; Plumb and Hickman, 1985; Dart and Zoback, 1985], and breakouts have been
utilized in numerous studies all over the world to assess stress orientation [Zoback,
1992].

In deviated boreholes, breakouts cannot be used directly to asses stress di-
rections [Mastin, 1988] since the point of most compressive stress concentration
around the wellbore is affected by the orientation of the borehole and the mag-
nitudes of all three principal stresses. Qian and Pedersen [1991] utilized this in
a non-linear inversion scheme and the situation was analyzed in detail by Peska
and Zoback [1995] who showed that under appropriate circumstances it is possi-
ble to use breakouts in deviated boreholes to assess both stress orientation and
magnitudes.

The estimation of Sy using borehole breakouts is still a debated issue, see
e.g. Amadei and Stephansson [1997]. The geometry of breakouts is controlled by
the rock strength, as discussed above, but also by lithology, pre-existing fractures,
drilling intensity and method, and hole diameter. Nevertheless, Vernik and Zoback
[1992] used Equation 71, with care taken to avoid misinterpretations due to lithol-
ogy and other factors, to estimate Sy in the Cajon Pass borehole. They used
triaxial stress measurements on core samples and the effective strain energy fail-
ure criterion (ESEF) [ Wiebols and Cook, 1968], which can be used to estimate rock
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strength from polyaxial stress states, for the estimation of Sy. The Sy magni-
tudes were compared to the estimates of Sy from hydraulic fracturing [Zoback and
Healy, 1992] and were found to be generally consistent. A similar approach was
followed by Brudy et al. [1997] in the KTB borehole where Sy magnitudes were
estimated from borehole breakouts and compared to hydraulic fracturing results
where these were available. Estimating Sy from breakouts, a proper effective rock
strength and Sp, estimates from i.e. hydraulic fracturing, is a promising technique
to assess the Sy magnitude also in very deep boreholes, as shown by Brudy et al.
[1997] in KTB.

4.3 Drilling-induced tensile wall-fractures

The drilling process can induce not only borehole breakouts, as described above,
but also small-scale tensile fractures in the borehole wall. This type of fractures
have been reported from the KTB boreholes [Brudy and Zoback, 1993; Brudy et al.,
1997; Brudy and Zoback, 1999] and from the Soultz-sous-Foréts GPK1 borehole
[Tenzer et al., 1994; Nagel, 1994]. When analyzing borehole image logs (FMS/FMI
and BHTYV logs) for faults and fractures, not only sinusoidal traces (all around the
borehole, indicating planar faults or foliation planes) were found but also pairs of
traces parallel to the borehole axis but offset 180° were encountered. In addition,
in some intervals there were fracture traces inclined to the borehole axis, offset
180° but not connected around the borehole [Brudy and Zoback, 1999]. Both
these types of fracture traces offset 180° have been interpreted to be drilling-
induced tensile fractures [Brudy et al., 1997; Brudy and Zoback, 1999]. Evidence
for this comes mainly from the KTB pilot and main boreholes. In the sections of
the KTB pilot well that were cored and where logging indicated vertical fractures,
no fractures were seen in the core. In contrast, natural fractures cross-cutting the
borehole could always be correlated between logs and core. Neither in the pilot hole
nor in the main borehole were there any indications of lost circulation or drilling
fluids at the depths where these fractures were observed. Finally, the relative
abundance of these fractures in the boreholes and the unlikeliness of drilling into
natural fractures parallel to the wellbore axis would imply a very large population
of pre-existing, near vertical, fractures. This seems unlikely since no such fractures
were seen in almost 4 km of continuous core from the KTB pilot hole [Brudy and
Zoback, 1999].

The initiation of drilling-induced tensile fractures can be described by the
Kirsch [1898] equations, see Equations 25, and have been discussed by e.g. Moos
and Zoback [1990] and Brudy and Zoback [1999]. In a vertical borehole, where one
of the principal stresses is vertical, the induced tensile fractures form vertically
along the borehole axis in the direction of the maximum horizontal stress, and the
formation of the fractures follow the same equations as those describing hydraulic
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fracturing, i.e. at the borehole wall
000:3Sh—SH—2PQ—AP§T (73)

where Py is the pore pressure in the formation and AP is the difference between
the borehole fluid pressure P, and Py. In addition to the tectonic stresses there are
several factors induced by the drilling process that affects the stress around the
wellbore. The drill fluid pressure varies with the composition of the fluid, with the
pumping pressure maintained to circulate the drill fluid and is somewhat increased
when running in the drill pipe. Thermal cooling of the wellbore by the drill fluid is
another contributor to the stresses. When the cold (surface temperature) drill fluid
is pumped down the borehole it is slowly heated but does not reach the undisturbed
formation temperature and, hence, induce a radially varying temperature field that
also depend on the thermal diffusivity of the rock and the radius of the borehole.
For fracture initiation, only the stress at the borehole wall is considered and the
thermal stress can then be calculated by the simple expression, [e.g. Brudy and

Zoback, 1993]
aEAT

1—v

(74)

OTherm = —

where F is Young’s modulus, AT the temperature difference between the undis-
turbed formation temperature and the temperature after circulating the drill fluid,
v is Poisson’s ratio and « the thermal expansion coefficient. The thermal expansion
coefficient is best represented as the average of the thermal expansion coefficients
of the mineral constituents. This is investigated in some detail in Paper I. The
elastic parameters E and v can be determined either through laboratory analysis
of the core or derived using sonic logs from the borehole [Brudy and Zoback, 1999].

In order to use the drilling-induced fractures to estimate the magnitude of
Sy we need to determine the tensile strength. In hydraulic fracturing this is
important since the fracture is created in sections of the borehole where no pre-
existing, natural fractures exist. The drilling-induced fractures, in contrast, have
been observed in sections containing natural fractures [Brudy and Zoback, 1999]
and Paper I, and are thought to initiate on small flaws in the borehole wall where
no tensile strength has to be overcome. The tensile strength is, thus, neglected in
the analysis [Brudy et al., 1997; Brudy and Zoback, 1999] and we have

S =38, + 0Therm — 2Py — AP (75)

for fracture initiation. We see that the magnitude of the least horizontal principal
stress has to be determined before the magnitude of Sy can be calculated. This
is normally done by a number of hydraulic fracturing tests that measures S and
then S} values are interpolated in the intervals between the measurements. In
near-vertical boreholes, drilling-induced tensile fractures have been observed to
form almost exclusively in strike-slip regimes where there is appreciable difference
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in the magnitudes of the maximum and minimum horizontal stresses [Moos and
Zoback, 1990; Peska and Zoback, 1995]. The drilling-induced tensile fractures do
not propagate away from the borehole wall due to the rapid increase in compressive
stress with distance from the wellbore [Brudy and Zoback, 1999].

In a deviated borehole the formation of drilling-induced tensile fractures depend
on the orientation and magnitude of all three principal stresses, this situation has
been analyzed in detail by Peska and Zoback [1995].

In conclusion, drilling-induced tensile wall fractures are promising as a means to
assess both the orientations and magnitudes of the principal stresses in boreholes
where conventional hydraulic fracturing is difficult. The method also provides
a continuous stress profile along the borehole which would be very costly using
hydraulic fracturing, even in shallow boreholes.

5 Iceland and the SIL network

All of the earthquake related research described in this thesis has been performed
on microearthquakes recorded by the Icelandic SIL network. In order to set the
stage for Papers II to IV, I will give a very brief introduction to the tectonics of
Tceland and a short description of the operation of the SIL network.

5.1 Brief introduction to the tectonics of Iceland

Iceland is situated across the Mid-Atlantic ridge on top of a mantle plume, Fig-
ure 15. The center of the mantle plume is inferred to be beneath the east-central
part of Iceland [e.g. Tryggvason et al., 1983; Allen et al., 1999] and due to the
westward drift of the plate boundary with respect to the hotspot, the spreading
zones successively jump eastward [Finarsson, 1991]. The divergent plate boundary
in Iceland is thus offset to the east compared to the Mid-Atlantic ridge offshore
to the north and south. From the south, see Figure 15, the Mid-Atlantic Ridge
connects to the Reykjanes peninsula and continues onshore to the Hengill triple
junction, where the spreading zone continues north along the Western Rift Zone
(WRZ). East from the triple junction is a transform zone, the South Iceland Seis-
mic Zone (SISZ), which connects the WRZ with the Eastern Rift Zone (ERZ).
The ERZ extends northward to the Vatnajokull glacier and when the rift zone
emanates from under the glacier in the north it is named the Northern Rift Zone
(NRZ) and extends to the coast in the north. The Tjornes fracture zone again
connects the plate boundary to the Mid-Atlantic ridge. The spreading rate across
Iceland is predicted by global plate motions, averaged over the last few million
years, in the NUVEL-1A model [DeMets et al., 1994] to approximately 19 mm/yr
in the direction N76°W. The observed relative velocity of the North American
plate (west of the WRZ) and the Eurasian plate (at the southern tip of the ERZ)
is 2144 mm/yr in the direction N63°W =+ 11° [Sigmundsson et al., 1995]. The
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Figure 15: Map showing the rift and transform zones in Iceland. WRZ is the Western
Rift Zone, SISZ, the South Iceland Seismic Zone, ERZ the Eastern Rift Zone and NRZ
the Northern Rift Zone. The rate and direction of spreading is from Sigmundsson et al.
[1995]. SIL seismic stations are shown as solid triangles. Small dots are earthquakes

above magnitude 2.

Global Positioning System (GPS) measurements of Sigmundsson et al. [1995] in-
dicate that about 85 4 15% of the relative plate motion is accommodated by the
SISZ in a 20 km to 30 km wide band that correlates well with the seismic activity
in the SISZ.

The South Iceland Seismic Zone takes up the transform motion between the
Reykjanes peninsula and the ERZ. There is, however, no large, east-west oriented
transform fault in the SISZ, instead the transform motion is accommodated on
many parallel, north-south right-lateral faults. The SISZ has seen a number of
major earthquake sequences and large localized events such as the 1912 magnitude
7 earthquake west of Hekla [Einarsson, 1991]. Most of the large events are inferred
to have occurred on N S striking faults and much of the seismicity in the SISZ have
strike-slip focal mechanisms [Einarsson, 1991; Stefinsson et al., 1993]. Surface
mapping in the SISZ reveals a multitude of NNE and ENE striking faults, many
with a strike-slip component, and NE striking normal faults [ Gudmundsson, 1995;
Passerini et al., 1997; Bergerat et al., 1998].

The Olfus area is situated immediately south of the Hengill triple junction, in
a transition region between the Reykjanes peninsula and the SISZ. In Reykjanes,
earthquakes are mostly normal faulting, characterized by o3 being consistently
horizontal, trending NW, and o1 rotating between vertical and horizontal, trending
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NE [Einarsson, 1991]. Earthquakes in the Olfus region are predominantly strike-
slip, on N-S striking subvertical faults [Rdgnvaldsson et al., 1998] and surface fault
and fissure mapping in the Olfus region show that most faults strike N-S to NE—~
SW [Semundsson, 1995]. The Olfus area will be discussed further in Papers II to
V.

5.2 SIL: The Icelandic seismic network

The South Iceland Lowland (SIL) project started in 1988 as a concerted effort of
the Nordic countries towards earthquake prediction research in the South Iceland
Seismic Zone [Stefansson et al., 1993]. The name SIL has since come to signify the
initial project, the seismic network that was constructed during the project and
the acquisition and analysis system developed for the network. The SIL network
currently consists of 38 stations, concentrated mainly in the SISZ and the Tj6rnes
fracture zone, see Figure 15.

The description of the SIL network below is based on Bédvarsson et al. [1996]
and Bddvarsson et al. [1999]. During the design phase of the SIL network, the
importance of microearthquakes in earthquake prediction research and their sig-
nificance for understanding the physical processes leading to earthquakes were
generally recognized. This view emanated from the results from Californian dense
networks and the results of monitoring and automatic processing in networks in
Sweden. Retrieval of earthquakes down to magnitude My = 0 and source infor-
mation for these events implied a new seismic network design. The SIL system is
highly automatic and uses intelligent site stations to minimize data transmission
costs.

Each station is equipped with a three-component seismometer (varying from 1
Hz Lennartz to broadband Guralp 3ESP), digitizer (16- or 24-bit), a GPS synchro-
nized clock and a PC running the UNIX operating system. The SIL system uses
single-station phase detections and multi-station event selection. Each detected
transient is analyzed and the result is sent to the data center in Reykjavik in a 128
byte phase log structure via an X.25 link. Phase logs include onset time, duration,
phase type (P or S), maximum amplitude, signal and noise averages, spectral pa-
rameters such as DC-level and corner frequency etc. Artificial neural networks are
used to discern between P and S phases, increasing the correct identification of
phases to over 95%. The stations are also equipped with software for continuous
monitoring of ground velocity. The signals are bandpass filtered in three bands,
0.5-1Hz,1-2Hzand 2 -4 Hz, and an average amplitude value is computed every
minute and sent to the center. Plots of these data give useful visual indication
of seismic activity and have been used to monitor tremors accompanying volcanic
activity and catastrophic floods from subglacial cauldrons.

At the center, the phases from the stations are associated and using iterative
location, phase truncation, amplitude consistency and negative evidence (stations
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without detections) events are defined. Only when an event has been defined
does the system retrieve waveform data from the stations. Neural networks are
under evaluation to aid in the complex phase association procedure. The routine
analysis performed on every recorded earthquake includes estimation of the focal
mechanism. The algorithm used by the SIL system was described in Section 3.3.

Multi-event analysis is performed for a number of different applications. Ab-
solute and relative relocation [Slunga et al., 1995] are performed using cross-
correlation techniques. The SIL algorithm measures travel time differences be-
tween each event and all other events in the group, and utilizes the difference to
reach very high relative location accuracy (on the order of 5-10 m) and improved
absolute location for the group. The method has been used to extensively map
active faults in the SISZ and the Tjornes fracture zone.

New techniques under development for the SIL system include a combination of
the information on microearthquake clusters obtained from relative relocation and
focal mechanisms in order to monitor fault movement. A cross-correlation method
for closely located events is being developed to determine the onsets of P and S
phases with higher accuracy, in order to reduce the need for manual inspection of
seismograms and to increase the quality of the readings in the microearthquake
database. Finally, the stress tensor inversion method described in Paper II and
the spectral amplitude correlation in Paper III will eventually be included in the
SIL system.

6 Summary of papers

The following sections summarize the four papers upon which this thesis is founded.
T will briefly introduce each paper’s raison d’étre, summarize the methods devel-
oped and/or data analyzed in the paper and finally give some concluding remarks
on the results of the paper. Paper I estimates the crustal state of stress from two
deep boreholes in Siljan, Sweden whereas Paper II, III and IV use microearth-
quakes, recorded by the Icelandic SIL network, to estimate the stress state.

6.1 Paperl
Orientation and magnitude of in situ stress to 6.5 km depth in
the Baltic Shield

Introduction

In 1994, some five years after the completion of the Gravberg-1 borehole in Siljan,
Sweden, there were still Formation MicroScanner data that had not been properly
analyzed. I brought the data with me for my stay at Stanford University, and was
fortunate enough to be able to work with Prof. Mark Zoback and the Stanford
Borehole group in analyzing the FMS, and other Siljan logging data. During their
involvement in the Cajon Pass and KTB deep drilling projects, the Stanford group
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developed new methods for the estimation of in situ stress from wellbore image
logs and other borehole measurements. These methods and an associated analysis
scheme are referred to as an integrated stress measurement strategy (ISMS), see
Section 4. We estimated the orientations of the stresses in Siljan both in the
Gravberg-1 and Stenberg-1 boreholes, the magnitude estimates are only from the
Gravberg-1 borehole.

Summary

The study started with an estimation of the direction of the in situ stresses. For
the analysis we utilized borehole breakouts, as recorded both by a 4-arm caliper
tool and the FMS tool, and drilling-induced tensile fractures recorded by the FMS
tool. Since the traces of all drilling-induced tensile fractures are approximately
parallel to the borehole axis and since the borehole is nearly vertical to 4.5 km
depth, we conclude that the vertical stress is a principal stress at least to this
depth. The directions of the horizontal stresses are estimated from breakouts and
induced tensile fractures. We only include data down to 4850 m in the Gravberg-1
borehole and to 5950 m in the Stenberg-1 borehole for the direction estimates.
Below these depths the boreholes are deviated more than 15° from the vertical
and the directions around the wellbore where breakouts and tensile fractures form
depend on the borehole deviation, deviation direction and rock strength properties.
We did not have sufficient data to do a proper analysis of rock strength. The mean
direction of the maximum horizontal stress, Sy, in Gravberg-1 was estimated to
N72°W =+ 7°, using circular statistics for the standard deviation. In Stenberg-1
the direction of Sy was estimated to N53°W + 9°. Although the two boreholes
are only 10 km apart, our results indicate that the mean stress directions are not
within one standard deviation of each other. The direction of Sy is not constant
in the boreholes but show both long and short term variations, some of the short
term variations are interpreted as resulting from slip on active faults.

Pore pressure in Gravberg-1 was estimated from three drill-stem tests which
indicated hydrostatic pore pressure in the borehole, see Figure 16. The drill fluid
pressure was continuously measured during drilling. The vertical stress was calcu-
lated from a density profile obtained from a combination of borehole density logs
and surface gravity modeling. The magnitude of the least horizontal stress, Sj,
was estimated from two drill fluid losses below 6 km and a fracturing operation
after the completion of drilling. The errors on these estimates are large, see Fig-
ure 16, due to uncertainties in exact depth and the weight of the drill fluid. In
addition, there were a number of formation integrity tests performed below the
casing shoes at 1250 m and 4167 m, Figure 16. None of these fractured the for-
mation but provide lower limits on the S; magnitude. We see that the minimum
horizontal stress is consistently lower than the vertical stress, with the S, /Sy ratio
being 0.68 at 5 km depth.

Due to limitations in data availability and quality in the Gravberg-1 borehole
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Figure 16: Pore pressure, Py, drill fluid pressure, Py, minimum horizontal stress, Sp,
vertical stress, Sy, and maximum horizontal stress, Sy, in the Gravberg-1 well. For
the pore pressure there are three data points from the well, open squares, we have then
assumed hydrostatic pressure. The drill fluid pressure was continuously measured during
drilling. The minimum horizontal stress has been estimated from leak-off tests, pluses,
and hydrofracs, open circles. The vertical stress was calculated from borehole density logs
and surface gravity modeling. The maximum horizontal stress estimates from induced
tensile fractures are shown as horizontal lines, ranging from the lower bound of measured
differential pressure, AP, and a temperature difference, AT, of 10°C to an upper limit
where AP = AT = 0. We have only included Sy estimates in the depth interval where

S, is best constrained. The figure shows a strike-slip faulting regime.

we could not estimate the magnitude of Sy from borehole breakouts. Instead, we
utilized the drilling-induced tensile fractures, using the methodology outlined in
Section 4.3. Most of the induced tensile fractures identified in the Gravberg-1 well
occurred in zones of natural fractures, hence, we included the pore pressure in our
estimates of Sy. This is in contrast to the situation in KTB, where the fractures
mostly occurred in unfractured sections of the borehole. The magnitude of Sy is
affected by the magnitude of the least horizontal stress, the differential pressure
between the drill fluid and the pore pressure in the formation, and the thermal
stress. We investigated the thermal stress in some detail, see Equation 74, using the
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information on the lithology in the borehole and the temperature dependence of the
thermal expansion coefficient to estimate the variations of the thermal expansion
coefficient with depth. Using the estimates of S} from above we will only be able
to calculate a lower limit on Sg. This lower limit will depend on the temperature
difference between the undisturbed formation and the drill fluid, which affects the
thermal stress contribution, and the differential pressure. In Figure 16 we plot
magnitudes of Sy in depth intervals where we found induced tensile fractures and
where the Sj; magnitudes are most well constrained. The lower Sy end is for
AT = 10° and AP equals the measured differential pressure. The high end of the
Sp estimate corresponds to AT = AP = 0, i.e. the tensile fractures form even
if there is no temperature or pressure difference. The ratio Sy /Sy is estimated
to 1.1 at 5 km depth, see Figure 16, i.e. we estimate a strike-slip state of stress
at depth in the Gravberg-1 deep borehole. Plotting the maximum and minimum
principal stresses in a Mohr diagram indicates that the stress state at Gravberg-1
is controlled by frictional equilibrium on pre-existing faults oriented optimally in
the stress field, with a lower bound coefficient of friction of approximately 0.5.

Concluding remarks

The 2-pad FMS tool used in the Gravberg-1 borehole gives rather poor coverage
of the borehole wall. In the section of the borehole where we have most FMS
data, the diameter of the hole is 21.6 c¢m, which implies that the two pads of
the FMS tool covers approximately 20% of the borehole wall. Frequently one of
the images is blurred since the pad has ridden in a breakout and, thus, had poor
contact with the wellbore. In such situations it is difficult to assess whether or not
a fracture seen on one image is continuous around the wellbore or not. We have
been very conservative in our identification of drilling-induced tensile fractures and
only included well defined fracture traces.

The integrated stress measurement strategy attempts to include as much stress
related information as possible in the estimation of the state of stress. This is es-
pecially important in deep boreholes where the individual measurement methods
might produce uncertain results but when taken together, these results may rea-
sonably well constrain the state of stress .

6.2 Paper II

Stress tensor inversion using detailed microearthquake informa-
tion and stability constraints: Application to Olfus in southwest
Iceland

Introduction

In 1996 the Uppsala SIL group started its participation in the European Union
project ambitiously referred to as PRENLAB, Earthquake Prediction Research
in a Natural Laboratory. As my involvement in the Siljan project was coming
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to an end, and as one of the tasks of the Uppsala group in PRENLAB was stress
estimation from microearthquake focal mechanisms, I was more than happy to join
them. Ragnar Slunga had in 1988 developed a stress tensor inversion algorithm
based on the Gephart and Forsyth [1984] formulation of the inverse problem, with
a new approach to choosing the fault plane and a novel procedure for including
uncertainties on the focal mechanism through the inclusion of acceptable focal
mechanisms (Section 3.3). We continued development of the algorithm, I rewrote
the code for increased efficiency and the inversion scheme was tested and put to
work in the SIL environment.

Summary

The basis of stress tensor inversion from earthquake focal mechanisms was reviewed
in Section 3.4. Our inversion scheme is based on the grid search method of Gephart
and Forsyth [1984], although the final formulation is slightly different. We utilize
the one-norm measure of misfit but only consider rotations in the fault plane,
i.e. we use the pole rotation method in Gephart and Forsyth [1984] terminology.
Errors in the focal mechanisms are accounted for in a manner that does not require
the exact method of Gephart and Forsyth [1984]. In order not to under-estimate
the size of the confidence limits, we follow Magee [1997] and assign both nodal
plane normals to 10° bins over the lower hemisphere and then use half the number
of filled bins as our number of “non-redundant” data. This number is only used
for the confidence limit calculation, we use all data for the inversion. In Paper 11
the issue of redundancy in the focal mechanism data is further investigated.

The selection of the fault plane from the two nodal planes was discussed in
Section 3.4. In our inversion scheme we implemented three alternative techniques
for the selection. We use the common slip angle criterion (SA), i.e. choosing the
nodal plane with smallest misfit in the tested stress field, for comparison both
with other inversion methods and with our other fault selection methods. The
new selection criterion introduced in Paper II is based on the notion that the
nodal plane that is most unstable in the tested stress field is the plane that slips.
Based on a simple Mohr-Coulomb failure criterion we define the instability, I, of
a nodal plane as

I=7—po, (76)

where 7 is the magnitude of the shear stress on the nodal plane, ¢, the normal
stress on the plane and p the coefficient of friction. In order to calculate the insta-
bility we need to know the the magnitudes of the principal stresses. Fortunately,
we are only interested in which of the two nodal planes has the highest value of
instability, and since we know from Section 2.6 that the relative position of the
nodal planes in a Mohr diagram only depends on their orientation with respect
to the stress axis, we can unambiguously decide which nodal plane is the most
unstable for every value of the coefficient of friction. The coefficient of friction is
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usually not well known in the seismic zones and we see from the definition of insta-
bility that with varying u the unstable nodal plane might become the stable nodal
plane. We show that the value of p at the point of cross-over, p,, is independent
of the magnitudes of the principal stresses, and can be determined from R and the
orientations of the nodal plane normals with respect to the principal stress axis
and R. During the fault selection process in the inversion we calculate p, and if it
is outside the range 0.4 < p < 1.5, which covers friction coefficients for most rock
types above 100 MPa [Byerlee, 1978], we select the most unstable nodal plane.
If p, is within the range, we instead utilize the slip angle criterion. We want to
emphasize that the instability (IS) criterion is only used to choose fault plane,
it is not used as a misfit criterion. The IS criterion is only valid in areas where
fractures in the crust have frictional properties independent of their orientation,
in areas dominated by weak faults with a specific orientation the criterion is likely
to fail.

As our third fault selection criterion we are able to include information from
high accuracy relative relocations [Slunga et al., 1995] produced by the SIL system.
If a group of relocated microearthquakes define a common fault plane, and the
plane agrees with the events focal mechanisms, this common plane is used as the
fault plane for the events.

The fault plane selection methods were tested using both synthetic data and
geologic fault slip data. Using synthetic data with noise added and testing both sin-
gle stress fields and mixed stress fields, the IS criterion performs generally slightly
better than the SA criterion. We find, however, that the result of synthetic tests
highly depends on the input parameters to the focal mechanism generation and, as
such, are difficult to interpret. As a more appropriate test we converted the fault
slip data of Angelier [1979] into focal mechanisms and inverted them for the stress
tensor. The IS and SA criterion both yield similar stress estimates, in agreement
with Angelier [1979], but where the IS criterion picks all the correct fault planes,
the SA criterion only selects 20 out of 38 fault planes correctly.

The stress tensor inversion scheme takes advantage of the acceptable focal
mechanisms produced by the SIL focal mechanisms algorithm (Section 3.3). The
optimal focal mechanism for each event is accompanied by a number of acceptable
mechanisms that satisfies the data only slightly less well. We test all these accept-
able focal mechanisms for each event at every grid point in the stress inversion.
Note that for each acceptable mechanism we apply the fault selection criterion to
identify the proper nodal plane. The acceptable mechanisms have an associated
amplitude error and these errors are used to weight the mechanisms relative to
the optimal mechanism. The acceptable (including the optimal) mechanism which
produce the lowest misfit is selected to represent the event in a particular grid
point. When the optimal stress tensor has been identified, the inversion scheme
has also selected the most appropriate focal mechanism for each event from the
acceptable mechanisms.
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Figure 17: Stress tensor inversion results from Olfus, Iceland. All inversions have been per-
formed with the instability fault selection criterion. Grids are equal-area projections of the lower
hemisphere. To the left are the resulting optimal stress tensors; o1, square, o2, diamond, and o3,
triangle; together with the 10%, 68%, and 95% confidence limits for o1, red to yellow from 10%
to 95%; and o3, purple to green from 10% to 95%. Deviation is the average angle between the
directions of estimated shear stress and observed slip on the planes, misfit is deviation weighted
with amplitude errors and R is the optimum R value. The black histogram on the perimeter
shows the 95% confidence level for the direction of maximum horizontal stress. In the middle are
histograms of the 10%, green, 68%, red, and 95%, blue, confidence limits in R, the black spike
is the optimum value. To the right are Kamb contours of the fault plane normals chosen by the
inversion. A) Inversion using only the optimal focal mechanism for each event. B) Inversion with
all acceptable mechanisms for each event. C) Inversion with 41 events having predefined planes

from relocation and using all acceptable mechanisms for the remaining 37 events.
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The stress tensor inversion was applied to 78 microearthquakes from a small
volume, 1.6 km N-S, 1.3 km E-W and 5.9 km deep, in Olfus, southwest Iceland.
41 of the events could be assigned a “correct” fault plane from relative relocation.
In Figure 17 we show the results of three different inversion using the instability
fault selection criterion. Comparing Figures 17A and B, we see how the inclusion
of acceptable focal mechanisms significantly reduces the misfit and deviation and
also reduces the size of the confidence limits, making the resulting stress state more
well constrained. The optimal stress states are approximately the same and the
chosen fault planes have approximately the same orientations in both inversions.
In Figure 17C we have included predefined fault planes for 41 of the 78 events. The
first thing to note is that the chosen fault planes of all three inversions are very
similar, i.e. the instability selection criterion is successful in picking the correct
fault planes. The state of stress is less well constrained in Figure 17C and we see
that the misfit has increased. All three inversions show a rather stable direction
of maximum horizontal stress at approximately N30°E.

Stress inversion with the instability selection criterion was compared to inver-
sion using the slip angle criterion. The stress states estimated by using the two
different criteria are similar but, when compared to the predefined planes, the slip
angle criterion picks the wrong nodal plane for more than 50% of the events.

Concluding remarks

This study showed that a nodal plane selection criterion based on the stability of
the planes in the stress field is significantly better at predicting the correct fault
planes than a misfit based selection criterion. Including a range of acceptable focal
mechanisms for each event constrains the stress estimate better than using a single
mechanism per event. The range of mechanisms also lowers the misfit.

Testing the stability selection technique in an area with strongly anisotropic
friction conditions, such as close to a large, well established fault, would be very
interesting. Preliminary inversions of microearthquake from the Husavik fault
region in northern Iceland, showed that the stability criterion very consistently
picked the wrong fault planes, as compared to relative relocations. If this is a
general pattern, the combination of stress tensor inversion and relative relocation
could become useful as a means of assessing the stability of faults in different
directions and identifying established faults at depth.

6.3 Paper III

Correlation of microearthquake body-wave spectral amplitudes

Introduction

During the work on Paper II, and especially during the period when I performed
synthetic tests on the stress inversion algorithm, we frequently discussed the issue
of the similarity of the focal mechanisms we input to the inversion. As I discussed
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in Section 3.4.1, the stress tensor inversion needs focal mechanisms sufficiently well
distributed in terms of orientation in order to produce well constrained estimates.
It is thus important to assess how similar, or redundant, the focal mechanisms
are for a group of events before they are input to the inversion. When calculat-
ing the confidence limits it is necessary to disregard the redundant events, or the
confidence limits will be unrealistically small. In the SIL group, we also discussed
the possibility to disregard redundant events altogether in the inversion, only in-
cluding one event as a representative for a group of similar events, in order to
shorten computer run-times. Quantifying the similarity of focal mechanisms in
terms of the strike, dip and rake angles is not trivial. In addition, the SIL fo-
cal mechanism algorithm [Régnvaldsson and Slunga, 1993] provides us with, very
valuable, information on the uncertainty in the mechanisms in terms of a range of
acceptable focal mechanisms. These acceptable mechanisms further complicates
the similarity test. A solution to the similarity test problem is spectral amplitude
correlation and grouping. We return one step back in the chain of earthquake data
processing. The focal mechanisms are calculated from spectral amplitudes and po-
larities [Rognvaldsson and Slunga, 1993], so by comparing the spectral amplitude
distributions of closely located events, we can assess their similarity in terms of
focal mechanisms.

Summary
The SIL system calculates spectral amplitudes on three component data rotated
into vertical, radial and transverse components. Windows are placed on the direct
P and S wave arrivals and transforming to the frequency domain the low frequency
asymptotes, or DC-level spectral amplitudes, are estimated for the different com-
ponents [Rdégnvaldsson and Slunga, 1993]. We obtain five amplitude values at
each recording station; vertical and radial P (PZ and PR) and vertical, radial
and transverse S (SZ, SR and ST), which we refer to as amplitude components.
These amplitude components, together with first motion directions, form the basis
for the focal mechanism calculation in the SIL system and will be utilized in the
spectral amplitude correlation and grouping scheme.

In order to assess the similarity of the focal mechanisms of two different events
all amplitude components in common for the two events are correlated using linear

_ > —2)(yi — )
Vil = 2)2/ 3 (v — )2

where 7 is the correlation coefficient, Z is the mean of the logarithms of one event’s

cross-correlation

r (77)

amplitude components, x;, and 7 the mean of the logarithms of the other event’s
amplitude components, y;. The logarithms are utilized to decrease the importance
of the nearest stations, thereby stabilizing the correlation. We use the correlation
coefficient as the measure of how similar two events are.

All events are correlated with all other events and the events are then grouped
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Figure 18: Correlation results at Olfus, July 1 to November 13, 1998. A) Plotted
versus time in days is the cumulative number of events (solid line, scale to the left) and
the cumulative scalar seismic moment (dashed line, scale to the right). B) Number of
ungrouped events (solid line) and the number of groups (dashed line) versus time in days.
C) Number of ungrouped events (solid line) and number of groups (dashed line) versus

the event number.

according to the correlation coefficients. The grouping is controlled by three pa-
rameters; a lower limit on the correlation coefficients, 7,,;,, a lower limit on the
fraction, fy,in, of fellow events in the group that a single event is allowed to have
below 7,;, and the minimum number of events needed to have a group. After some
testing we adopted 75, = 0.9, fmin = 0.8 and at least four events in the group,
as our parameters for studying larger amounts of seismicity. If a more detailed
study on fewer events is desired, the r,,;, and/or f,:, values should be increased.
We define two modes of running the correlation and grouping, the first correlates
all events in a catalogue with all other events in one large run, and then performs
an iterative grouping that allow us to find the optimal homogeneity within the
groups. The second mode starts with a small group of events that are correlated
and grouped, and then the events are correlated and grouped one by one with the
previous events. This mode will not obtain the optimal group homogeneity but
instead it allows us to study the time variations in correlation and grouping.

During the development of the correlation and grouping scheme we discovered
that it is useful also for applications other than as a preprocessor to stress tensor
inversion. If we run the correlation in the second mode the temporal evolution of
the earthquake grouping patterns can be studied and the groups of similar events
produced by the grouping can be utilized either for composite focal mechanism
calculations or as a starting group for relative relocation. We tested the correla-
tion and grouping algorithm on a set of 636 microearthquakes, 0.0 < M < 2.7,
occurring between July 1, 1998 and November 13, 1998 in Olfus, southwestern
Iceland. On November 13 there was a magnitude 5.0 earthquake in the Olfus
area. Cumulative number of events and cumulative seismic moment is plotted in
Figure 18.

Studying the Olfus seismicity using the second mode of correlation and group-
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ing we obtain the plots in Figure 18B and C. In Figure 18B we see that the
seismicity in July correlate very well, the rapid increase in number of events is
not mirrored by an increase in the number of ungrouped events. Conversely, the
increase in seismicity in November has an associated increase in the number of
ungrouped events. The grouping pattern becomes clearer if we plot the number of
ungrouped events and number of groups as a function of the event number, Fig-
ure 18C. We now clearly see a change in the grouping pattern around event 430,
which corresponds to late September, where the slope of the curve significantly
changes. We interpret the lack of correlation after September as an indication that
the microseismicity changed characteristics. Before late September many events
occur on the same fault (or a very close, similarly oriented fault) with very simi-
lar slip directions. We refer to these events as repeated events. After September,
spectral amplitude correlation indicates that either the focal mechanisms are dif-
ferent, both compared to earlier and to current seismicity, or the events occur at
different locations compared to earlier and current seismicity. These events will be
referred to as solitary events. High accuracy relative relocation [Slunga et al., 1995]
supports the notion of a more diffuse seismicity towards the end of the period.

Using one of the groups produced by spectral amplitude correlation of the
entire data set, now with r,,;, = 0.9 and f,,;, = 0.9, we compute a composite
focal mechanism. There were 27 events in the group and the nodal planes of the
optimal focal mechanisms have a spread of approximately 50°, both in strike and
dip. Utilizing the spectral amplitudes from the 27 events we compute a median
distribution of spectral amplitudes for the entire group. All events’ first motion
directions are stacked and then the combined amplitudes and polarities are used
to compute a new focal mechanism using the SIL algorithm. The nodal planes of
the composite focal mechanism are compared to the result of relative relocation,
and one of the nodal planes is only 15° away from the common fault plane defined
by the relocations. The fit is not perfect, but considering the rough amplitude
stacking technique it is quite good. Among the acceptable focal mechanisms we
find one nodal plane that is only 7° away from the common fault plane.

Finally, we test the correlation and grouping scheme in terms of input to the
stress tensor inversion. Magee [1997] discussed the issue of redundant focal mech-
anisms and approached the problem by assigning the nodal plane normals to 10°
bins over the lower hemisphere and using half the number of filled bins as the
number of non-redundant events when calculating the confidence limits. The cor-
relation and grouping scheme can be used to assess the similarity of closely located
events, i.e. if two events have identical focal mechanisms but are far from each other
(depending on station geometry and focal mechanism), they will not be identified
as similar. The correlation will, thus, not be able to identify all redundant focal
mechanisms, but as we shall see below, it can significantly improve the calculation
of confidence limits and reduce the size of the data set. We will use the term
reduced events instead of non-redundant henceforth.
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Figure 19: Stress tensor inversion of the 199 events from Olfus, Iceland, July, 1998.
Symbols and patterns are as in Figure 17, with the exception that T do not plot the 10%
confidence limits for the stresses here. A) Inversion result using 199 events and 199 as the
number of events when calculating the confidence levels. B) Result using 199 events in
the inversion and 59 reduced events, according to Magee [1997], for the confidence level
calculation. C) Result using 79 reduced (from spectral amplitude correlation) events, of

which 10 are composite events, for both the inversion and the confidence level estimates.

We perform stress tensor inversions using both the full number of events and
the binned number of events for calculating confidence limits and compare these
to an inversion of a data set reduced by the correlation. Microearthquake data
from 1998, 199 events in July and 182 in November, is used for the inversions.
I show here the result of the July data. The binning technique of Magee [1997]
estimates that there are 59 reduced events in July and the spectral amplitude
correlation results in 69 ungrouped events and 10 groups, i.e. 79 reduced events.
In Figure 19 we show the inversion results using the three different approaches
and the inversion algorithm of Paper II. Figures 19A and 19B show the confidence
regions obtained using 199 and 59 reduced events, respectively, to calculate the
confidence limits. The inversion itself uses all 199 events which is shown by the
identical misfits and optimal stress states. We see that there is a large difference
in the size of the confidence areas. In Figure 19C is the result of using spectral
amplitude correlation to estimate the number of reduced events and using only the
reduced events in the inversion. Running the July inversion with the 79 reduced
events instead of 199 significantly shortens the necessary computer time. We see in
Figure 19C that the optimal stress state is almost identical to the state estimated
using the full data set but that the misfit is slightly larger when using only 79
events in the inversion. This is not surprising since among the 199 events there
are most likely some rather poorly constrained mechanisms, resulting in a large
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number of acceptable focal mechanisms which gives the inversion algorithm larger
freedom in the choice of fault plane, see Paper II, compared to using 79 well
determined events.

Concluding remarks

The spectral amplitude correlation and grouping technique has proven a successful
method in terms of assessing the similarity of focal mechanisms of closely located
events and grouping of similar events. An event representing the group is selected
either through a composite focal mechanism or by choosing the highest quality
event, i.e. the event with most stations, amplitude components and polarities.
The grouping technique also allows us to form batches of a certain number of
reduced events, which will be useful in studies of temporal or spatial variations in
the stress field, as in Paper TV.

The issue of how different the focal mechanisms have to be in order to be
considered non-redundant in the inversion has not been meticulously studied. We
observed the grouping patterns and empirically found values of the grouping pa-
rameters that produced homogeneous groups, minimizing the number of events
that “almost” made it into the groups.

In order to study the influence of spatial variation on the grouping result we
will implement means of taking the events locations into account.

The spectral amplitude correlation and grouping technique seems to be a very
promising tool for the study of temporal or spatial variations in earthquake repeat-
ing patterns. By repeating pattern we refer to changes in the number of repeated
events (or groups of repeated events) versus the number of solitary events. A
larger study of microearthquake repeating patterns will be undertaken in Paper
IV.

6.4 Paper IV

Spectral amplitude grouping and the state of stress: A study of
microearthquake activity before the November 13, 1998, magni-
tude 5.0 earthquake in Olfus, Iceland

Introduction

The sequel to PRENLAB is PRENLAB 2, and the Uppsala SIL group continued
its participation in the project. Remembering that PRENLAB is an earthquake
prediction research project, it was obvious to us that the methods developed in
Paper II and IIT should be applied to a study of microearthquakes before a larger
earthquake. We chose the November 13, 1998, M; = 5.0 earthquake in Olfus,
southwestern Iceland, and studied the seismicity one year prior to the main event.

Summary
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We analyzed microearthquakes occurring in the Olfus area between November 1,
1997 and November 13, 1998, seven hours after the main shock. All events with at
least four recording stations, 18 amplitude components, one polarity reading and
My, > 0 were included in the study, resulting in a catalogue of 2943 events. Using
relative relocations we know that the main event, a right-lateral strike-slip event,
took place on a N-S striking fault and that many of the events in our study also
occurred on N-S striking faults.

In this paper we decided to use the name Spectral Amplitude Grouping (SAG)
for the correlation and grouping technique developed in Paper III. We also split
the second mode of operation from Paper IIT into two, where mode 2 is equivalent
to the second mode above but where mode 3 now is the mode used to produce
batches of a predetermined number of reduced events. The mode 2 of SAG has
in this paper also been further developed to accommodate a variable size of the
correlation memory. In Paper II, all events were retained in the correlation memory
implying that early events were correlated with very few events and later events
were correlated with almost the entire event catalogue. Now it is possible to choose
the number of events to retain in the correlation memory, i.e. SAG can act as a
moving window filter.

In order to study the repeating pattern of the Olfus seismicity, and test the
influence of the length of the correlation window, we ran SAG twice on the Olfus
data, see Figure 20. In the first run, in Figures 20A and B, we retained all events in
the correlation memory. Figure 20A indicates that there is a steady increase in the
number of solitary events with time, until we reach November and the foreshocks to
the main event, when the number of solitary events increase rapidly. What is less
noticeable is the rapid increase in the number of groups at Eql, where there is a
large number of aftershocks occurring as the result of a M = 5.1 earthquake to the
north of the study area. We, hence, have two different responses to an increase in
seismicity, in June the aftershocks are almost all repeating events that group very
well, whereas the November foreshocks are mostly solitary events. The repeating
pattern becomes clearer, we avoid the influence of the seismicity rate, if the number
of solitary events is plotted versus event number, Figure 20B. We now have a more
detailed view, the number of solitary events first increase until mid March, where
the increase rate levels off. In June the rate is almost flat, most of the seismicity
consists of repeated events, and then, in late August, early September, the rate of
the number of solitary events increases dramatically. There is some decrease in the
rate after the November event but it is not until further into the aftershocks that
the rate of solitary events decreases substantially. How is this repeating pattern
affected by the size of the correlation memory? In Figures 20C and D are the
results of a 250 event correlation memory. Note that the first 250 events should
not be included in the analysis since we are filling up the correlation memory
and the solitary event rate will be high. The large scale pattern is generally
the same, but we see that we have substantially increased the time resolution.
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Decreases in the number of solitary events are caused by two mechanisms; new
events correlating well with older, solitary, events and old, solitary events leaving
the correlation memory. Figure 20D shows that the seismicity after mid-March
are repeating events and that there is a small increase in the number of solitary
events immediately after the June main event but that the aftershocks soon are
very similar. With this resolution we also note that the onset of a different type
of seismicity occurs already in July and that the the number of solitary events
peaks on the main November event. There is a small trough immediately before
the main November event, as if the seismicity settled into a repeating pattern
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Figure 20: Spectral amplitude grouping (SAG) results, or repeating patterns, for the Olfus
seismicity. Eql is the My = 5.1 event north of the study area, Eq2 is the main November event.
A) The entire catalogue is used as correlation memory. Number of solitary events (solid line) and
number of groups (dashed line) versus time. B) Same as in A but now plotted versus the number
of processed events. C) Using a 250 event moving window as correlation memory. Number of
solitary events (solid line) and number of groups (dashed line) versus time. D) Same as in C
but now plotted versus the number of processed events. In B and D the start of each month is

indicated by short, solid lines down from the top of the frames.
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before the main event occurred. After the main event there is a short increase
in the number of solitary events and then the aftershocks seem to localize, or
stabilize, and become repeating events. Using a 100 event correlation memory
produces approximately the same pattern, including the trough at the November
event, whereas a 500 event memory seems a little too long and does not decrease
as quickly after the main event as do the shorter memory sizes.

Using the spectral amplitude grouping technique in mode 3 we produced 76
batches of 40 reduced events for stress tensor inversion. The batches overlap by 20
reduced events. We also ran SAG in mode 1 on a data set where the aftershocks
to the June event and the fore- and aftershocks to the November event were taken
out, producing a list of 438 reduced events for the year. The list was used to
estimate the background state of stress for the studied year.

The background stress state was estimated to an oblique strike-slip state with
a normal faulting component. The least principal stress, o3, is subhorizontal in
the direction N51°W, in agreement with the N63°W direction of spreading across
south Iceland [Sigmundsson et al., 1995]. The maximum horizontal stress is in the
direction N36°E. The stress state is very well constrained with small confidence
areas and, surprisingly, we find that none of the principal stresses are vertical.

We estimated one stress state for each of the 76 batches of reduced events
and in Figure 21 we show, as an example of the results, the direction of maxi-
mum horizontal stress, A and B, and the magnitude of the maximum horizontal
stress relative to the vertical stress, C and D. The first order impression of the
direction of maximum horizontal stress, oy, is a rather stable direction around
N30°E, with a 68% confidence limit of 30° — 40°, during the year. There are some
batches that have a deviation which is significant at the 68% level with respect to
other batches, such as batch 52 with respect to batch 11, 22, 66 and 69. There
are temporal variations in the confidence limit, which is sometimes very well con-
strained and sometimes very large, indicating perhaps inhomogeneity in the stress
field. There is some indication of a rotation in the horizontal stress towards N-S
around November 9. Assuming a coefficient of friction of g = 0.6, hydrostatic
pore pressure and a vertical stress that equals the weight of the overburden, we
can estimate the magnitudes of the maximum horizontal stress. These magnitudes
may be incorrect, but the pattern of magnitudes relative each other is constant.
We see in Figure 21 that there is no systematic variation in the horizontal stress
magnitudes but that there are indications of variations. Most pronounced is the
group of four batches in July and the rather well constrained decrease after the
mainshock in November.

We studied the sizes of the 68% confidence limit areas and the differences in
deviation angle between the chosen and the rejected nodal planes from the stress
inversions. We also separated the data set into two sets, group 2 containing the
area of most intense aftershocks activity from the June event, and group 1 with
the remaining events. The SAG of group 1 show the same repeating patterns
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Figure 21: Results of stress tensor inversions of batches of 40 reduced events. Eql is the time
of the June 5.1 event, Eq2 is the November 5.0 event. Solid squares are the optimum solutions
for each batch and the hatched band is the 68% confidence limits. A) Directions of maximum
horizontal stress in degrees east of north versus time. B) Same as in A but plotted against
the batch number for clarity. C) Variation of the magnitude of the maximum horizontal stress
during the studied time period. In order to estimate the stress magnitudes we used a coefficient
of friction p = 0.6, hydrostatic pore pressure and normalized the magnitudes to the weight of
the overburden. D) Same as in C but plotted against the batch number.

as in Figure 20, but without the June peak. In group 2 the June pattern again
shows how similar the events are. Stress inversion of batches of 40 events show
an interesting feature. The June aftershock seismicity seems to be influenced by



7 CONCLUDING REFLEXIONS 63

a more NE-SW trending maximum horizontal stress. The inversions of group 1
events show that the stress states are generally more well constrained than for
the entire data set. There is, again, an indication of a rotation of the direction of
maximum horizontal stress from N S towards NE SW around the main event.

Concluding remarks

The spectral amplitude grouping results are very interesting and show that SAG
in mode 2 can provide a new view of the temporal evolution of seismicity. Further,
the large anomaly in the latter part of the study seems to be associated with the
main November event. This opens up interesting prospects of SAG as a monitoring
instrument. T will analyze a longer series of events from the Olfus area in order to
obtain more information on the normal variations in repeating patterns.

There seems to be very little correlation between the repeating pattern from
SAG and the estimated stress states. I have not performed any rigorous signifi-
cance tests on the fluctuations in e.g. the direction of maximum horizontal stress,
so I am uncertain of the significance of the variations observed.

7 Concluding reflexions

In this thesis I have presented a variety of methods and approaches for the esti-
mation of the state of stress in the crust. This variety, in itself, points to one of
the conclusions of the thesis. Crustal stresses are inherently difficult to measure,
and well constrained estimates of the crustal stress tensor are only rarely obtained.
The difficulty of direct measurements of stress at depth has lead to a flora of in-
direct measurement techniques, with associated estimation procedures, of which I
have presented a few in this thesis.

The analysis of the state of stress in Gravberg-1, using measurements from the
deep borehole, serves as a good example of the difficulties involved in measuring
stresses at depth. Formation integrity tests, losses of drill fluid circulation, mea-
surements of the geometry of the borehole and images of 20% of the borehole wall
from 25% of the length of the borehole; one by one these observations tell us very
little about the stress state. Taken together however, in a joint analysis scheme
such as the integrated stress measurement strategy discussed in the thesis, these
pieces of information can be assembled to a relatively reliable estimate of the state
of stress. We find that there is a strike-slip stress regime at depth in Siljan and
we estimate the horizontal deviatoric stress, Sy — Sp, to approximately 60 MPa
at 5 km depth. We infer that the state of stress is controlled by frictional equi-
librium on pre-existing faults, oriented optimally in the stress field, with a lower
bound coefficient of friction of 0.5. Integrating all available information can thus
yield significantly more information than what is obtainable from the individual
methods.
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Estimating the state of stress from earthquake focal mechanisms adds another
level of difficulty. The geometric information contained in the focal mechanisms
does not allow an estimation of the magnitudes of the stresses, neither the absolute
principal stress magnitudes nor the magnitude of the maximum shear stress. The
principal stress orientations and the ratio R = (01 — 02)/(01 — 03) are obtained
from the inversion of focal mechanisms, magnitudes can only be calculated with
additional information on the coefficient of friction, the pore pressure and the
vertical stress.

In this thesis I have addressed three aspects of stress tensor inversion using
earthquake focal mechanisms; the ambiguity in the selection of the fault plane
from the two nodal planes, the inclusion of uncertainties in the focal mechanisms
and the assessment of focal mechanisms in terms of redundant information. All
testing and application of the developed methods have been to microearthquakes
recorded by the SIL network in southwest Iceland.

Previous work has shown that selecting the correct fault plane from the two
nodal planes does affect the estimated state of stress, but that, especially for larger
data sets, the estimated stress tensors can be rather similar. Generally, I consider
that selecting the correct fault plane lends more credibility to the inversion results,
and if we are studying faulting or the stability of faults, it is necessary to choose
the correct fault plane. In this thesis, a fault selection criterion with a physical
background is proposed, based on the stability of the two nodal planes in the tested
stress field. I simply choose the most unstable fault, if the choice can be made
without ambiguity. This criterion proved very successful in the tests I conducted
and generally performed better than the more common selection criterion based
on least angular misfit.

A focal mechanism is the result of an over-determined inversion scheme where
four, or more, parameters are estimated from amplitude and/or polarity data. As
with other such estimates, the focal mechanism has some associated uncertainty.
We include the uncertainty in the focal mechanisms in the stress inversion via the
range of acceptable focal mechanisms available in the SIL system. These acceptable
mechanisms do not fit the data as well as the optimal mechanism, but we know
that they agree with the bulk of the data. By using them in the inversion, instead
of rotating the optimal mechanism within some uncertainty limit, we will not
violate the amplitude and polarity data. The range of acceptable focal mechanisms
significantly reduces the misfit in the stress tensor inversion.

A large number of earthquakes with very similar focal mechanisms do not con-
strain the stress tensor inversion more than do one or two earthquakes with the
same mechanisms. Instead, a large number of similar events acts to unduly de-
crease the estimated confidence limits and increase the inversion time. In order
to reduce the number of similar focal mechanisms we invented a correlation and
grouping technique (SAG) based on spectral amplitudes, the input data for the
focal mechanism estimation. SAG allows us to identify closely located microearth-
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quakes with similar focal mechanisms and delete these from the input data set to
the stress inversion.

The spectral amplitude grouping technique, unintentionally, proved very useful
for the assessment of variations in the patterns of repeating microearthquakes.
SAG identifies groups of repeating microearthquakes, i.e. closely located events
with similar focal mechanisms, and events that are non-similar or have isolated
locations, solitary events. The variation in the number of solitary events and the
number of groups, in time or space, provides a new view of the seismicity patterns.

The earthquake stress inversion and SAG methods were applied to one year of
seismicity before the November 13, 1998, My, = 5.0 event in Olfus, Iceland. Using
a 250 event moving correlation memory, the SAG technique unveils an intricate
pattern of solitary and repeated events, with a rapid increase in the number of
solitary events during three months before November 13. The number of solitary
events peaks at the time of the November 13 earthquake and then decreases as the
aftershocks become similar. Inversion for the background stress field shows a very
well constrained oblique strike-slip regime with a normal faulting component. The
least principal stress is subhorizontal in the direction N51°W, which agrees with
the direction of spreading in southwest Iceland. The maximum horizontal stress
is in the direction N36°E. Inverting batches of 40 events, spread over the year, we
observe, to first order, a rather stable stress field which contains some variation
over the year. There are indications of a rotation to the north of the horizontal
stresses some days before the main event, there are also indications of changes in
the horizontal stress magnitudes and indications of heterogeneities in the stress
field. I have, however, not performed a rigorous statistical investigation of these
fluctuations. Even if the stress fluctuations were to be statistically significant,
there is in the temporal stress estimates very little correlation with the dramatic
variations observed in the results of the spectral amplitude grouping.

This thesis shows that there is significant information to acquire from micro-
earthquake activity. The large number of events obtained when we record micro-
earthquakes to magnitudes below zero provides us with very valuable information
on the ongoing deformation processes. If properly deciphered, this information
can potentially teach us much more about earthquake generating crustal processes,
processes that, no doubt, influence or are driven by, stress.
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A Computer programs

A large fraction of my PhD studies was spent implementing the methods and
algorithms described in papers IT and III of this thesis. This coding effort has
resulted in the two computer programs sti, for the stress tensor inversion, and
ampcorr, spectral amplitude correlation. The programs will not be listed here,
they comprise of approximately 10000 lines of code (wc -1 reports 11450 but I
estimate that 10% are comments and then there are a couple of blank lines as
well). The programs will, however, be publicly available as soon as I have made
them a little more comprehensible. In addition to the main programs I worked
with Sigurdur Régnvaldsson on a C library of I/O routines for the SIL system,
with Sigurdur Roégnvaldsson and Ragnar Slunga on a C version of Ragnar’s focal
mechanism routines, and with Reynir Bodvarsson on utility routines for the SIL
data acquisition system.

A.1 sti

The stress tensor inversion program sti implements the ideas that was presented
in paper II. The program is written entirely in C and includes library functions
for vector and matrix manipulation, angular conversion between different, focal
mechanism conventions and the stress estimation routines. Input data are taken
either from the SIL data base or from a program native format, obtainable by
the utility program conv2sti. The grid size can be chosen between increments of
2° to 20°, with R in increments of 0.05 or 0.1. Output data are in the form of
ASCII files with information on the estimated state of stress, confidence limits and
chosen fault planes. I have a number of GMT (Generic Mapping Tool) | Wessel
and Smith, 1998] scripts for the visualization of the results.

thor:~/sil/rst> sti -h
STRESS TENSOR INVERSION OF EARTHQUAKE FOCAL MECHANISMS

sti [-h] data file [-c config file][-d num] [-f #] [-1 #] [-n]

[-o0 output file name] [-s]

The program inverts earthquake focal mechanisms or geologic

fault slip data for the stress tensor that caused the movement on
the faults.

The inversion process is described in Lund and Slunga, JGR, 1999.

For optimal use of the program’s error messages, run the program as:
sti data_file [options] >& data_file.err &

data file The program accepts input data either in SIL format,
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a *.grx or *.grs file, or in a program native format.
The native format can be obtained from strike,dip and
rake data with the program conv2sti.

-c Configuration file with other name than rst.conf or
in another directory. Default is rst.conf in the

current directory.

-d Dump SIL data into other formats:
1 A total dump in sti native format.
2 Dump optimal planes in Gephart & Forsyth #7
3 Dump final planes in Gephart & Forsyth #7
-f First event in inversion. Number in list of approved events,
default is 1.
-h This text.
-1 Last event in inversion. Number in list of approved events,

default is last.

-n Write a file with the non-redundant events as defined by
the gridding of Magee, 1997
-0 Base name for output files. Default is the input file name

extended with the inversion method

-s Read in the events and write out relevant info, then exit.

Bjorn Lund, November 1996. Version 1.4, BL June 1999.

A.2 ampcorr

The spectral amplitude correlation described in paper III is implemented in pro-
gram ampcorr. The program is written entirely in C and includes the linear
cross-correlation algorithm from Numerical Recipes in C. Input data are spectral
amplitudes from the SIL data base. Qutput isin ASCII format with tables of dates,
number of solitary events and number of groups, plus a variety of alternatives for
output of correlation matrices and groups.

thor:~/sil/amp> ampcorr -h
SPECTRAL AMPLITUDE CORRELATION.

Group events according to the correlation of their spectral amplitudes
in order to find events with similar focal mechanisms.
The algorithm is described in Lund and Bodvarsson, submitted to BSSA, 1999.

ampcorr [-h] [-112]3] [-al] [-b] [-c conf_filel [-d 4] [-f] [-g]l [-i #]
[-j #] [-m #] [-n #] [-o outfile] [-r latl lat2 lonl lon2 depl
dep2 timel time2] [grx_file]
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-11213 Mode of operation. Has to be indicated, except with -a or -d.
1 Correlate all events with all others at once.
2 Correlate all events, one by one, in a single batch.
3 Make batches of reduced events.

General options:

-a Create a generic config file called New_ampcorr.cf.

-c Name of the config file. Default is ampcorr.cf.

-d 4 Dump a grx file containing the usable events.

-f Use phase logs as amplitude input. Default is ome.

-h This text.

-j Jump over the first # reduced events in the grx file.

-0 Base name for output files. Default is the input file name.
-r Correlate events within the specified space-time period.

Lat, lon in decimal degrees, dep in km and time as
1999 03 07 18 14 30
Mode 1 options:

-b Write only the best event in each group in the grx file.
Default is all events.
-g Write separate grx files for all groups. Default is one common.
Mode 2 options:
-i Initial number of events to be read. Default is 20.
-m Number of events in the correlation memory. If used with -t,

number of days. Default is the entire list.
-t Use number of days for correlation memory (-m).
Default is number of events.
Mode 3 options:
-n Number of reduced events in each grx output batch. Use

even number. Default is 50.

Bjorn Lund, April 1999. Version 1.3, BL January 2000.



