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6 A NOTE ON NOTATIONA note on notationIn this thesis I will attempt to sti
k to the following stress notation 
onventions.In the �rst se
tions σij signi�es any general stress tensor but on
e the 
on
ept ofe�e
tive stress has been introdu
ed σij is the e�e
tive stress and Sij the appliedstress. All stresses are 
onsidered positive when 
ompressive. The term hydrostati
stress is often used for the situation σ1 = σ2 = σ3. This be
omes a little 
onfusingwhen pore pressures and boreholes are present and I will reserve hydrostati
 forthe stress (or pressure) exerted by the weight of a unit area 
olumn of the �uid inquestion. Ve
tors are in bold, n, tensors and matri
es bold underlined, A.
σ, D, T General, deviatori
 and redu
ed stress tensor
σxx, σyy, σzz , Normal stress 
omponents in a Cartesian
σ11, σ22, σ33 
oordinate system
σrr, σθθ, σzz , Normal stress 
omponents in a 
ylindri
al 
oordinate system
σxy, σxz , σyz , Shear stress 
omponents in a Cartesian
σ12, σ13, σ23 
oordinate system
σrθ, σrz, σθz, Shear stress 
omponents in a 
ylindri
al 
oordinate system
σ1, σ2, σ3 Magnitudes of the prin
ipal stresses
σ1, σ2, σ3 Prin
ipal stress ve
tors
σ̂1, σ̂2, σ̂3 Orthonormal basis ve
tors in the prin
ipal stress dire
tions
σ1N , σ1E , σ1d Components of σ̂1 in the North, East, down 
oord. sys.
n Ve
tor normal to a plane, unit length
t Tra
tion ve
tor on a plane
σn, σn Normal stress magnitude and ve
tor, on a plane
τ , τ Shear stress magnitude and ve
tor, in a plane
σH , σh, σV Maximum and minimum horizontal stress and verti
al stress
P , P0, Pb General �uid pressure, pore pressure, borehole �uid pressure



71 Introdu
tionDespite our long traditions of using ro
k as a 
onstru
tion material, traditionsprobably as old as 
ivilization itself, it was only during the last 
entury that theneed to understand and measure the for
es a
ting in the ro
k be
ame urgent. Thefoundation of tall buildings and long bridges, the ex
avation of long tunnels anddeep mines and the drilling of deep wells 
an only be safely 
arried out with knowl-edge of how the ro
k responds to 
hanges in the stress �eld. The advan
ementof 
ivil, mining and petroleum engineering spurred interest in the measurementof ro
k stresses and from the relief methods of the 1930s the development of newstress measurement te
hniques has been 
onstantly in
reasing. At the same time,in geology and geophysi
s, the need for quantitative estimates of the developmentof folds and intrusions, the movement of earthquake generating faults et
., a
-
entuated the need for estimates of in situ stress from the deep 
rust. Furtherinterest in deep stress estimates was triggered by the plate te
toni
 revolution.Plate te
toni
s has been very su

essful in des
ribing various te
toni
 pro
esses bya single 
on
ept, but the for
es that drive the plates are still not well understood.Whi
h for
es a
t on the plates, where do they a
t, what are their magnitudes andhow and where are they transmitted? Some of these questions 
an be answeredthrough the study of me
hani
al stresses in the lithosphere. The re
ent interest instress transfer and stress triggering of earthquakes is a �eld whi
h requires detailedknowledge of 
rustal stresses, preferably both before and after large earthquakes.A

urate estimates of the ba
kground stress �eld and the perturbations 
ausedby smaller groups of events will 
ontribute to the understanding of earthquakegenerating me
hanisms and, hopefully one day, the fore
asting of earthquakes.This thesis des
ribes some new developments in the estimation of 
rustalstresses from earthquake fo
al me
hanisms and a new method for the monitor-ing of one aspe
t of earthquake faulting, based on fo
al me
hanisms and lo
ations.An appli
ation of an integrated stress measurement strategy, utilizing two deepboreholes to measure 
rustal stress, is also in
luded in the thesis.The thesis is divided into two parts. The �rst part starts with an introdu
tionto the stress tensor 
on
ept and to some of the properties and appli
ations of thestress tensor. In
luded in this se
tion is also a very brief summary of ro
k fra
ture,fri
tion and pore pressure. In the next se
tion I introdu
e the methods used toinfer stress from earthquake fo
al me
hanisms and in
lude some 
omments on theuse of P and T axes as stress orientation indi
ators. This se
tion also 
ontains adis
ussion on the distribution of fo
al me
hanism data, pertaining to stress tensorinversion. The third major se
tion of this part of the thesis des
ribes some of themethods used for inferring stresses from deep boreholes. I have 
on
entrated onhydrauli
 fra
turing, borehole breakouts and indu
ed tensile fra
turing. Sin
e allof the data for the seismologi
al part of this thesis 
ome from the I
elandi
 SILnetwork, I have in
luded a very brief introdu
tion to the te
toni
s of I
eland and



8 2 THE STRESS TENSORthe operation of the SIL network. After SIL follows the summaries of the papersand a few 
on
luding remarks.The se
ond, or main, part of the thesis 
onsists of four papers. Paper I des
ribesthe 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 stressrelated data obtained from the two boreholes have been 
ompiled and analyzedusing an integrated stress measurement strategy. Papers II, III and IV are allbased on mi
roearthquake data from Ölfus in southwest I
eland. Paper II extendsan earlier stress inversion method by introdu
ing a new nodal plane sele
tion
riterion, and through the use of a

eptable fo
al me
hanisms it allows for errors inthe me
hanisms. Paper III introdu
es a new te
hnique for assessing the similarityof fo
al me
hanisms, whi
h is also dis
overed to be very valuable as a monitor ofearthquake repeating patterns. In Paper IV we apply the methods developed inPaper II and III in a study of one year of seismi
ity prior to the November 13,1998, magnitude 5.0 earthquake in Ölfus.2 The Stress TensorStress is de�ned by 
onsidering a for
e, ∂F , a
ting on a surfa
e, ∂A, see Figure 1A.The limiting value of t = ∂F /∂A as the surfa
e ∂A goes to zero is 
alled the tra
-tion ve
tor, or sometimes the stress ve
tor. Following Jaeger and Cook [1979℄ I usethe sign 
onvention that 
ompressive stresses are positive. In order to 
ompletelydes
ribe the stresses a
ting at a point in an elasti
 medium, 
onsider the stressesa
ting on the in�nitesimally small 
ube of material in Figure 1B. Stress 
ompo-nents a
ting perpendi
ular to the surfa
es are 
alled normal stresses and denoted
δF

δA

t

n

O

A y

x

z

σxy
σxx

σxz

σzz

σyy

σzx

σyxσyz

σzy

a

a

a

B

Figure 1: A) De�nition of stress on a plane with area ∂A subje
t to a for
e ∂F . Tra
tionve
tor t and plane normal n. B) In�nitesimal material 
ube showing the nine 
omponentsof the stress tensor. Compression is positive.



2 THE STRESS TENSOR 9
σxx, σyy and σzz . Stress 
omponents a
ting along planes are referred to as shearstresses and denoted σxy, σxz et
. I use the subs
ript notation on-in, i.e. the stress
omponents a
t on the surfa
e denoted by the �rst subs
ript in the dire
tion de-noted by the se
ond subs
ript. Shear stresses are 
onsidered positive as indi
atedin Figure 1B. In the stati
 
ase, when all for
es a
ting on three orthogonal fa
es ofa body are in equilibrium, we 
an write the nine stress 
omponents in a Cartesian
oordinate system as





σxx σxy σxz

σyx σyy σyz

σzx σzy σzz



 (1)Furthermore, inspe
ting Figure 1B we intuitively see that if σxy is not equalto σyx there would be a 
ouple a3(σxy − σyx) , where a is the length of the side ofthe 
ube, a
ting to rotate the 
ube. For the angular moments on the 
ube to bein equilibrium, e.g. around the z-axis
2σxy +

∂σxy

∂xx

a − 2σyx +
∂σyx

∂xy

a = 0 (2)and as a → 0, we require σxy = σyx, and similarly σxz = σzx and σyz = σzy. Thestress matrix is hen
e diagonally symmetri
 (for a more stringent proof see e.g. Akiand Ri
hards [1980℄ p. 19), it is always real and only six of the nine 
omponentsare independent. We know from matrix theory that real symmetri
 matri
es haveimportant properties su
h as real eigenvalues, orthogonal eigenve
tors and thatthey are orthogonally diagonalizable.At this point it is 
onvenient to introdu
e the tensor 
on
ept. Intuitively, atensor 
an be thought of as a quantity 
omposed of a 
olle
tion of ve
tors, andin three dimensions a tensor is a 
ombination of three ve
tors. This is analogousto 
onsidering a ve
tor a 
olle
tion of s
alars, whi
h in three dimensions are threes
alars. More rigorously, a tensor is a quantity that is de�ned only in terms ofits transformation properties under orthogonal 
oordinate transformations [Gold-stein, 1980℄. In Cartesian three-dimensional spa
e, a tensor S of the Nth rankmay be de�ned as a quantity having 3N 
omponents Sijk... (with N indi
es thatrun from 1 to 3) that transform under an orthogonal transformation A as
S′

ijk...(x
′) = ailajmakn . . . Slmn...(x) (3)By this de�nition, a s
alar is a tensor of rank zero and is invariant under orthogonaltransformation. A �rst rank tensor has three 
omponents transforming as

S′

i = aijSj (4)and is hen
e equivalent to a ve
tor. The nine 
omponents of a se
ond rank tensortransforms as
S′

ij = aikajlSkl (5)



10 2 THE STRESS TENSORwhi
h is pre
isely how our symmetri
 stress matrix transforms. Using matrixnotation, Equation 5 
an be written more 
ompa
t as
S

′ = A S A
T (6)I will use Equation 6 extensively in later stress tensor 
oordinate transformations.2.1 Properties of the stress tensorDuring transformations of the stress tensor there are some quantities that donot 
hange, that are invariant. These are, in addition to the eigenvalues, the
oe�
ients of the 
hara
teristi
 equation that de�nes the eigenvalues.

∣

∣

∣

∣

∣

∣

σxx − λ σxy σxz

σyx σyy − λ σyz

σzx σzy σzz − λ

∣

∣

∣

∣

∣

∣

= 0 (7)giving the 
hara
teristi
 equation
λ3 − tr(σij)λ

2 + minor(σij)λ − det(σij) = 0 (8)where
tr(σij) = σxx + σyy + σzz (9)

minor(σij) = σxxσyy + σyyσzz + σxxσzz − σ2

yx − σ2

zy − σ2

zx (10)
det(σij) = σxxσyyσzz + 2σyxσzyσzx − σxxσ2

zy − σyyσ2

zx − σzzσ
2

yx (11)The tra
e (tr), the sum of minors and the determinant (det) of the stress tensorhen
e always stay 
onstant during transformations and 
an be used to verify thattransformation algorithms work properly. The invariants are also important inthe formulation of failure 
riteria. The tra
e is related to the mean normal stress
omponent of the stress �eld whi
h is de�ned as S = tr(σij)/3.We noted above that real symmetri
 matri
es have real eigenvalues, orthogonaleigenve
tors and 
an be diagonalized. This implies that there always exists some
oordinate system where the stress tensor is diagonal and this 
oordinate systemis referred to as the prin
ipal system, where the shear stresses are zero on planesorthogonal to the 
oordinate axes and where the normal stresses a
t along theprin
ipal axes dire
tions (the eigenve
tors). The prin
ipal stress magnitudes (theeigenvalues) are denoted σ1, σ2 and σ3 and the stress tensor takes the simple form
σ =





σ1 0 0

0 σ2 0

0 0 σ3



 (12)where, by de�nition, σ1 ≥ σ2 ≥ σ3. The prin
ipal stress system is very importantin appli
ations of stress theory to geophysi
s and geology. Cal
ulations are usually



2.1 Properties of the stress tensor 11mu
h simpler to perform in the prin
ipal system, as we shall see below, and whendis
ussing 
rustal states of stress, faulting regimes and laboratory experiments,the prin
ipal stresses are frequently used. Due to the presen
e of the free surfa
e,the stress �eld 
lose to the Earth's surfa
e is expe
ted to have one prin
ipal stressverti
al and hen
e two horizontal prin
ipal stresses. Numerous measurementsfrom all over the world, using a wide variety of measurement te
hniques, indi
atethat this assumption is valid in most 
ases. One prin
ipal stress is 
ommonlyfound to be in
lined less than 30◦ to the verti
al [Zoba
k et al., 1989; Amadei andStephansson, 1997℄. These measurements also indi
ate that the magnitude of theverti
al stress is 
ommonly explained by the weight of the overburden [Amadeiand Stephansson, 1997℄, i.e. σV =
∫ D

0
ρ(z)g(z) dz, where ρ(z) is the density ofthe overlying ro
k, g(z) gravity and D the depth. However, lo
alized anomaliesexist and have been attributed to lo
al geologi
al features or a
tive te
toni
 zones[Amadei and Stephansson, 1997℄. A state of stress in the 
rust where all prin
ipalstress magnitudes are equal to σV is often referred to as lithostati
. Contrary to thestraightforward 
al
ulation of the verti
al stress, the magnitudes of the horizontalstresses are mu
h more di�
ult to predi
t. In some 
ir
umstan
es lithostati
stress 
onditions are assumed, another frequently used expression is σV ν/(1− ν),where ν is Poisson's ratio for the ro
k. This expression assumes (1) an ideal,homogeneous, linearly isotropi
 
ontinuous half-spa
e with horizontal surfa
e, (2)a ro
k mass under gravity loading alone with vanishing horizontal displa
ementsand (3) no in�uen
e of the loading history on the stress build up. In general,however, measurements show that horizontal stresses vary 
onsiderably and thesevariations are inferred to be 
aused by su
h diverse me
hanisms as te
toni
 stress,thermal stress, erosion, anisotropy, gla
iation and degla
iation, topography andother a
tive geologi
al features [Amadei and Stephansson, 1997℄.It is sometimes 
onvenient to subtra
t the mean normal stress 
omponent fromthe stress tensor and the resulting quantity is then 
alled the deviatori
 stress ten-sor, D = σ − SI. This separates the stress tensor into one 
omponent thatdetermines the uniform 
ompression or dilatation, and one 
omponent that deter-mines the distortion or shearing, the deviatori
 
omponent. The deviatori
 stressis important in failure 
riteria sin
e these are primarily 
on
erned with shearingstresses. σ1- σ3 is sometimes referred to as the magnitude of the deviatori
 stress.Another method of de
omposing the stress tensor was suggested by Angelieret al. [1982℄, whi
h I follow using a measure of the relative size of the intermediateprin
ipal stress R = (σ1 − σ2)/(σ1 − σ3) after Gephart and Forsyth [1984℄, where

0 ≤ R ≤ 1.
σ =





σ1 − σ3 0 0

0 σ2 − σ3 0

0 0 σ3 − σ3



 + σ3I (13)
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σ = (σ1 − σ3)





1 0 0

0 1 − R 0

0 0 0



 + σ3I (14)
σ = (σ1 − σ3)T + σ3I (15)We see that the stress tensor is de
omposed into a redu
ed stress tensor, T , mul-tiplied with a 
onstant that is a measure of the shear stress magnitude, plus anisotropi
 
omponent. The 
hoi
e of R might seem odd in this 
ontext, Angelieret al. [1982℄ instead used the more natural 
hoi
e φ = (σ2−σ3)/(σ1−σ3) = 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 planeConsider a fault plane with normal n = (n1, n2, n3) in a homogeneous stress �eld

σ as in Figure 2. Performing all 
al
ulations in the prin
ipal stress system we
an easily obtain the 
omponents of the normal, σn, and shear, τ , stresses. Thetra
tion ve
tor t is given by
−t = σn = (σ1n1, σ2n2, σ3n3) (16)remembering that our sign 
onvention di
tates that 
ompressive stress is positiveand thus has the opposite dire
tion to the plane normal. From the tra
tion ve
torwe 
al
ulate the normal and shear stresses on the plane

−σn = (t · n)n = (σ1n
2

1
+ σ2n

2

2
+ σ3n

2

3
)n (17)

−τ = t − σn (18)
y

x

z

n

σn

τ

t

Figure 2: De
omposition of the tra
tion ve
tor t on a plane into the normal stress σnand shear stress τ 
omponents.



2.2 Stress on a fault plane 13We �nd for the shear stress 
omponents
−τ1 = (σ1 − (σ1n

2

1 + σ2n
2

2 + σ3n
2

3))n1

−τ2 = (σ2 − (σ1n
2

1
+ σ2n

2

2
+ σ3n

2

3
))n2

−τ3 = (σ3 − (σ1n
2

1 + σ2n
2

2 + σ3n
2

3))n3and using the relation n2
1

+ n2
2

+ n2
3

= 1

−τ1 = (n2

2
(σ1 − σ2) + n2

3
(σ1 − σ3))n1

−τ2 = (n2

2(σ1 − σ2) + n2

3(σ1 − σ3) − (σ1 − σ2))n2

−τ3 = (n2

2
(σ1 − σ2) + n2

3
(σ1 − σ3) − (σ1 − σ3))n3Finally, remembering that R = (σ1 − σ2)/(σ1 − σ3) and using K = n2

3 + Rn2
2 we
an write

−τ = (σ1 − σ3)





Kn1

(K − R)n2

(K − 1)n3



 (19)and hen
e the magnitude of the shear stress is
τ = (σ1 − σ3)

√

n2
3

+ R2n2
2
− K2 (20)Equation 19 shows that the dire
tion of shear stress on a plane is independent ofthe absolute magnitude of the prin
ipal stresses and only depends on the orienta-tion of the plane in the stress �eld and on the ratio R [Bott , 1959℄. ComparingEquation 19 with Equation 15 we see that the shear stress dire
tion on a fault planeis determined by the redu
ed stress tensor and that neither adding an isotropi
stress nor multiplying the tensor with a positive 
onstant will modify that dire
-tion. This result is 
entral to inversion s
hemes that estimate the prin
ipal stressesfrom earthquake fo
al me
hanisms.The maximum shear stress dire
tions and magnitudes are obtained from thestationary points when Equation 20 is di�erentiated with respe
t to the 
oordinatesof the fault plane. I will only state the results here, for a full treatment see e.g.Jaeger and Cook [1979℄. There are three dire
tions of maximum shear stress, allof whi
h bise
t the angles between the prin
ipal stresses. The greatest is

τ =
1

2
(σ1 − σ3) (21)bise
ting the dire
tions of σ1 and σ3. The other stationary values are, as expe
ted,

τ =
1

2
(σ1 − σ2) τ =

1

2
(σ2 − σ3) (22)The normal stresses 
orresponding to these dire
tions are

1

2
(σ1 + σ3)

1

2
(σ1 + σ2)

1

2
(σ2 + σ3) (23)
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Figure 3: A) Cir
ular hole in a material under uniaxial, 
ompressive stress of magnitude
σR

1 at in�nity. B) Coordinate system and orientations of the 
omponents of the stresstensor in 
ylindri
al 
oordinates.2.3 Stress around a boreholeIf a 
ir
ular hole is made in a homogeneous body experien
ing a homogeneousstress �eld, stress will 
on
entrate around the hole sin
e no for
e 
an be 
arriedthrough the interior void. Figure 3A shows the stress 
on
entration around thehole in a body under uniaxial 
ompression, of magnitude σR
1
in the far-�eld, in thex-dire
tion. Sin
e the hole boundary is a free surfa
e, the stresses a
ting normalto the boundary must de
rease to zero at the boundary. As I will show below,at the point x = 0, y = ±R, we have the largest 
ompressive stress, σxx = 3σR

1and σyy = 0. At x = ±R and y = 0, we have the largest tensile stress, σxx = 0and σyy = -σR
1
. Even if the hole is �lled with other material, of di�ering elasti
moduli, there would be a perturbation in the stress �eld around the in
lusion.The equations governing the stresses around a hole are best represented in polar
oordinates, for the 3D 
ase 
ylindri
al 
oordinates will be used, see Figure 3B.The stress equations are obtained by 
onsidering the equilibrium equations in thethree 
oordinate dire
tions, e.g. in the 
ase of the tangential (or hoop) stress, σθθ,we require the tangential for
es to sum to zero, ∑

Fθ = 0, whi
h yields
1

r

∂σθθ

∂θ
+

∂σrθ

∂r
+

2

r
(σrθ) = 0 (24)If we assume that the ro
k is elasti
 and isotropi
 and that the borehole is parallelto one of the prin
ipal stresses, an example is a verti
al borehole in an area wherethe verti
al stress, σV , is a prin
ipal stress, we obtain the analyti
al solutions
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ribed already by Kirs
h [1898℄.
σrr =

1

2
(σH + σh)

(

1 − R2

r2

)

+
1

2
(σH − σh)

(

1 − 4
R2

r2
+ 3

R4

r4

)

cos 2θ +
∆PR2

r2

σθθ =
1

2
(σH + σh)

(

1 +
R2

r2

)

− 1

2
(σH − σh)

(

1 + 3
R4

r4

)

cos 2θ − ∆PR2

r2

σrθ = −1

2
(σH + σh)

(

1 + 2
R2

r2
− 3

R4

r4

)

sin 2θ

σH and σh are the maximum and minimum horizontal stresses, θ is the anglearound the borehole from the dire
tion of the maximum horizontal stress, seeFigure 3B, R is the borehole radius and r the radial distan
e to the point ofmeasurement (r ≥ R) and ∆P is the di�eren
e between the �uid pressure in theborehole, Pb, and the formation pore pressure, P0. At the borehole wall, r = R,the equations simplify to
σrr = ∆P (25)
σθθ = σH + σh − 2(σH − σh) cos 2θ − ∆P (26)
σrθ = 0 (27)Comparing these equations with the simple 
ase 
onsidered in Figure 3A, we seethat the equations further simplify to the results stated above, at θ = 0 and

θ = 90◦ with σH = σ1, σh = 0 and ∆P = 0.The general 
ase with a borehole arbitrarily in
lined in the stress �eld was
onsidered by Hiramatsu and Oka [1962℄ and Fairhurst [1968℄, here I will onlystate the equations evaluated at the borehole wall, r = R. The stresses referredto below, σij i, j = 1, 2, 3, are stresses in a borehole lo
al Cartesian 
oordinatesystem where the z-axis lies along the borehole axis, the x-axis is in the planeperpendi
ular to the borehole axis dire
ted towards the bottom side of the boreholeand the y-axis is in the same plane but perpendi
ular to x. This is the 
oordinatesystem utilized by Pe²ka and Zoba
k [1995℄. The 
ylindri
al 
oordinate system isalso lo
al to the borehole with the z-axis parallel to the borehole axis.
σrr = ∆P

σθθ = σ11 + σ22 − 2(σ11 − σ22) cos 2θ − 4νσ12 sin 2θ − ∆P

σzz = σ33 − 2ν(σ11 − σ22) cos 2θ − 4νσ12 sin 2θ

σθz = 2(σ23 cos θ − σ13 sin θ)

(28)In this Cartesian 
oordinate system, θ is the angle from the x-axis around theborehole wall towards the y-axis. ν is Poisson's ratio. These general equationswill be used for the borehole stress analysis in Paper I.



16 2 THE STRESS TENSOR2.4 Transformation to the prin
ipal stress 
oordinate sys-temWe have seen above that 
al
ulations of normal and shear stresses on a plane andstresses in a borehole are simple in the prin
ipal stress 
oordinate system. It istherefore advantageous to transform fault plane normals and borehole 
oordinatesto the prin
ipal system before 
arrying out the 
al
ulations. We shall also seethat the transformation of a ve
tor from the geographi
 North, East, down (NEd)
oordinate system, nNEd, to the prin
ipal stress system, nP , is very simple in the
ase where the prin
ipal stress axes are represented in NEd 
oordinates. We writethe transformation
n

P = An
NEd =





σ̂1 · N σ̂1 · E σ̂1 · d
σ̂2 · N σ̂2 · E σ̂2 · d
σ̂3 · N σ̂3 · E σ̂3 · d



 n
NEd (29)where σ̂i are unit ve
tors in the prin
ipal stress dire
tions, in the NEd 
oordinatesystem, and N = (1, 0, 0), E = (0, 1, 0) and d = (0, 0, 1) are the basis ve
torsin the NEd system. Writing σiN , σiE and σid for the three 
omponents of σ̂i,Equation 29 simpli�es to

n
P =





σ1N σ1E σ1d

σ2N σ2E σ2d

σ3N σ3E σ3d



 n
NEd =





σ̂1 · nNEd

σ̂2 · nNEd

σ̂3 · nNEd



 (30)Naturally, transforming ve
tors from the prin
ipal system to the NEd system isjust as easy, we simply use the transpose of the transformation matrix above.This transformation matrix will be frequently used in the stress tensor inversions
heme for earthquake fo
al me
hanisms des
ribed below. The stress tensor isthere known in the prin
ipal system and we need to transform the planes of theearthquake fo
al me
hanisms to the prin
ipal system.2.5 Dire
tion of horizontal stressUsing the results of the previous se
tions we 
an 
al
ulate the dire
tions of themaximum and minimum horizontal stresses. Realizing that the horizontal stressequals the normal stress on a verti
al plane, we de�ne the normal of a horizontalplane as in Figure 4A, n = (nN , nE , 0) = (cos α, sin α, 0) in the NEd 
oordinatesystem. Using Equation 30 we �nd the plane normal in the prin
ipal stress system
n

P =





σ1NnN + σ1EnE

σ2NnN + σ2EnE

σ3NnN + σ3EnE



 (31)
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Figure 4: A) Verti
al plane normal for the 
al
ulation of horizontal stress. B) Variationof σn with respe
t to to the angle α. The dire
tion of the prin
ipal stresses are σ1 N30
◦

Ehorizontal, σ2 verti
al, σ3 N120
◦

E horizontal and the magnitudes σ1= 1.2, σ2= 1, σ3=0.7.and Equation 17 gives us the plane normal, or horizontal, stress 
omponent
−σn =

[

σ1(σ1NnN + σ1EnE)2 + σ2(σ2NnN + σ2EnE)2+

σ3(σ3NnN + σ3EnE)2
]

n
P (32)We �nd the stationary points, where σn has its maximum or minimum, by di�er-entiating the magnitude of σn with respe
t to α

d||σn||
dα

= sin 2α[σ1(σ
2

1E − σ2

1N ) + σ2(σ
2

2E − σ2

2N ) + σ3(σ
2

3E − σ2

3N )] +

2 cos 2α[σ1σ1Nσ1E + σ2σ2Nσ2E + σ3σ3Nσ3E ] = 0 (33)
σn will have one maximum and one minimum in the interval 0◦ ≤ α ≤ 180◦, seeFigure 4B for an example, and reorganizing Equation 33 we �nd

tan 2α =
2(σ1σ1Nσ1E + σ2σ2Nσ2E + σ3σ3Nσ3E)

σ1(σ2

1N − σ2

1E) + σ2(σ2

2N − σ2

2E) + σ3(σ2

3N − σ2

3E)
(34)from whi
h α 
an be determined. A test needs to be 
arried out, using the horizon-tal stress magnitude from Equation 32, to identify whether we found a maximumor minimum, and then the dire
tion of the se
ond horizontal stress, maximumor minimum, 
an be 
omputed sin
e we know that they are orthogonal to ea
hother. Equation 34 fails (the denominator is zero) if we have one verti
al prin
ipalstress and two horizontal prin
ipal stresses of equal magnitude. In su
h a 
ase allhorizontal stresses are equal. If |σ1N | = |σ1E |, |σ2N | = |σ2E | and |σ3N | = |σ3E |Equation 34 also fails, in this 
ase the horizontal stresses have dire
tions N45◦Eand N135◦E, respe
tively.Equation 34 seems to indi
ate that we need to know the magnitudes of thestresses to infer the dire
tion of the maximum horizontal stress. This is, however,



18 2 THE STRESS TENSORnot the 
ase as we 
an see by 
onsidering the redu
ed stress tensor of Equation 15.The isotropi
 
omponent of the stress tensor does not have any preferred dire
tionand the (σ1 - σ3) 
onstant only a�e
ts the magnitude of the horizontal stress, i.e.the dire
tion is only dependent on the redu
ed stress tensor. Starting again fromthe verti
al plane normal in Equation 31 we now �nd the horizontal stress
−σn = (σ1 − σ3)

[

(σ1NnN + σ1EnE)2 + (1 − R)(σ2NnN + σ2EnE)2
]

n
P (35)and hen
e the expression for the angle is

tan 2α =
2(σ1Nσ1E + (1 − R)σ2Nσ2E)

(σ2

1N − σ2

1E) + (1 − R)(σ2

2N − σ2

2E)
(36)As des
ribed above we need to test the solution by 
al
ulating the horizontal stressmagnitudes. This is done using Equation 35, and sin
e we are only interested inthe relative sizes of the maximum and minimum horizontal stresses, we 
an negle
tthe unknown (σ1 - σ3). The horizontal stress dire
tion 
al
ulation using R fails inthe same 
ir
umstan
es as did Equation 34. Being able to 
al
ulate the dire
tion ofmaximum horizontal stress without knowledge of the prin
ipal stress magnitudesis very useful for visualizing the results of the stress tensor inversions des
ribed inSe
tion 3.4, where no absolute magnitudes are retrieved.2.6 Visualizing the stress tensor: Stress ellipse and Mohr
ir
leAdopting the prin
ipal stress axes as our referen
e system we know from Equa-tion 16 that the tra
tion ve
tor on any plane with normal n is

−t = (σ1n1, σ2n2, σ3n3)Sin
e all normals are assumed to have unit length, i.e. n2
1 + n2

2 + n2
3 = 1, it followsthat the 
omponents of the tra
tion ve
tor lie on an ellipsoid with semi-axes σ1,

σ2 and σ3

t2x
σ2

1

+
t2y
σ2

2

+
t2z
σ2

3

= 1 (37)The stress ellipsoid, see Figure 5 left 
olumn, is a 
onvenient tool to easily visualizethe orientations and magnitudes of the prin
ipal stresses and hen
e the prevalentfaulting regime and the magnitude of the shearing stresses.The stress ellipsoid is, however, less 
onvenient for showing the relationshipbetween the orientation of a plane in the stress �eld and the resulting magnitudesof the normal and shear stresses upon it. To this respe
t we use the Mohr 
ir
lediagram whi
h, as we shall see, is very useful also in the dis
ussion of ro
k failure.I will not derive the angular relations for the Mohr 
ir
le here, see e.g. Jaeger andCook [1979℄, instead the relationship between the normal to a fault plane and the
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Figure 5: Stress ellipsoids and Mohr 
ir
les for two stress tensors with equal value of
R = 0.6. The upper tensor has σ1= 1.3, σ2= 1 and σ3= 0.8 and the lower tensor has
σ1= 1.9, σ2= 1 and σ3= 0.4. Observe the di�eren
e in the shapes of the stress ellipsoidsbut the identi
al shapes (ex
ept for a s
ale fa
tor) of the Mohr 
ir
le diagrams.normal, shear and prin
ipal stresses are illustrated in Figure 6. The angle betweenthe σ1 axis and the normal is denoted α and the angle between the σ3 axis andthe normal is θ. Using the equations for the magnitudes of the normal and shearstresses, Equations 17 and 20, we �nd that if one angle is kept �xed, varying theother angle tra
es out a 
ir
le in σn, τ spa
e. If we �x one angle in the planeof two prin
ipal stresses, the three main 
ir
les in Figure 6B will be tra
ed out,e.g. for a fault normal in the σ1 - σ2 plane (θ = 90◦), Figure 6A, we have a 
ir
le
entered on A (normal stress (σ1 + σ2)/2) in Figure 6B, with radius (σ1 − σ2)/2.We see from Figure 6B that normal stress for the 
ir
le varies from σ1 to σ2 andshear stress from 0 to (σ1 − σ2)/2, as we expe
t. Setting θ to any other anglewill tra
e out other 
ir
les 
entered on A, su
h as the DEF 
ir
le segment. Thelargest of the three main 
ir
les tra
es out the stress magnitudes on normals inthe σ1 - σ3 plane. If desired, the Mohr 
ir
les 
an be mirrored in the σn axis toallow for negative shear stress magnitudes. The spa
e en
losed between the two
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Figure 6: Figure modi�ed after Jaeger and Cook [1979℄. A) One o
tant of the stressellipsoid showing the de�nitions of the angles α and θ and the tra
es of two ellipses for�xed values of α (GEH) and θ (DEF). B) The Mohr diagram 
orresponding to the stressellipsoid in A.smaller 
ir
les and the larger 
ir
le shows the possible shear and normal stresseson any plane in the stress �eld. Using the Mohr diagram we 
an hen
e read o�the normal and shear stress magnitudes for any value of α and θ, i.e. any dire
tionof the fault plane normal.Comparing the stress ellipsoids and the Mohr diagrams in Figure 5 we see thatalthough the ratio R is often referred to as the shape fa
tor it does not des
ribe theshape of the stress ellipsoid but instead the position of the σ2 point in the Mohrdiagram. R re�e
ts how 
lose σ2 is to σ1 or σ3, but it does not give any informationon the magnitude of (σ1 - σ3), i.e. the size of the Mohr diagram. An uns
aled Mohrdiagram 
an be 
onstru
ted using only the dire
tions of the prin
ipal stresses and
R. Although without information on the absolute magnitude of the shear stress,su
h a diagram is valuable for the analysis of the relative stability of fault planes,sin
e the lo
ation of the fault plane normal in the Mohr diagram only dependson the relative orientation of the fault plane normal with respe
t to the prin
ipalstress axes.2.7 Ro
k fra
ture, fri
tion and pore pressureA material is said to be brittle under 
onditions in whi
h its ability to resist loadde
reases with in
reasing deformation [Jaeger and Cook , 1979℄. These 
onditions,su
h as low temperature and pressure, prevail for sili
ate ro
k in the Earth's upperlithosphere, whi
h is 
onsequently 
onsidered to be in a brittle state. Sin
e mostof this thesis will dis
uss only brittle material, this se
tion will fo
us on brittle



2.7 Ro
k fra
ture, fri
tion and pore pressure 21failure.The strength of a material 
an, in simplest terms, be viewed as the maximumstress that the material 
an support under given 
onditions. Theoreti
al 
al
ula-tions of strength often over-estimate the strength by orders of magnitude if theydo not in
orporate me
hanisms to a

ount for material defe
ts su
h as 
ra
ks. Topropagate the defe
ts in the material, the theoreti
al strength has to be over
omeonly lo
ally, within a stress 
on
entration produ
ed by the defe
t, hen
e the e�e
-tive strength of the material is lowered. After failure has been initiated a 
ompleteloss of 
ohesion a
ross a 
ra
k usually o

urs, an e�e
t 
alled brittle fra
ture. Topredi
t the onset of failure there exists a number of di�erent failure 
riteria ofwhi
h I will 
on
entrate on the important Coulomb 
riterion.Due to the di�
ulties in predi
ting ro
k failure me
hanisms theoreti
ally, thestrength of ro
k under general stress 
onditions is des
ribed by empiri
al or semiem-piri
al 
riteria. These 
riteria all relate the prin
ipal stresses, with some materialparameters, so that they de�ne a limiting failure envelope of the form [S
holz ,1990℄
σ1 = f(σ2, σ3) (38)For tensile failure the simple, but adequate, assumption that the material fails ona plane perpendi
ular to the least prin
ipal stress, σ3, when that stress falls belowthe uniaxial tensile strength T , results in the failure 
riterion

σ3 = −T0 (39)Shear failure under 
ompressive stress is 
ommonly des
ribed by the 
riterionintrodu
ed by Coulomb [1773℄ where shear failure is resisted by the 
ohesion, orintrinsi
 shear strength, of the material, τ0 and by a 
onstant times the normalstress a
ross the plane
τ = µσn + τ0 (40)where τ is the shear stress at failure and σn the normal stress on the plane.The parameter µ is 
alled the 
oe�
ient of internal fri
tion, in analogy with the
oe�
ient of sliding fri
tion for 
ohesionless soils. Stret
hing the analogy furtherwe write tan φ = µ and refer to φ as the angle of internal fri
tion after thesteepest angle of repose for soils. Note, however, that the Coulomb 
riterion isstri
tly empiri
al.The Mohr 
ir
le diagram is very useful in analyzing the Coulomb 
riterion sin
eit is stated in terms of shear and normal stresses. In Figure 7A I have superimposedthe failure line, f1, of Equation 40 on a Mohr 
ir
le of σ1 and σ3. The slope of thefailure line depends on the 
oe�
ient of fri
tion, the larger the fri
tion, the steeperthe line. The Coulomb 
riterion is two-dimensional, there is no predi
ted e�e
t ofan intermediate stress, whi
h is why I use the maximum and minimum prin
ipalstresses. If the (σ1 - σ3) di�eren
e would have been large enough for the stress
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Figure 7: Figure modi�ed after S
holz [1990℄. A) Mohr 
ir
le for σ1 and σ3 illustratingthe failure lines superimposed by the Coulomb 
riterion. B) Angular relationship betweenprin
ipal stresses and the fra
ture planes.
ir
le to rea
h the failure line f1, failure would o

ur and we see from the Mohrdiagram that it would o

ur on two 
onjugate planes oriented at a
ute angles
θ =

π

4
− φ

2
(41)on either side of the σ1 axis and with opposite sense of shear dire
tion, see alsoFigure 7B. Using Equation 17 and 20 for the normal and shear stress magnitudesand the geometry of Figure 7, we 
an des
ribe the Coulomb 
riterion in terms ofthe prin
ipal stresses

σ1

[

√

µ2 + 1 − µ
]

− σ3

[

√

µ2 + 1 + µ
]

= 2τ0 (42)This is a straight line in the σ1, σ3 plane with inter
ept at the uniaxial 
ompressivestrength
C0 = 2τ0

[

√

µ2 + 1 + µ
] (43)on the σ1 axis. Experiments using triaxial stress 
ondition show generally goodagreement with the Coulomb 
riterion [Jaeger and Cook , 1979℄ in that the σ1versus σ3 
urve is approximately linear and the shear fra
ture plane is in
lined atan angle of less than 45◦ to the σ1 dire
tion.Byerlee [1978℄ 
ompiled measurements of fri
tional strength for a wide varietyof ro
ks under di�erent loads, and was able to �t the data with two straight lines.For lower normal stress, σn < 200 MPa, he found

τ = 0.85σn (44)and for higher normal stress
τ = 50 + 0.6σn (45)
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τ is, again, the shear stress at failure and both stresses are measured in MPa. Thisfri
tion law, referred to as Byerlee's law, is, with very few ex
eptions, independentof lithology. It holds over a very wide range of hardness and du
tility (from
arbonates to sili
ates) and is to �rst order independent of sliding velo
ity androughness. Byerlee's law applies, in general, for temperatures below 400◦C and
an, due to its universality, be used to estimate the strength of natural faults.Sliding on faults in the Earth's 
rust is often 
onsidered to take pla
e on pre-existing planes of weakness where there is essentially no 
ohesion, i.e. τ0 = 0.Following Jaeger and Cook [1979℄ we 
an write the ratio of prin
ipal stresses for a
rust in fri
tional equilibrium with one prin
ipal stress verti
al as

σ1

σ3

=
(

√

µ2
s + 1 + µs

)2 (46)where µs is the 
oe�
ient of sliding fri
tion on pre-existing faults. This wouldgive us the failure line f2 in Figure 7, assuming that the sliding fri
tion equals theinternal fri
tion.If we study a 
ra
k that 
ontains �uid at a pressure P , this pressure 
an belinearly superimposed on the applied stresses Sij and we �nd that the e�e
tivestress σij depends on the di�eren
e [S
holz , 1990℄
σij = Sij − Pδij (47)where δij is the Krone
ker delta. Most physi
al properties of porous solids 
hangein response to 
hanges in the e�e
tive stress, as opposed to 
hanges in the appliedstress. The e�e
tive stress law a�e
ts ma
ros
opi
 strength as well, so the Coulomb
riterion should be written as

τ = µσn + τ0 = µ(Sn − P ) + τ0 (48)whi
h agrees well with experiment [S
holz , 1990℄. The pore �uid term will movethe Mohr 
ir
les to the left, along the σ1 axis or move the fri
tion line to the rightalong the same axis, as f3 in Figure 7A (f3 additionally has τ0 = 0, this is just forease of illustration in the �gure).3 Stress information from mi
roearthquakesEarthquake fo
al me
hanisms are an ex
ellent sour
e of information on stress di-re
tions and relative stress magnitudes in the 
rust. In fa
t, as of 1997, 58% ofthe stress indi
ators in the World Stress Map database were from fo
al me
ha-nisms [Müller et al., 1997℄. In this se
tion I will brie�y introdu
e earthquake fo
alme
hanisms and how to obtain estimates of the stress tensor from the me
hanisms.



24 3 STRESS INFORMATION FROM MICROEARTHQUAKES3.1 The seismi
 moment tensorSin
e the work of Reid [1910℄ on the San Andreas fault before and after the 1906San Fran
is
o earthquake, it has been generally re
ognized that most earthquakesare 
aused by slippage on a
tive geologi
al faults. This pro
ess 
an be mathemat-i
ally des
ribed either as a displa
ement dis
ontinuity in the medium or in termsof body for
es in an inta
t medium, whi
h are applied to 
ertain elements in thesour
e region. The �rst approa
h 
an, however, be in
orporated into the se
ond bythe use of body-for
e equivalents, i.e. outside the sour
e region the seismi
 wavesset up by slip on a fault are identi
al to the waves generated by a distribution of
ertain for
es with 
an
eling moments on the same fault [Aki and Ri
hards , 1980℄.Close to the sour
e the for
e equivalents are non-unique, fault slip is equivalenteither to two single-
ouples (a double-
ouple), Figure 8A, a single-
ouple plus asingle-for
e system, Figure 8B, or a single-
ouple with any 
ombination of single-
ouple to single-for
e system, all of whi
h give no net for
e or net 
ouple outsidethe fault region [Aki and Ri
hards , 1980℄. Far away from the sour
e, where we usu-ally only observe waves with wavelengths greater than the fault's linear dimension,the fault a
ts as a point sour
e and the body-for
e equivalent to shear faulting isa double-
ouple. The strength of the 
ouple, the seismi
 moment M0, is de�nedas M0 = µūA where µ is the shear modulus and ū the average displa
ement overthe a
tive fault area A. In Figure 8A our hypotheti
al fault lies in the x3 = 0plane and slip o

urs in the x1 dire
tion. In the point sour
e approximation, wherewe only have one double-
ouple, the equivalent body-for
e des
ription for a faultin the x1 = 0 plane, with slip in the x3 dire
tion, is identi
al to the one aboveand we have the well known ambiguity between fault plane and auxiliary plane.
x3

x1

x3

x1

x1

x3

x1

x3

A B

Figure 8: Distribution of body-for
es equivalent to fault slip. The fault plane is the x3= 0 plane. A) Two single-
ouples (a double-
ouple). B) One single-
ouple and a systemof single-for
es. Modi�ed after Aki and Ri
hards [1980℄.
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Figure 9: The nine generalized 
ouples of the seismi
 moment tensor. Modi�ed afterAki and Ri
hards [1980℄.There is no information in the radiation from an e�e
tive point sour
e of slip thatenables one to distinguish the fault plane from the auxiliary plane. If the double-
ouple des
ription is generalized to arbitrary orientations in spa
e and if we allowfor dis
ontinuities in displa
ements normal to the fault (this in
orporates appar-ent expansions or 
ompressions), there will be nine generalized 
ouples formingthe seismi
 moment tensor M , as shown in Figure 9. The tensor depends on thesour
e strength and fault orientation and it 
hara
terizes all information about thesour
e that 
an be obtained from observing waves with longer wavelength thanthe sour
e dimensions [Aki and Ri
hards , 1980℄. The moment tensor is symmet-ri
 due to 
onservation of angular momentum, it is time dependent (following thetemporal development of slip, see e.g. Aki and Ri
hards [1980℄) and 
an be written
Mpq = µA(ūpνq + ūqνp) (49)where ūp is the average slip in the xp dire
tion on a plane with normal νq in the xqdire
tion and vi
e versa. The 
omponents of Mpq are, hen
e, the representationsof for
es in the xp dire
tions with moment arms in the xq dire
tions. In terms ofthe seismi
 moment and with the 
hoi
e of 
oordinate axis made in Figure 8, the
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P TA

P T
B

Figure 10: A) The double-
ouple for
e system and the equivalent for
e dipoles, the Pand T axes. B) The �bea
h ball� representation of the double-
ouple me
hanism in A.Quadrants where the �rst motion of the P-wave is 
ompressional are bla
k, the P and Taxis dire
tions are indi
ated with small squares.moment tensor for the double-
ouple is




0 0 M0

0 0 0

M0 0 0



 (50)As the moment tensor is real and symmetri
, it 
an be rotated into a prin
ipalsystem where all o�-diagonal elements are zero




0 0 0

0 −M0 0

0 0 M0



 (51)This tensor shows the 
hara
teristi
s of a double-
ouple moment tensor; one eigen-value is zero and the tra
e of the tensor is zero. We see that the double-
ouple isnow represented by two for
e dipoles without shear, 
.f. Figure 9, one 
ompressive(the negative eigenvalue) and one tensile (the positive eigenvalue). The 
orre-sponding eigenve
tors are (0, 1, 0) for the null eigenvalue, also 
alled the B axis,
1/

√
2(1, 0,−1) for the −M0 eigenvalue, or the P (pressure) axis, and 1/

√
2(1, 0, 1)for the M0 eigenvalue, or the T (tension) axis, see Figure 10. The P and T axesare always at 45◦ to the fault plane/auxiliary planes and always in the plane ofthe nodal plane normals, thus, in the plane of the double-
ouple for
e system.The slipping fault is spe
i�ed by three angles, see Figure 11. I use the 
onven-tion established by Aki and Ri
hards [1980℄, p. 106, for the angles of the strike,dip and rake of the fault plane solution. These angles 
an be used to parameterizethe fault normal, n, and slip, ū, ve
tors, the moment tensor 
omponents Mpqand the P and T axes, i.e. the geometri
al properties of a double-
ouple sour
e isadequately des
ribed by the strike, dip and rake.The seismi
 moment tensor is a 
onvenient tool for 
al
ulating the displa
ement�eld from a seismi
 sour
e, sin
e on
e the Earth responses (the Green's fun
tions)
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North
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Slip direction
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δ

Figure 11: De�nition of the angles used to des
ribe a fault plane solution. φS is theazimuth of the fault strike with respe
t to North, 0 ≤ φS ≤ 360, δ is the dip of the faultplane from horizontal, 0 ≤ δ ≤ 90 and λ is the rake, or dire
tion of slip, in the fault planewith respe
t to the horizontal, −180 ≤ λ ≤ 180. The rake is the dire
tion of motion ofthe hanging wall with respe
t to the foot wall.to the di�erent moment tensor 
omponents have been 
omputed, a
tual groundmotion is just a linear 
ombination of the responses weighted by the moment tensor
omponents [Aki and Ri
hards , 1980℄. The moment tensor 
an a

ommodate othertypes of sour
es su
h as tensile faults, volume sour
es su
h as explosions or rapidphase transitions and also non-double-
ouple me
hanisms, where there might bea net for
e, su
h as in landslides, vol
ani
 eruptions or unsteady-�uid �ow [Julianet al., 1998℄3.2 P and T axes and the stress tensorAs noted above, the P and T axes are for
e dipoles of an equivalent body-for
edes
ription, generating seismi
 waves that have displa
ements indistinguishablefrom the displa
ements generated by a shear dislo
ation dis
ontinuity. The diag-onalized moment tensor for a double-
ouple sour
e, with the P, B and T axes asprin
ipal axes, resembles a prin
ipal stress tensor with magnitudes σ1 = 1 (or M0),
σ2 = 0 and σ3 = -1 (or −M0). (Note that there is a sign di�eren
e in the de�-nitions of the stresses, whi
h are 
onsidered positive for 
ompression, and the PTfor
e dipoles, where tension is positive.) It is, however, important to distinguishbetween the 
rustal stress tensor and the P and T axes dipoles. M
Kenzie [1969℄showed that only if the earthquake fra
tures homogeneous ro
k without internalfri
tion is the P axis parallel to σ1. If, as is 
ommonly observed, the earthquakeo

urs on pre-existing planes of weakness, the only restri
tion that 
an be pla
edon σ1 is that it must be in the dilatational quadrant of the fo
al me
hanism, 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 
oe�
ient of fri
tion of µ = 0.6



28 3 STRESS INFORMATION FROM MICROEARTHQUAKESand if the fault plane is known, there is only a 15◦ di�eren
e in the orientationof the P axis and σ1. Great 
are 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 subverti
al faultsare frequently observed on the SAF, yielding P axis dire
tions of approximately
N45◦E. The SAF is, however, known to be subje
ted to an almost fault normaldire
tion of σ1[e.g. Zoba
k and Beroza, 1993℄, and the P axis approximation of σ1is 45◦ in error.The dire
tion of the maximum horizontal 
ompressive dipole, PH, is 
al
ulatedin the same manner as the dire
tion of maximum horizontal stress, σH , i.e. averti
al plane is inserted in the PT for
e dipoles and rotated until the horizontal
ompression is maximized [Slunga et al., 1984℄. A mere proje
tion of the P axisto the horizontal is not su�
ient, espe
ially when neither the P nor the T axisis 
lose to horizontal or verti
al. In the following I will refer to the horizontal
ompressive dipole as horizontal 
ompression, or maximal horizontal 
ompression,as 
omputed from the PT dipoles. This is not to be 
onfused with the horizontalstress, or maximum horizontal stress, whi
h is 
al
ulated from the stress tensor.As an illustration I 
ompare P and T axes from two groups of events usedin Paper IV with the stress tensors estimated for the two groups. Both groups
onsist of 40 events and were inverted for the 
ausative stress tensor using thete
hnique des
ribed in Paper II. Studying individual events I �nd, as expe
ted,that a proje
tion of the P axis to the horizontal only agrees with the propermaximum horizontal 
ompression 
al
ulation when the P and T axes are eitherboth subhorizontal or one subhorizontal and one subverti
al. For example, fora P axis with trend 129.1◦ and plunge 39.8◦ and T axis with trend 358.7◦ andplunge 37.9◦ the dire
tion of maximum horizontal 
ompression is N108.2◦E, a 21◦di�eren
e from the horizontal proje
tion of the P axis. The �rst group of eventsyielded a rather well 
onstrained stress tensor of oblique strike-slip with a normalfaulting 
omponent, σ1 trending 214◦ with plunge 30◦, and σ3 having trend 306◦and plunge 4◦. This gives a dire
tion of σH of N34.8◦E. Cal
ulating the average
PH axis for the group I obtain N39.8◦E, with a standard deviation of 10.1◦ and arange between N1.4◦E and N70.5◦E, i.e. the average horizontal 
ompression axisagrees quite well with the horizontal stress dire
tion but individual earthquakes
an have large deviations in their orientations. Stress inversion of the se
ondgroup produ
ed a normal faulting stress regime but with σ1 and σ2 having equalmagnitudes, implying a strike-slip 
omponent. This stress estimate was less well
onstrained than that for group 1 and this is re�e
ted in the average P, T and
PH axes dire
tions, whi
h have larger ranges. The dire
tion of σH is N64.4◦Eand the average PH dire
tion N62.7◦E, with standard deviation 16.4◦ and range
N23.5◦E to N122.0◦E. I �nd that for a larger number of events the average ofthe P and the T axes are a reasonable approximation of the state of stress butthat, in agreement with M
Kenzie [1969℄, individual earthquakes 
annot be used



3.3 Determining fault orientations from seismi
 wave observations 29to estimate the stress tensor with any 
on�den
e. The PT stress approximationalso only yields dire
tions and no information on the magnitudes of the stress
omponents.3.3 Determining fault orientations from seismi
 wave obser-vationsThere exists today a large number of inversion pro
edures for obtaining infor-mation about the seismi
 sour
e. The simplest te
hniques use only P wave �rstmotions to 
onstrain the three angles of the fault plane solution. More advan
eds
hemes use amplitudes or amplitude ratios to obtain the fault plane solution anda measure of the seismi
 moment M0. Even more 
omplex inversions estimate theentire moment tensor with both double-
ouple and non-double-
ouple 
ontribu-tions. The stress tensor inversion te
hnique des
ribed in paper II of this thesisand the spe
tral amplitude 
orrelation s
heme in paper III, were developed on thebasis of the sour
e me
hanism inversion by Slunga [1981℄, later extended by Rögn-valdsson and Slunga [1993℄. The te
hniques in paper II and III are not limited toa 
ertain fo
al me
hanism inversion te
hnique, but their development was inspiredby features of the Slunga [1981℄ te
hnique, whi
h is why I will point out the mainideas behind his approa
h, whi
h I will refer to as the RS-te
hnique.Developed for use in lo
al networks with sour
e-re
eiver distan
es of less than100 km, the RS-te
hnique assumes a pure double-
ouple sour
e without over-shoot in the sour
e-time fun
tion. Under su
h 
ir
umstan
es the P and S wavefar-�eld impulses are only dependent on the fault plane solution and the seismi
moment. Using the absolute values of the spe
tral amplitudes (the low-frequen
yasymptote) for P, SV and SH waves plus the �rst motion dire
tions of the P wave,the RS-te
hnique performs a grid sear
h over strike, dip and rake, 
al
ulates theradiation pattern and, if the radiation pattern agrees with the polarity readings,performs a dire
t, least-squares inversion for the seismi
 moment. The mis�tsfrom the inversions are 
ompared and an optimal, best-�tting fo
al me
hanism isfound. Of great importan
e for the stress tensor inversion in paper II is the fa
tthat the RS-te
hnique not only yields an optimal fo
al me
hanism with asso
iatederrors, but also produ
es a range of well �tting, a

eptable, fo
al me
hanisms.These a

eptable me
hanisms have sour
e orientations and slip dire
tions thatsatisfy the re
orded spe
tral amplitudes and polarities and give su�
iently smallleast-square mis�ts, whi
h we will refer to as amplitude errors. The number ofa

eptable me
hanisms obtained in the inversion depends on the shape of theobje
tive fun
tion and usually varies between 10 and 90. Events with poorlyrestri
ted fo
al me
hanisms have a larger number of a

eptable me
hanisms. Thisprovides the stress inversion routine with a measure of the non-uniqueness of thefo
al me
hanism and a range of me
hanisms, that all �t the data, to test in theinversion s
heme.



30 3 STRESS INFORMATION FROM MICROEARTHQUAKESThe RS-te
hnique was su

essfully tested on Swedish earthquakes in the 1970sand 1980s and is in
orporated into the routine analysis of the I
elandi
 seismi
network SIL (Se
tion 5.2). Fo
al me
hanisms produ
ed using the RS-te
hniquehave been 
ompared to moment tensors produ
ed using full waveform inversion[Shomali and Slunga, 2000℄. I
elandi
 earthquakes of ML ∼ 4 were used and therewas generally good agreement between the two approa
hes.3.4 Inverting fo
al me
hanisms for the stress tensorWe learned from the work of M
Kenzie [1969℄ that the 
rustal stress tensor 
annotbe estimated with 
on�den
e from the fo
al me
hanism of one earthquake. Instead,we need an inversion me
hanism that allows us to estimate the stress tensor froma larger number of earthquakes, and to formulate su
h a me
hanism we will turnto stru
tural geology and studies of faulting for help. The basi
 prin
iples for slipon an arbitrarily oriented fault in a stress �eld were formulated by Walla
e [1951℄and Bott [1959℄. Bott [1959℄ also proposed that slip on any fault plane will o

urin the dire
tion of maximum resolved shear stress (Bott's 
riterion) and showed,as in Equation 19, that the shear stress dire
tion does depend on the orientationof the fault plane in the stress �eld and the relative size of the intermediate stress,
R, but does not depend on the a
tual prin
ipal stress magnitudes. In his paper,Bott [1959℄ suggests that his equations 
ould be used to determine the stressorientations and R, but it was not until Carey and Brunier [1974℄ utilized Bott's
riterion that an inversion s
heme for the 
ausative state of stress was formulated.Carey and Brunier [1974℄ added the assumption that the motion shown by striaeon the fault planes in their data set were all 
aused by a single 
ommon stresstensor. Their analysis was extended and improved on by a number of authors [e.g.Angelier , 1979; Et
he
opar et al., 1981; Angelier et al., 1982; Armijo et al., 1982;Mi
hael , 1984; Re
hes , 1987; Angelier , 1990℄. In 
ommon for most of these authorsis the use of the geometri
 information of strike, dip and rake of the fault data forthe estimation of the redu
ed stress tensor T , i.e. the dire
tions of the prin
ipalstresses and the ratio R. The redu
ed stress tensor is equivalent to �nding four ofthe six independent 
omponents of the stress tensor. The last two, the magnitudeof the maximum shear stress (σ1 - σ3) and an isotropi
 
omponent, 
annot bedetermined without additional information. Estimating four parameters implythat we need at least four earthquake fo
al me
hanisms as input data, see howeverthe data dis
ussion in Se
tion 3.4.1 below. Inverting the fault plane measurementswithout other 
onstraints than the ones of stress homogeneity and Bott's 
riteriondis
ussed above, is a highly non-linear pro
ess. The papers quoted above use a widevariety of numeri
al te
hniques for the stress inversion and some add 
onstraintsto linearize the problem in their methods. Angelier [1979℄ proposed both aniterative inversion minimizing the angle between the 
al
ulated maximum sheardire
tion and the slip dire
tion in the fault plane, and a dire
t least-squares (LS)



3.4 Inverting fo
al me
hanisms for the stress tensor 31inversion minimizing the 
al
ulated shear stress perpendi
ular to the slip in thefault plane. The iterative LS-inversion s
heme developed by Angelier et al. [1982℄in
orporates the errors of the fault plane measurements, Mi
hael [1984℄ linearizedthe problem by requiring that the shear stress magnitudes on all failing faults aresimilar, Re
hes [1987℄ used the 
onstraint that shear and normal stresses on thefaults are related by a Coulomb failure 
riterion and Angelier [1990℄ minimizedthe angle between slip dire
tion and shear stress while requiring large shear stressmagnitudes to obtain a linearized inversion s
heme. All these di�erent approa
hes
an yield a variety of results and, espe
ially, very di�erent error estimates.Generalizing these inversion s
hemes from geologi
al fault slip measurementsto earthquake fo
al me
hanisms [e.g. Vasseur et al., 1983; Gephart and Forsyth,1984; Angelier , 1984;Mi
hael , 1987; Carey-Gailhardis and Mer
ier , 1987℄ is ratherstraightforward but introdu
es the problem of the two nodal planes. We know fromthe double-
ouple dis
ussion in se
tion 3.1 that there are two indistinguishablenodal planes for ea
h fo
al me
hanism. Whi
h is the �
orre
t� plane, whi
h planedid slip in the earthquake, whi
h plane should be used to infer the 
ausative stateof stress? Using fo
al me
hanisms in a stress inversion s
heme requires us to either
hoose one of the nodal planes or to justify in
orporating both. Angelier [1984℄ ex-perimented with the in
lusion of both nodal planes, inferring axisymmetri
 stresses(R = 0 or 1) in whi
h 
ase both nodal planes are equally plausible. Gephart [1985℄later showed that this is stri
tly admissible only if the B axis is 
oplanar with thetwo equal stress axes. Another 
ommon approa
h to the nodal plane problemis to 
hoose the nodal plane whi
h best �ts surfa
e geologi
al eviden
e of faultorientations [e.g. Angelier , 1984; Gephart , 1990℄. However, extrapolating surfa
efault orientations to earthquake fo
al depths is not always possible, an area 
anhave 
omplex surfa
e faulting stru
tures that are di�
ult to use to 
onstrain theearthquake nodal planes. One might also wish to estimate subsurfa
e fault stru
-ture using the stress inversion. In su
h 
ases the stress inversion te
hnique itselfmust 
hoose a preferred nodal plane. One method of pi
king the fault plane isto test both nodal planes in the stress �eld under 
onsideration and 
hoose thenodal plane whi
h has the smallest angle between the shear stress and the slip di-re
tion (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. Testedby Mi
hael [1987℄, the method works satisfa
tory when there are large di�eren
esin the angular deviations between the nodal planes. In more di�
ult situations,however, the reliability 
an be
ome mu
h degraded, see e.g. Magee [1997℄ and Pa-per II. Carey-Gailhardis and Mer
ier [1987℄ suggested an alternate fault pi
kingme
hanism; for ea
h stress state they 
al
ulate an apparent value of R for ea
hnodal plane and sin
e for non-axisymmetri
 stresses only one of the nodal planes
an have R in the allowed range 0 ≤ R ≤ 1 [Gephart , 1985℄, the �good� nodalplane is pi
ked. A method for 
hoosing nodal plane based on a stability 
riterionis presented in Paper II of this thesis.



32 3 STRESS INFORMATION FROM MICROEARTHQUAKESThe grid sear
h inversion method by Gephart and Forsyth [1984℄ introdu
eda novel approa
h to the angular deviation, or measure of mis�t. Previously themis�t angle was usually de�ned as the angle between the tested shear stress di-re
tion and the observed slip dire
tion in the fault plane. Gephart and Forsyth[1984℄ showed that this impli
itly only 
onsiders errors in the slip dire
tion butnot in the orientation of the plane. They instead de�ned the mis�t angle as theminimum rotation angle between the observed slip dire
tion and the family ofadmissible fault geometries. Gephart and Forsyth [1984℄ also utilized a one-normmis�t 
riterion instead of an LS-
riterion, based on observations that the angularmis�t residuals were better �t by an exponential distribution than a normal dis-tribution. Carey-Gailhardis and Mer
ier [1987℄ tested the fault planes obtained inthe stress inversion against the �rst motion data from the fo
al me
hanisms. Thisapproa
h was used in 
onjun
tion with the Gephart and Forsyth [1984℄ inversionby Magee [1997℄ to better 
onstrain the stress inversion and further utilizing thebasi
 seismologi
al data, Horiu
hi et al. [1995℄ developed a 
ompletely integratedfo
al me
hanism and stress tensor inversion based on polarities.Paper II of this thesis introdu
es a stress tensor inversion te
hnique based onthe Gephart and Forsyth [1984℄ method but with 
onsiderable extensions in termsof allowing for the mis�t of the earthquake fo
al me
hanisms and in the 
hoi
e ofnodal plane.3.4.1 On the distribution of dataMany of the authors referred to above have pointed out that the distributionof data is important for the su

ess of the stress tensor inversion s
hemes. Wenoted above that we need at least four earthquake fo
al me
hanisms to 
onstrainthe four parameters in the inversion. In addition, the fo
al me
hanisms haveto be su�
iently well distributed in terms of nodal plane orientations. A largenumber of earthquakes on similarly oriented faults with similar slip dire
tionswill not 
onstrain the stress tensor more than one or two events having thoseorientations. (Many events on similarly oriented faults with signi�
antly varyingslip is, obviously, an indi
ation of heterogeneous stress or bad data.) It is hen
eimportant to assess the information available in, or the redundan
y of, the inputdata in terms of su�
iently well distributed fo
al me
hanisms. An additionalproblem with redundant data is the 
al
ulation of the 
on�den
e limits. Usingthe total number of events in the 
al
ulation often under-estimates the size of the
on�den
e regions due to data redundan
y. Magee [1997℄ addressed the problemby assigning both nodal plane normals for all events to 10◦ bins over the lowerhemisphere. She then used half of the number of �lled bins as the number ofnon-redundant events to use for the 
on�den
e limits 
al
ulations. This limitedthe possible number of non-redundant events to 101.In Paper III we present a di�erent solution to the problem of redundant datathrough an assessment of the events' fo
al me
hanisms based on spe
tral amplitudedata.



3.4 Inverting fo
al me
hanisms for the stress tensor 333.4.2 Magnitudes of the prin
ipal stressesIn order to 
al
ulate stress magnitudes for the dire
tions and R value obtainedfrom stress inversion of earthquake fo
al me
hanisms we need to introdu
e addi-tional information on the stress tensor. This is usually done by using a failure
riterion to 
onstrain the σ1 - σ3 magnitude and by normalizing the verti
al stressto one. Absolute magnitudes of the prin
ipal stresses 
an then be obtained byassuming that the verti
al stress equals the weight of the overburden. I utilizethe Coulomb failure 
riterion, see Equation 48, to obtain the prin
ipal stress mag-nitudes. Rewriting the Coulomb 
riterion in terms of the prin
ipal stresses, thene
essary equations 
an be written
σ1 = σ3

(

√

µ2 + 1 + µ
)2

+ C0 (52)
R =

σ1 − σ2

σ1 − σ3

(53)
SV = S1σ

2

1d + S2σ
2

2d + S3σ
2

3d (54)
R is the stress ratio introdu
ed above, SV the verti
al stress and the Siσid are theverti
al 
omponents of the prin
ipal stresses. Setting M = (

√

µ2 + 1 + µ)2 andnormalizing with the verti
al stress, SV , so that σi/SV = (Si − P )/SV = si − p0,where si are the normalized prin
ipal stress magnitudes, and c0 = C0/SV thenormalized 
ompressive strength, we �nd from Equation 52
s1 = s3M + p0(1 −M) + c0 (55)and from Equation 53

s2 = s1(1 − R) + s3R (56)Setting X = p0(1−M)+ c0 and substituting Equations 55 and 56 in Equation 54we obtain the �nal equations for the normalized stress magnitudes.
s3 =

1 −X (σ2

1d + (1 − R)σ2

2d)

Mσ2

1d + (M(1 − R) + R)σ2

2d + σ2

3d

(57)
s2 = s3 (M(1 − R) + R) + X (1 − R) (58)
s1 = s3M + X (59)It 
an sometimes be valuable to express the 
ra
k �uid pressure, or pore pres-sure, as a fra
tion of σ3 and if the derivation above is repeated with px = P/S3and Y = M(1 − px) + px, we �nd for the normalized stress magnitudes
s3 =

1 − c0(σ
2

1d + (1 − R)σ2

2d)

Yσ2

1d + (Y(1 − R) + R)σ2

2d + σ2

3d

(60)
s2 = s3 (Y(1 − R) + R) + c0(1 − R) (61)
s1 = s3Y + c0 (62)



34 4 STRESS INFORMATION FROM DEEP BOREHOLESThe stress magnitudes 
an then be 
al
ulated using appropriate values for the
oe�
ient of fri
tion, µ, the pore pressure P and the uniaxial 
ompressive strengthof the ro
k C0.4 Stress information from deep boreholesAs alluded to in the Introdu
tion, the need to measure in situ stresses in 
ivil,mining and petroleum engineering, as well as in geology and geophysi
s, has ledto the development of a large number of stress measurement te
hniques. In thisse
tion I will only dis
uss a few of these te
hniques, 
on
entrating on the methodsused in stress measurements in deep boreholes. For a 
omprehensive review of
urrent ro
k stress measurement te
hniques the interested reader is referred toAmadei and Stephansson [1997℄.While the methodology for determining the orientation and relative magnitudeof in situ stresses is now well-established [e.g. Zoba
k and Zoba
k , 1980, 1989, 1991℄and has been utilized at literally thousands of sites around the world [e.g. Zoba
k ,1992℄, there have been extremely few sites where in situ stress magnitude has beenmeasured at depths greater than 2-3 km, see review in Brudy et al. [1997℄. Thisis in part due to the very few deep boreholes drilled but also be
ause 
onven-tional stress magnitude measurement te
hniques, e.g. over
oring and hydrauli
fra
turing, are te
hni
ally extremely di�
ult in deep boreholes. Re
ent devel-opments [Brudy and Zoba
k , 1993; Pe²ka and Zoba
k , 1995; Brudy and Zoba
k ,1999℄ in the interpretation and analysis of drilling-indu
ed 
ompressive and ten-sile failures in wellbore image data have, however, made stress orientation andmagnitude estimation 
onsiderably easier and also allow for a 
ontinuous stresspro�le along the borehole. The use of an �integrated stress measurement strat-egy� (ISMS) for 
ontinuous stress orientation and magnitude estimation was �rstreported from the Cajon Pass borehole [Zoba
k and Healy , 1992℄ and was furtherextended [Brudy et al., 1997℄ in the stress analysis of the KTB deep borehole. TheISMS involved a 
ombination of dire
t measurement of the least prin
ipal stress,using hydrauli
 fra
turing, and detailed analysis of extensive drilling-indu
ed well-bore failure. For later referen
e I have in
luded, see Figure 12, the stress pro�lesfrom the Cajon Pass borehole [Vernik and Zoba
k , 1992℄ and from the KTB mainborehole [Brudy et al., 1997℄. An ISMS is utilized in Paper I of this thesis andI will brie�y review the new wellbore image data methods here, starting howeverwith the well-established but very important hydrauli
 fra
turing method.4.1 Hydrauli
 fra
turingDetermination of the state of stress in boreholes using the hydrauli
 fra
turingmethod is 
ommon today and 
an be utilized to a 
onsiderable depth and in almostany ro
k formation. The hydrauli
 fra
turing method assumes that the borehole
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Figure 12: State of stress inferred from the Cajon Pass and KTB s
ienti�
 boreholes,both drilled into 
rystalline ro
k. Left) Stress pro�le from the Cajon Pass borehole usingthe hydrofra
turing data of Zoba
k and Healy [1992℄ for Sh and the borehole breakoutanalysis of Vernik and Zoba
k [1992℄ for SH , assuming nonporous ro
k (α = 0). Figuremodi�ed from Vernik and Zoba
k [1992℄. Right) Stress pro�le from the KTB boreholes.Stress magnitudes from hydrauli
 fra
turing in the pilot hole is shown as solid, Sh, andopen, SH , squares. Between 3 km and 6.8 km, the results from the 
ombined analysis ofborehole breakouts and indu
ed tensile fra
tures have been merged into a solid, Sh, andan open, SH , polygon. Below 6.8 km the SH magnitude is only 
al
ulated from tensilefra
tures. At 7, 7.7 and 9 km km only the estimation for the least possible Sh magnitudeis shown. Figure modi�ed from Brudy et al. [1997℄.is drilled parallel to a prin
ipal stress dire
tion, whi
h is usually 
onsidered validfor verti
al boreholes, see Se
tion 2.1. It is also important to have a test intervalfree of natural fra
tures, sin
e these would render the results invalid (Cornet andValette [1984℄ introdu
ed a hydrauli
 test on pre-existing fra
tures, the HTPFmethod). In a hydrauli
 fra
turing test a se
tion of the borehole is sealed o� by
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Figure 13: Pressure-time 
urve of a typi
al hydrauli
 fra
turing experiment showingthree pressurization 
y
les. The �rst 
y
le a
hieves a breakdown of the formation,whereas the two following 
y
les reopen the newly 
reated fra
ture. During the shut-in phase the shut-in pressure, ISIP, is observed, whi
h is identi
al to the least prin
ipalstress. Modi�ed after Brudy [1995℄.pa
kers, to prevent borehole �uid from es
aping up or down the borehole. Fluidis pumped into the sealed-o� se
tion and with in
reasing �uid pressure the hoopstress, σθθ, at some points on the borehole wall will be
ome tensile and when thetensile strength of the ro
k is ex
eeded a fra
ture will form in the borehole wall.The fra
ture will propagate perpendi
ular to the least prin
ipal in situ stress, σ3.Figure 13 shows a typi
al pressure versus time 
urve.The inje
tion interval is pressurized very rapidly in the beginning of the �rst
y
le, 
ausing a linear pressure in
rease with time. This is in order to attain thebreakdown pressure, Pc, as qui
kly as possible, avoiding that the borehole �uidsinvade the host ro
k. Penetration of borehole �uids will 
ause the pore pressurein the host ro
k to in
rease, thus de
reasing the e�e
tive stress and triggering apremature breakdown of the formation. At the breakdown pressure, a fra
tureinitiates in the borehole wall where the hoop stress is most tensile (θ = 0 inEquation 26), ex
eeding the tensile strength of the host ro
k, i.e. σθθ ≥ −T .Although well-established and frequently used, there is still some dis
ussion as towhi
h formulation should be used for the 
al
ulation of the maximum horizontalstress using the breakdown pressure. For a borehole in porous ro
k with non-penetrating borehole �uid, the breakdown pressure is
Pc = 3Sh − SH − P0 + T (63)as derived by Hubbert and Willis [1957℄, where P0 is the formation pore pressure
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turing 37and T is the tensile strength. If the borehole �uid penetrates the formation, thebreakdown pressure equation is modi�ed
Pc =

3Sh − SH − 2ηP0 + T

2(1 − η)
(64)where η is the poroelasti
 
oe�
ient

η =
α(1 − 2ν)

2(1 − ν)
(65)with ν being Poisson's ratio of the formation and α = 1−K/Ks the Biot 
oe�
ient,

K and Ks are the bulk moduli of the ro
k 
onstituents (grains) and the ro
kbulk, respe
tively. Equation 64 is part of the analysis of hydrauli
 fra
turingpresented by Haimson and Fairhurst [1967, 1970℄. A third approa
h was suggestedby S
hmitt and Zoba
k [1989℄ using an e�e
tive stress law of the type
σij = Sij − βP0δij (66)where β is a 
onstant between 0 and 1 that depends on the porosity. This willrepla
e the equations above with

Pc = 3Sh − SH − βP0 + T (67)for a non-penetrating �uid and
Pc =

3Sh − SH − 2ηP0 + T

1 + β − 2η
(68)for �uid penetration. The introdu
tion of the e�e
tive stress law lends support tothe elimination of the pore pressure term when interpreting hydrofraturing datafrom low permeability, hard graniti
 ro
ks [e.g. Bjarnason et al., 1989; Vernik andZoba
k , 1992; Brudy and Zoba
k , 1999℄.Further pumping into the inje
tion interval leads to propagation of the newly
reated fra
ture into the formation. Pumping is then stopped and the interval isshut-in. Borehole �uid will 
ontinue to �ow into the growing fra
ture from the testinterval and the �uid will also in�ltrate into the fra
ture walls, 
ausing the rapidde
rease in pressure observed in the early shut-in phase. On
e the asperities on thefra
ture walls make 
onta
t the pressure drop rate will de
rease substantially and
reate a 
orner in the pressure-time 
urve, see Figure 13. The shut-in pressure,ISIP in Figure 13, is estimated from this 
orner, marking the lowest pressure forwhi
h the borehole �uid 
arries the 
omplete load of the stress perpendi
ular to thefra
ture. Sin
e the fra
ture is 
reated perpendi
ular to σ3, the shut-in pressureequals the σ3 magnitude. The pressure is then released, allowing the inje
tioninterval, the fra
ture and the host ro
k to drain ba
k to hydrostati
 pressure.The pressurization 
y
le is repeated, 
ommonly three or four times. Again, thepressure in
rease is �rst rapid and linear but then be
omes non-linear. The point



38 4 STRESS INFORMATION FROM DEEP BOREHOLESof deviation from non-linearity marks the reopening pressure, Pr, of the fra
ture,and is lower than Pc due to the now negligible tensile strength
Pr = 3Sh − SH − βP0 (69)using the S
hmitt and Zoba
k [1989℄ formulation. Additional pumping will openthe fra
ture further and drive more �uid into the formation. Another shut-inphase follows, then drainage and repressurization. There are various methods toa

urately determine Pc, Pr and the shut-in pressure.Bredehoeft et al. [1976℄ suggested that the tensile strength of the formation
ould be determined from the di�eren
e between the breakdown pressure and thereopening pressure, assuming that the fra
ture 
loses 
ompletely between 
y
les.This implies determining the maximum horizontal stress as
SH = 3Sh − Pr − βP0 (70)The orientation of the hydrauli
 fra
ture, and thus the orientation of σH , isdetermined either by an impression pa
ker or by borehole televiewer or FormationMi
roS
anner logging of the test interval.Performing hydrauli
 fra
turing tests in very deep boreholes is very di�
ult[e.g. Gustafsson and Rhén, 1990; Brudy et al., 1997℄. Pressures and �ow rates haveto be high, whi
h is te
hni
ally demanding for the equipment. Due to di�
ultiesin rea
hing the breakdown pressure, pressure-time re
ords 
an be troublesome tointerpret. Both in the Gravberg-1 borehole, in Siljan, Sweden, and in KTB, thedeeper hydrauli
 fra
turing tests 
ould only give a lower bound on σ3, see PaperI and Brudy et al. [1997℄, respe
tively.4.2 Borehole breakoutsBreakouts are zones of failure of the borehole wall whi
h form symmetri
ally atthe azimuth of the least prin
ipal horizontal stress [e.g. Bell and Gough, 1979;Zoba
k et al., 1985, and many others℄, see Figure 14. The breakouts are frequentlyelongated in the dire
tion of the borehole axis, and 
an be des
ribed by threeparameters; orientation in the borehole θb, opening angle 2φb and radial depth rb,see Figure 14. There are 
urrently two me
hanisms thought to be responsible forthe formation of breakouts, both due to the stress 
on
entration around the bore-hole (see Se
tion 2.3). Gough and Bell [1982℄ and Zoba
k et al. [1985℄, followedby re�ned analysis by other authors, suggest that if the di�eren
e in horizontalmagnitude between the two horizontal prin
ipal stresses is su�
iently large, break-outs will form in 
ompressive shear failure. The opening angle 
an be empiri
allyrelated to the far-�eld prin
ipal stresses [Barton et al., 1988; Vernik and Zoba
k ,1992; Haimson and Song , 1993℄, and if the breakout shape is des
ribed as the areawhere the ro
k stresses over
ome the in situ 
ompressive strength, Ceff , the onset
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Figure 14: Borehole breakout in the wall of a verti
al borehole subje
t to the maximum,
SH , and minimum, Sh, prin
ipal horizontal stresses. θb is the breakout orientation, φbthe breakout opening half-angle and rb the breakout depth.of breakouts 
an be formulated as

σθθ(θb) = SH + Sh − 2(SH − Sh) cos 2θb − ∆P = Ceff (71)where θb is the angle from the maximum horizontal stress SH to the onset of thebreakout, see Figure 14, and ∆P is, again, the di�eren
e between the borehole�uid pressure and the pore pressure in the host ro
k. The relation between thebreakout onset angle θb and the breakout opening angle φb is
θb = π/2 − φb (72)Assuming that the e�e
tive ro
k strength Ceff 
an be properly estimated, Equa-tion 71 
an be used to estimate the magnitude of SH . For the se
ond breakoutformation me
hanism, Zheng et al. [1989℄; Lee and Haimson [1993℄ and others pro-pose that there is tensile splitting involved in the formation of breakouts. Brudyet al. [1997℄ reports from the KTB borehole that both me
hanisms 
an be identi�edin ro
k samples and 
uttings: 
ompressive shear failure and extensional splittingof �akes due to the high tangential stress and a la
k of �
on�ning pressure� fromthe drill �uid. How breakouts stabilize is a subje
t still undergoing debate, seee.g. Zheng et al. [1989℄; Cheatham [1993℄.A variety of logging tools have been utilized to analyze borehole breakouts. 4-arm 
aliper, or dipmeter, logs 
an be used with appropriate 
aution not to interpretzones of 
omplete wellbore failure or zones eroded by the drill-string (key seats)
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kman [1985℄ or Paper I for a des
ription of
aliper data analysis. The resolution of 
aliper data is, however, low and there isno information on the width of the breakouts, i.e. the breakout orientation angle
θb is 90◦. Formation Mi
roS
anner (FMS) [Ekstrom et al., 1987℄, or FormationMi
roImager (FMI), logging instruments measure mi
roresistivity pro�les in theborehole wall and give mu
h higher resolution and better 
overage of the boreholewall. These instruments do require four pads to follow the wellbore, whi
h 
an bedi�
ult if the breakouts are large, as in the Gravberg-1 borehole, see Paper I. Thebest 
overage of the borehole wall is obtained by a borehole televiewer (BHTV)instrument [Zemanek et al., 1970℄. The BHTV emits a
ousti
 pulses while rotatingaround the axis of the borehole. Travel time and amplitude of the re�e
ted signalsare measured and the travel-times 
onverted to radial distan
e. This gives, underappropriate borehole �uid 
onditions, an ex
ellent view of the borehole wall. Allthree parameters des
ribing the breakouts 
an be measured from the logs, and
omparisons made by e.g. Shamir and Zoba
k [1992℄ shows that the BHTV logsare superior to 
aliper logs for breakout analysis. All the above logging toolsallow a 
ontinuous assessment of stress orientations in the borehole, the BHTV(and in some 
ases FMS/FMI) te
hnique also allows a 
ontinuous assessment of
SH magnitude if the magnitude of Sh is known, e.g. from hydrauli
 fra
turingmeasurements.In spite of the still not fully resolved issues of formation and stabilization, it hasbeen found that borehole breakouts in verti
al boreholes 
an reliably be used asindi
ators of the dire
tion of the least horizontal prin
ipal stress [e.g. Zoba
k et al.,1985; Plumb and Hi
kman, 1985; Dart and Zoba
k , 1985℄, and breakouts have beenutilized in numerous studies all over the world to assess stress orientation [Zoba
k ,1992℄.In deviated boreholes, breakouts 
annot be used dire
tly to asses stress di-re
tions [Mastin, 1988℄ sin
e the point of most 
ompressive stress 
on
entrationaround the wellbore is a�e
ted by the orientation of the borehole and the mag-nitudes of all three prin
ipal stresses. Qian and Pedersen [1991℄ utilized this ina non-linear inversion s
heme and the situation was analyzed in detail by Pe²kaand Zoba
k [1995℄ who showed that under appropriate 
ir
umstan
es it is possi-ble to use breakouts in deviated boreholes to assess both stress orientation andmagnitudes.The estimation of SH using borehole breakouts is still a debated issue, seee.g. Amadei and Stephansson [1997℄. The geometry of breakouts is 
ontrolled bythe ro
k strength, as dis
ussed above, but also by lithology, pre-existing fra
tures,drilling intensity and method, and hole diameter. Nevertheless, Vernik and Zoba
k[1992℄ used Equation 71, with 
are taken to avoid misinterpretations due to lithol-ogy and other fa
tors, to estimate SH in the Cajon Pass borehole. They usedtriaxial stress measurements on 
ore samples and the e�e
tive strain energy fail-ure 
riterion (ESEF) [Wiebols and Cook , 1968℄, whi
h 
an be used to estimate ro
k
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tures 41strength from polyaxial stress states, for the estimation of SH . The SH magni-tudes were 
ompared to the estimates of SH from hydrauli
 fra
turing [Zoba
k andHealy , 1992℄ and were found to be generally 
onsistent. A similar approa
h wasfollowed by Brudy et al. [1997℄ in the KTB borehole where SH magnitudes wereestimated from borehole breakouts and 
ompared to hydrauli
 fra
turing resultswhere these were available. Estimating SH from breakouts, a proper e�e
tive ro
kstrength and Sh estimates from i.e. hydrauli
 fra
turing, is a promising te
hniqueto assess the SH magnitude also in very deep boreholes, as shown by Brudy et al.[1997℄ in KTB.4.3 Drilling-indu
ed tensile wall-fra
turesThe drilling pro
ess 
an indu
e not only borehole breakouts, as des
ribed above,but also small-s
ale tensile fra
tures in the borehole wall. This type of fra
tureshave been reported from the KTB boreholes [Brudy and Zoba
k , 1993; Brudy et al.,1997; Brudy and Zoba
k , 1999℄ and from the Soultz-sous-Forêts GPK1 borehole[Tenzer et al., 1994; Nagel , 1994℄. When analyzing borehole image logs (FMS/FMIand BHTV logs) for faults and fra
tures, not only sinusoidal tra
es (all around theborehole, indi
ating planar faults or foliation planes) were found but also pairs oftra
es parallel to the borehole axis but o�set 180◦ were en
ountered. In addition,in some intervals there were fra
ture tra
es in
lined to the borehole axis, o�set
180◦ but not 
onne
ted around the borehole [Brudy and Zoba
k , 1999℄. Boththese types of fra
ture tra
es o�set 180◦ have been interpreted to be drilling-indu
ed tensile fra
tures [Brudy et al., 1997; Brudy and Zoba
k , 1999℄. Eviden
efor this 
omes mainly from the KTB pilot and main boreholes. In the se
tions ofthe KTB pilot well that were 
ored and where logging indi
ated verti
al fra
tures,no fra
tures were seen in the 
ore. In 
ontrast, natural fra
tures 
ross-
utting theborehole 
ould always be 
orrelated between logs and 
ore. Neither in the pilot holenor in the main borehole were there any indi
ations of lost 
ir
ulation or drilling�uids at the depths where these fra
tures were observed. Finally, the relativeabundan
e of these fra
tures in the boreholes and the unlikeliness of drilling intonatural fra
tures parallel to the wellbore axis would imply a very large populationof pre-existing, near verti
al, fra
tures. This seems unlikely sin
e no su
h fra
tureswere seen in almost 4 km of 
ontinuous 
ore from the KTB pilot hole [Brudy andZoba
k , 1999℄.The initiation of drilling-indu
ed tensile fra
tures 
an be des
ribed by theKirs
h [1898℄ equations, see Equations 25, and have been dis
ussed by e.g. Moosand Zoba
k [1990℄ and Brudy and Zoba
k [1999℄. In a verti
al borehole, where oneof the prin
ipal stresses is verti
al, the indu
ed tensile fra
tures form verti
allyalong the borehole axis in the dire
tion of the maximum horizontal stress, and theformation of the fra
tures follow the same equations as those des
ribing hydrauli
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turing, i.e. at the borehole wall
σθθ = 3Sh − SH − 2P0 − ∆P ≤ T (73)where P0 is the pore pressure in the formation and ∆P is the di�eren
e betweenthe borehole �uid pressure Pb and P0. In addition to the te
toni
 stresses there areseveral fa
tors indu
ed by the drilling pro
ess that a�e
ts the stress around thewellbore. The drill �uid pressure varies with the 
omposition of the �uid, with thepumping pressure maintained to 
ir
ulate the drill �uid and is somewhat in
reasedwhen running in the drill pipe. Thermal 
ooling of the wellbore by the drill �uid isanother 
ontributor to the stresses. When the 
old (surfa
e temperature) drill �uidis pumped down the borehole it is slowly heated but does not rea
h the undisturbedformation temperature and, hen
e, indu
e a radially varying temperature �eld thatalso depend on the thermal di�usivity of the ro
k and the radius of the borehole.For fra
ture initiation, only the stress at the borehole wall is 
onsidered and thethermal stress 
an then be 
al
ulated by the simple expression, [e.g. Brudy andZoba
k , 1993℄

σTherm = −αE∆T

1 − ν
(74)where E is Young's modulus, ∆T the temperature di�eren
e between the undis-turbed formation temperature and the temperature after 
ir
ulating the drill �uid,

ν is Poisson's ratio and α the thermal expansion 
oe�
ient. The thermal expansion
oe�
ient is best represented as the average of the thermal expansion 
oe�
ientsof the mineral 
onstituents. This is investigated in some detail in Paper I. Theelasti
 parameters E and ν 
an be determined either through laboratory analysisof the 
ore or derived using soni
 logs from the borehole [Brudy and Zoba
k , 1999℄.In order to use the drilling-indu
ed fra
tures to estimate the magnitude of
SH we need to determine the tensile strength. In hydrauli
 fra
turing this isimportant sin
e the fra
ture is 
reated in se
tions of the borehole where no pre-existing, natural fra
tures exist. The drilling-indu
ed fra
tures, in 
ontrast, havebeen observed in se
tions 
ontaining natural fra
tures [Brudy and Zoba
k , 1999℄and Paper I, and are thought to initiate on small �aws in the borehole wall whereno tensile strength has to be over
ome. The tensile strength is, thus, negle
ted inthe analysis [Brudy et al., 1997; Brudy and Zoba
k , 1999℄ and we have

SH = 3Sh + σTherm − 2P0 − ∆P (75)for fra
ture initiation. We see that the magnitude of the least horizontal prin
ipalstress has to be determined before the magnitude of SH 
an be 
al
ulated. Thisis normally done by a number of hydrauli
 fra
turing tests that measures Sh andthen Sh values are interpolated in the intervals between the measurements. Innear-verti
al boreholes, drilling-indu
ed tensile fra
tures have been observed toform almost ex
lusively in strike-slip regimes where there is appre
iable di�eren
e



5 ICELAND AND THE SIL NETWORK 43in the magnitudes of the maximum and minimum horizontal stresses [Moos andZoba
k , 1990; Pe²ka and Zoba
k , 1995℄. The drilling-indu
ed tensile fra
tures donot propagate away from the borehole wall due to the rapid in
rease in 
ompressivestress with distan
e from the wellbore [Brudy and Zoba
k , 1999℄.In a deviated borehole the formation of drilling-indu
ed tensile fra
tures dependon the orientation and magnitude of all three prin
ipal stresses, this situation hasbeen analyzed in detail by Pe²ka and Zoba
k [1995℄.In 
on
lusion, drilling-indu
ed tensile wall fra
tures are promising as a means toassess both the orientations and magnitudes of the prin
ipal stresses in boreholeswhere 
onventional hydrauli
 fra
turing is di�
ult. The method also providesa 
ontinuous stress pro�le along the borehole whi
h would be very 
ostly usinghydrauli
 fra
turing, even in shallow boreholes.5 I
eland and the SIL networkAll of the earthquake related resear
h des
ribed in this thesis has been performedon mi
roearthquakes re
orded by the I
elandi
 SIL network. In order to set thestage for Papers II to IV, I will give a very brief introdu
tion to the te
toni
s ofI
eland and a short des
ription of the operation of the SIL network.5.1 Brief introdu
tion to the te
toni
s of I
elandI
eland is situated a
ross the Mid-Atlanti
 ridge on top of a mantle plume, Fig-ure 15. The 
enter of the mantle plume is inferred to be beneath the east-
entralpart of I
eland [e.g. Tryggvason et al., 1983; Allen et al., 1999℄ and due to thewestward drift of the plate boundary with respe
t to the hotspot, the spreadingzones su

essively jump eastward [Einarsson, 1991℄. The divergent plate boundaryin I
eland is thus o�set to the east 
ompared to the Mid-Atlanti
 ridge o�shoreto the north and south. From the south, see Figure 15, the Mid-Atlanti
 Ridge
onne
ts to the Reykjanes peninsula and 
ontinues onshore to the Hengill triplejun
tion, where the spreading zone 
ontinues north along the Western Rift Zone(WRZ). East from the triple jun
tion is a transform zone, the South I
eland Seis-mi
 Zone (SISZ), whi
h 
onne
ts the WRZ with the Eastern Rift Zone (ERZ).The ERZ extends northward to the Vatnajökull gla
ier and when the rift zoneemanates from under the gla
ier in the north it is named the Northern Rift Zone(NRZ) and extends to the 
oast in the north. The Tjörnes fra
ture zone again
onne
ts the plate boundary to the Mid-Atlanti
 ridge. The spreading rate a
rossI
eland is predi
ted by global plate motions, averaged over the last few millionyears, in the NUVEL-1A model [DeMets et al., 1994℄ to approximately 19 mm/yrin the dire
tion N76◦W. The observed relative velo
ity of the North Ameri
anplate (west of the WRZ) and the Eurasian plate (at the southern tip of the ERZ)is 21±4 mm/yr in the dire
tion N63◦W ± 11◦ [Sigmundsson et al., 1995℄. The
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19 mm/yrFigure 15: Map showing the rift and transform zones in I
eland. WRZ is the WesternRift Zone, SISZ, the South I
eland Seismi
 Zone, ERZ the Eastern Rift Zone and NRZthe Northern Rift Zone. The rate and dire
tion of spreading is from Sigmundsson et al.[1995℄. SIL seismi
 stations are shown as solid triangles. Small dots are earthquakesabove magnitude 2.Global Positioning System (GPS) measurements of Sigmundsson et al. [1995℄ in-di
ate that about 85 ± 15% of the relative plate motion is a

ommodated by theSISZ in a 20 km to 30 km wide band that 
orrelates well with the seismi
 a
tivityin the SISZ.The South I
eland Seismi
 Zone takes up the transform motion between theReykjanes peninsula and the ERZ. There is, however, no large, east-west orientedtransform fault in the SISZ, instead the transform motion is a

ommodated onmany parallel, north-south right-lateral faults. The SISZ has seen a number ofmajor earthquake sequen
es and large lo
alized events su
h as the 1912 magnitude7 earthquake west of Hekla [Einarsson, 1991℄. Most of the large events are inferredto have o

urred on N�S striking faults and mu
h of the seismi
ity in the SISZ havestrike-slip fo
al me
hanisms [Einarsson, 1991; Stefánsson et al., 1993℄. Surfa
emapping in the SISZ reveals a multitude of NNE and ENE striking faults, manywith a strike-slip 
omponent, and NE striking normal faults [Guðmundsson, 1995;Passerini et al., 1997; Bergerat et al., 1998℄.The Ölfus area is situated immediately south of the Hengill triple jun
tion, ina transition region between the Reykjanes peninsula and the SISZ. In Reykjanes,earthquakes are mostly normal faulting, 
hara
terized by σ3 being 
onsistentlyhorizontal, trending NW, and σ1 rotating between verti
al and horizontal, trending



5.2 SIL: The I
elandi
 seismi
 network 45NE [Einarsson, 1991℄. Earthquakes in the Ölfus region are predominantly strike-slip, on N�S striking subverti
al faults [Rögnvaldsson et al., 1998℄ and surfa
e faultand �ssure mapping in the Ölfus region show that most faults strike N�S to NE�SW [Sæmundsson, 1995℄. The Ölfus area will be dis
ussed further in Papers II toIV.5.2 SIL: The I
elandi
 seismi
 networkThe South I
eland Lowland (SIL) proje
t started in 1988 as a 
on
erted e�ort ofthe Nordi
 
ountries towards earthquake predi
tion resear
h in the South I
elandSeismi
 Zone [Stefánsson et al., 1993℄. The name SIL has sin
e 
ome to signify theinitial proje
t, the seismi
 network that was 
onstru
ted during the proje
t andthe a
quisition and analysis system developed for the network. The SIL network
urrently 
onsists of 38 stations, 
on
entrated mainly in the SISZ and the Tjörnesfra
ture zone, see Figure 15.The des
ription of the SIL network below is based on Böðvarsson et al. [1996℄and Böðvarsson et al. [1999℄. During the design phase of the SIL network, theimportan
e of mi
roearthquakes in earthquake predi
tion resear
h and their sig-ni�
an
e for understanding the physi
al pro
esses leading to earthquakes weregenerally re
ognized. This view emanated from the results from Californian densenetworks and the results of monitoring and automati
 pro
essing in networks inSweden. Retrieval of earthquakes down to magnitude ML = 0 and sour
e infor-mation for these events implied a new seismi
 network design. The SIL system ishighly automati
 and uses intelligent site stations to minimize data transmission
osts.Ea
h station is equipped with a three-
omponent seismometer (varying from 1Hz Lennartz to broadband Guralp 3ESP), digitizer (16- or 24-bit), a GPS syn
hro-nized 
lo
k and a PC running the UNIX operating system. The SIL system usessingle-station phase dete
tions and multi-station event sele
tion. Ea
h dete
tedtransient is analyzed and the result is sent to the data 
enter in Reykjavik in a 128byte phase log stru
ture via an X.25 link. Phase logs in
lude onset time, duration,phase type (P or S), maximum amplitude, signal and noise averages, spe
tral pa-rameters su
h as DC-level and 
orner frequen
y et
. Arti�
ial neural networks areused to dis
ern between P and S phases, in
reasing the 
orre
t identi�
ation ofphases to over 95%. The stations are also equipped with software for 
ontinuousmonitoring of ground velo
ity. The signals are bandpass �ltered in three bands,0.5 - 1 Hz, 1 - 2 Hz and 2 - 4 Hz, and an average amplitude value is 
omputed everyminute and sent to the 
enter. Plots of these data give useful visual indi
ationof seismi
 a
tivity and have been used to monitor tremors a

ompanying vol
ani
a
tivity and 
atastrophi
 �oods from subgla
ial 
auldrons.At the 
enter, the phases from the stations are asso
iated and using iterativelo
ation, phase trun
ation, amplitude 
onsisten
y and negative eviden
e (stations
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tions) events are de�ned. Only when an event has been de�neddoes the system retrieve waveform data from the stations. Neural networks areunder evaluation to aid in the 
omplex phase asso
iation pro
edure. The routineanalysis performed on every re
orded earthquake in
ludes estimation of the fo
alme
hanism. The algorithm used by the SIL system was des
ribed in Se
tion 3.3.Multi-event analysis is performed for a number of di�erent appli
ations. Ab-solute and relative relo
ation [Slunga et al., 1995℄ are performed using 
ross-
orrelation te
hniques. The SIL algorithm measures travel time di�eren
es be-tween ea
h event and all other events in the group, and utilizes the di�eren
e torea
h very high relative lo
ation a

ura
y (on the order of 5-10 m) and improvedabsolute lo
ation for the group. The method has been used to extensively mapa
tive faults in the SISZ and the Tjörnes fra
ture zone.New te
hniques under development for the SIL system in
lude a 
ombination ofthe information on mi
roearthquake 
lusters obtained from relative relo
ation andfo
al me
hanisms in order to monitor fault movement. A 
ross-
orrelation methodfor 
losely lo
ated events is being developed to determine the onsets of P and Sphases with higher a

ura
y, in order to redu
e the need for manual inspe
tion ofseismograms and to in
rease the quality of the readings in the mi
roearthquakedatabase. Finally, the stress tensor inversion method des
ribed in Paper II andthe spe
tral amplitude 
orrelation in Paper III will eventually be in
luded in theSIL system.6 Summary of papersThe following se
tions summarize the four papers upon whi
h this thesis is founded.I will brie�y introdu
e ea
h paper's raison d'être, summarize the methods devel-oped and/or data analyzed in the paper and �nally give some 
on
luding remarkson the results of the paper. Paper I estimates the 
rustal state of stress from twodeep boreholes in Siljan, Sweden whereas Paper II, III and IV use mi
roearth-quakes, re
orded by the I
elandi
 SIL network, to estimate the stress state.6.1 Paper IOrientation and magnitude of in situ stress to 6.5 km depth inthe Balti
 ShieldIntrodu
tionIn 1994, some �ve years after the 
ompletion of the Gravberg-1 borehole in Siljan,Sweden, there were still Formation Mi
roS
anner data that had not been properlyanalyzed. I brought the data with me for my stay at Stanford University, and wasfortunate enough to be able to work with Prof. Mark Zoba
k and the StanfordBorehole group in analyzing the FMS, and other Siljan logging data. During theirinvolvement in the Cajon Pass and KTB deep drilling proje
ts, the Stanford group



6.1 Paper I 47developed new methods for the estimation of in situ stress from wellbore imagelogs and other borehole measurements. These methods and an asso
iated analysiss
heme are referred to as an integrated stress measurement strategy (ISMS), seeSe
tion 4. We estimated the orientations of the stresses in Siljan both in theGravberg-1 and Stenberg-1 boreholes, the magnitude estimates are only from theGravberg-1 borehole.SummaryThe study started with an estimation of the dire
tion of the in situ stresses. Forthe analysis we utilized borehole breakouts, as re
orded both by a 4-arm 
alipertool and the FMS tool, and drilling-indu
ed tensile fra
tures re
orded by the FMStool. Sin
e the tra
es of all drilling-indu
ed tensile fra
tures are approximatelyparallel to the borehole axis and sin
e the borehole is nearly verti
al to 4.5 kmdepth, we 
on
lude that the verti
al stress is a prin
ipal stress at least to thisdepth. The dire
tions of the horizontal stresses are estimated from breakouts andindu
ed tensile fra
tures. We only in
lude data down to 4850 m in the Gravberg-1borehole and to 5950 m in the Stenberg-1 borehole for the dire
tion estimates.Below these depths the boreholes are deviated more than 15◦ from the verti
aland the dire
tions around the wellbore where breakouts and tensile fra
tures formdepend on the borehole deviation, deviation dire
tion and ro
k strength properties.We did not have su�
ient data to do a proper analysis of ro
k strength. The meandire
tion of the maximum horizontal stress, SH , in Gravberg-1 was estimated to
N72◦W ± 7◦, using 
ir
ular statisti
s for the standard deviation. In Stenberg-1the dire
tion of SH was estimated to N53◦W ± 9◦. Although the two boreholesare only 10 km apart, our results indi
ate that the mean stress dire
tions are notwithin one standard deviation of ea
h other. The dire
tion of SH is not 
onstantin the boreholes but show both long and short term variations, some of the shortterm variations are interpreted as resulting from slip on a
tive faults.Pore pressure in Gravberg-1 was estimated from three drill-stem tests whi
hindi
ated hydrostati
 pore pressure in the borehole, see Figure 16. The drill �uidpressure was 
ontinuously measured during drilling. The verti
al stress was 
al
u-lated from a density pro�le obtained from a 
ombination of borehole density logsand surfa
e gravity modeling. The magnitude of the least horizontal stress, Sh,was estimated from two drill �uid losses below 6 km and a fra
turing operationafter the 
ompletion of drilling. The errors on these estimates are large, see Fig-ure 16, due to un
ertainties in exa
t depth and the weight of the drill �uid. Inaddition, there were a number of formation integrity tests performed below the
asing shoes at 1250 m and 4167 m, Figure 16. None of these fra
tured the for-mation but provide lower limits on the Sh magnitude. We see that the minimumhorizontal stress is 
onsistently lower than the verti
al stress, with the Sh/SV ratiobeing 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, P0, drill �uid pressure, Pb, minimum horizontal stress, Sh,verti
al stress, SV , and maximum horizontal stress, SH , in the Gravberg-1 well. Forthe pore pressure there are three data points from the well, open squares, we have thenassumed hydrostati
 pressure. The drill �uid pressure was 
ontinuously measured duringdrilling. The minimum horizontal stress has been estimated from leak-o� tests, pluses,and hydrofra
s, open 
ir
les. The verti
al stress was 
al
ulated from borehole density logsand surfa
e gravity modeling. The maximum horizontal stress estimates from indu
edtensile fra
tures are shown as horizontal lines, ranging from the lower bound of measureddi�erential pressure, ∆P, and a temperature di�eren
e, ∆T, of 10
◦C to an upper limitwhere ∆P = ∆T = 0. We have only in
luded SH estimates in the depth interval where

Sh is best 
onstrained. The �gure shows a strike-slip faulting regime.we 
ould not estimate the magnitude of SH from borehole breakouts. Instead, weutilized the drilling-indu
ed tensile fra
tures, using the methodology outlined inSe
tion 4.3. Most of the indu
ed tensile fra
tures identi�ed in the Gravberg-1 wello

urred in zones of natural fra
tures, hen
e, we in
luded the pore pressure in ourestimates of SH . This is in 
ontrast to the situation in KTB, where the fra
turesmostly o

urred in unfra
tured se
tions of the borehole. The magnitude of SH isa�e
ted by the magnitude of the least horizontal stress, the di�erential pressurebetween the drill �uid and the pore pressure in the formation, and the thermalstress. We investigated the thermal stress in some detail, see Equation 74, using the



6.2 Paper II 49information on the lithology in the borehole and the temperature dependen
e of thethermal expansion 
oe�
ient to estimate the variations of the thermal expansion
oe�
ient with depth. Using the estimates of Sh from above we will only be ableto 
al
ulate a lower limit on SH . This lower limit will depend on the temperaturedi�eren
e between the undisturbed formation and the drill �uid, whi
h a�e
ts thethermal stress 
ontribution, and the di�erential pressure. In Figure 16 we plotmagnitudes of SH in depth intervals where we found indu
ed tensile fra
tures andwhere the Sh magnitudes are most well 
onstrained. The lower SH end is for
∆T = 10◦ and ∆P equals the measured di�erential pressure. The high end of the
SH estimate 
orresponds to ∆T = ∆P = 0, i.e. the tensile fra
tures form evenif there is no temperature or pressure di�eren
e. The ratio SH/SV is estimatedto 1.1 at 5 km depth, see Figure 16, i.e. we estimate a strike-slip state of stressat depth in the Gravberg-1 deep borehole. Plotting the maximum and minimumprin
ipal stresses in a Mohr diagram indi
ates that the stress state at Gravberg-1is 
ontrolled by fri
tional equilibrium on pre-existing faults oriented optimally inthe stress �eld, with a lower bound 
oe�
ient of fri
tion of approximately 0.5.Con
luding remarksThe 2-pad FMS tool used in the Gravberg-1 borehole gives rather poor 
overageof the borehole wall. In the se
tion of the borehole where we have most FMSdata, the diameter of the hole is 21.6 
m, whi
h implies that the two pads ofthe FMS tool 
overs approximately 20% of the borehole wall. Frequently one ofthe images is blurred sin
e the pad has ridden in a breakout and, thus, had poor
onta
t with the wellbore. In su
h situations it is di�
ult to assess whether or nota fra
ture seen on one image is 
ontinuous around the wellbore or not. We havebeen very 
onservative in our identi�
ation of drilling-indu
ed tensile fra
tures andonly in
luded well de�ned fra
ture tra
es.The integrated stress measurement strategy attempts to in
lude as mu
h stressrelated information as possible in the estimation of the state of stress. This is es-pe
ially important in deep boreholes where the individual measurement methodsmight produ
e un
ertain results but when taken together, these results may rea-sonably well 
onstrain the state of stress .6.2 Paper IIStress tensor inversion using detailed mi
roearthquake informa-tion and stability 
onstraints: Appli
ation to Ölfus in southwestI
elandIntrodu
tionIn 1996 the Uppsala SIL group started its parti
ipation in the European Unionproje
t ambitiously referred to as PRENLAB, Earthquake Predi
tion Resear
hin a Natural Laboratory. As my involvement in the Siljan proje
t was 
oming



50 6 SUMMARY OF PAPERSto an end, and as one of the tasks of the Uppsala group in PRENLAB was stressestimation from mi
roearthquake fo
al me
hanisms, I was more than happy to jointhem. Ragnar Slunga had in 1988 developed a stress tensor inversion algorithmbased on the Gephart and Forsyth [1984℄ formulation of the inverse problem, witha new approa
h to 
hoosing the fault plane and a novel pro
edure for in
ludingun
ertainties on the fo
al me
hanism through the in
lusion of a

eptable fo
alme
hanisms (Se
tion 3.3). We 
ontinued development of the algorithm, I rewrotethe 
ode for in
reased e�
ien
y and the inversion s
heme was tested and put towork in the SIL environment.SummaryThe basis of stress tensor inversion from earthquake fo
al me
hanisms was reviewedin Se
tion 3.4. Our inversion s
heme is based on the grid sear
h method of Gephartand Forsyth [1984℄, although the �nal formulation is slightly di�erent. We utilizethe one-norm measure of mis�t but only 
onsider rotations in the fault plane,i.e. we use the pole rotation method in Gephart and Forsyth [1984℄ terminology.Errors in the fo
al me
hanisms are a

ounted for in a manner that does not requirethe exa
t method of Gephart and Forsyth [1984℄. In order not to under-estimatethe size of the 
on�den
e limits, we follow Magee [1997℄ and assign both nodalplane normals to 10◦ bins over the lower hemisphere and then use half the numberof �lled bins as our number of �non-redundant� data. This number is only usedfor the 
on�den
e limit 
al
ulation, we use all data for the inversion. In Paper IIIthe issue of redundan
y in the fo
al me
hanism data is further investigated.The sele
tion of the fault plane from the two nodal planes was dis
ussed inSe
tion 3.4. In our inversion s
heme we implemented three alternative te
hniquesfor the sele
tion. We use the 
ommon slip angle 
riterion (SA), i.e. 
hoosing thenodal plane with smallest mis�t in the tested stress �eld, for 
omparison bothwith other inversion methods and with our other fault sele
tion methods. Thenew sele
tion 
riterion introdu
ed in Paper II is based on the notion that thenodal plane that is most unstable in the tested stress �eld is the plane that slips.Based on a simple Mohr-Coulomb failure 
riterion we de�ne the instability, I, ofa nodal plane as
I = τ − µσn (76)where τ is the magnitude of the shear stress on the nodal plane, σn the normalstress on the plane and µ the 
oe�
ient of fri
tion. In order to 
al
ulate the insta-bility we need to know the the magnitudes of the prin
ipal stresses. Fortunately,we are only interested in whi
h of the two nodal planes has the highest value ofinstability, and sin
e we know from Se
tion 2.6 that the relative position of thenodal planes in a Mohr diagram only depends on their orientation with respe
tto the stress axis, we 
an unambiguously de
ide whi
h nodal plane is the mostunstable for every value of the 
oe�
ient of fri
tion. The 
oe�
ient of fri
tion is



6.2 Paper II 51usually not well known in the seismi
 zones and we see from the de�nition of insta-bility that with varying µ the unstable nodal plane might be
ome the stable nodalplane. We show that the value of µ at the point of 
ross-over, µx, is independentof the magnitudes of the prin
ipal stresses, and 
an be determined from R and theorientations of the nodal plane normals with respe
t to the prin
ipal stress axisand R. During the fault sele
tion pro
ess in the inversion we 
al
ulate µx and if itis outside the range 0.4 ≤ µ ≤ 1.5, whi
h 
overs fri
tion 
oe�
ients for most ro
ktypes above 100 MPa [Byerlee, 1978℄, we sele
t the most unstable nodal plane.If µx is within the range, we instead utilize the slip angle 
riterion. We want toemphasize that the instability (IS) 
riterion is only used to 
hoose fault plane,it is not used as a mis�t 
riterion. The IS 
riterion is only valid in areas wherefra
tures in the 
rust have fri
tional properties independent of their orientation,in areas dominated by weak faults with a spe
i�
 orientation the 
riterion is likelyto fail.As our third fault sele
tion 
riterion we are able to in
lude information fromhigh a

ura
y relative relo
ations [Slunga et al., 1995℄ produ
ed by the SIL system.If a group of relo
ated mi
roearthquakes de�ne a 
ommon fault plane, and theplane agrees with the events fo
al me
hanisms, this 
ommon plane is used as thefault plane for the events.The fault plane sele
tion methods were tested using both syntheti
 data andgeologi
 fault slip data. Using syntheti
 data with noise added and testing both sin-gle stress �elds and mixed stress �elds, the IS 
riterion performs generally slightlybetter than the SA 
riterion. We �nd, however, that the result of syntheti
 testshighly depends on the input parameters to the fo
al me
hanism generation and, assu
h, are di�
ult to interpret. As a more appropriate test we 
onverted the faultslip data of Angelier [1979℄ into fo
al me
hanisms and inverted them for the stresstensor. The IS and SA 
riterion both yield similar stress estimates, in agreementwith Angelier [1979℄, but where the IS 
riterion pi
ks all the 
orre
t fault planes,the SA 
riterion only sele
ts 20 out of 38 fault planes 
orre
tly.The stress tensor inversion s
heme takes advantage of the a

eptable fo
alme
hanisms produ
ed by the SIL fo
al me
hanisms algorithm (Se
tion 3.3). Theoptimal fo
al me
hanism for ea
h event is a

ompanied by a number of a

eptableme
hanisms that satis�es the data only slightly less well. We test all these a

ept-able fo
al me
hanisms for ea
h event at every grid point in the stress inversion.Note that for ea
h a

eptable me
hanism we apply the fault sele
tion 
riterion toidentify the proper nodal plane. The a

eptable me
hanisms have an asso
iatedamplitude error and these errors are used to weight the me
hanisms relative tothe optimal me
hanism. The a

eptable (in
luding the optimal) me
hanism whi
hprodu
e the lowest mis�t is sele
ted to represent the event in a parti
ular gridpoint. When the optimal stress tensor has been identi�ed, the inversion s
hemehas also sele
ted the most appropriate fo
al me
hanism for ea
h event from thea

eptable me
hanisms.
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Figure 17: Stress tensor inversion results from Ölfus, I
eland. All inversions have been per-formed with the instability fault sele
tion 
riterion. Grids are equal-area proje
tions of the lowerhemisphere. To the left are the resulting optimal stress tensors; σ1, square, σ2, diamond, and σ3,triangle; together with the 10%, 68%, and 95% 
on�den
e limits for σ1, red to yellow from 10%to 95%; and σ3, purple to green from 10% to 95%. Deviation is the average angle between thedire
tions of estimated shear stress and observed slip on the planes, mis�t is deviation weightedwith amplitude errors and R is the optimum R value. The bla
k histogram on the perimetershows the 95% 
on�den
e level for the dire
tion of maximum horizontal stress. In the middle arehistograms of the 10%, green, 68%, red, and 95%, blue, 
on�den
e limits in R, the bla
k spikeis the optimum value. To the right are Kamb 
ontours of the fault plane normals 
hosen by theinversion. A) Inversion using only the optimal fo
al me
hanism for ea
h event. B) Inversion withall a

eptable me
hanisms for ea
h event. C) Inversion with 41 events having prede�ned planesfrom relo
ation and using all a

eptable me
hanisms for the remaining 37 events.



6.3 Paper III 53The stress tensor inversion was applied to 78 mi
roearthquakes from a smallvolume, 1.6 km N�S, 1.3 km E�W and 5.9 km deep, in Ölfus, southwest I
eland.41 of the events 
ould be assigned a �
orre
t� fault plane from relative relo
ation.In Figure 17 we show the results of three di�erent inversion using the instabilityfault sele
tion 
riterion. Comparing Figures 17A and B, we see how the in
lusionof a

eptable fo
al me
hanisms signi�
antly redu
es the mis�t and deviation andalso redu
es the size of the 
on�den
e limits, making the resulting stress state morewell 
onstrained. The optimal stress states are approximately the same and the
hosen fault planes have approximately the same orientations in both inversions.In Figure 17C we have in
luded prede�ned fault planes for 41 of the 78 events. The�rst thing to note is that the 
hosen fault planes of all three inversions are verysimilar, i.e. the instability sele
tion 
riterion is su

essful in pi
king the 
orre
tfault planes. The state of stress is less well 
onstrained in Figure 17C and we seethat the mis�t has in
reased. All three inversions show a rather stable dire
tionof maximum horizontal stress at approximately N30◦E.Stress inversion with the instability sele
tion 
riterion was 
ompared to inver-sion using the slip angle 
riterion. The stress states estimated by using the twodi�erent 
riteria are similar but, when 
ompared to the prede�ned planes, the slipangle 
riterion pi
ks the wrong nodal plane for more than 50% of the events.Con
luding remarksThis study showed that a nodal plane sele
tion 
riterion based on the stability ofthe planes in the stress �eld is signi�
antly better at predi
ting the 
orre
t faultplanes than a mis�t based sele
tion 
riterion. In
luding a range of a

eptable fo
alme
hanisms for ea
h event 
onstrains the stress estimate better than using a singleme
hanism per event. The range of me
hanisms also lowers the mis�t.Testing the stability sele
tion te
hnique in an area with strongly anisotropi
fri
tion 
onditions, su
h as 
lose to a large, well established fault, would be veryinteresting. Preliminary inversions of mi
roearthquake from the Husavik faultregion in northern I
eland, showed that the stability 
riterion very 
onsistentlypi
ked the wrong fault planes, as 
ompared to relative relo
ations. If this is ageneral pattern, the 
ombination of stress tensor inversion and relative relo
ation
ould be
ome useful as a means of assessing the stability of faults in di�erentdire
tions and identifying established faults at depth.6.3 Paper IIICorrelation of mi
roearthquake body-wave spe
tral amplitudesIntrodu
tionDuring the work on Paper II, and espe
ially during the period when I performedsyntheti
 tests on the stress inversion algorithm, we frequently dis
ussed the issueof the similarity of the fo
al me
hanisms we input to the inversion. As I dis
ussed
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tion 3.4.1, the stress tensor inversion needs fo
al me
hanisms su�
iently welldistributed in terms of orientation in order to produ
e well 
onstrained estimates.It is thus important to assess how similar, or redundant, the fo
al me
hanismsare for a group of events before they are input to the inversion. When 
al
ulat-ing the 
on�den
e limits it is ne
essary to disregard the redundant events, or the
on�den
e limits will be unrealisti
ally small. In the SIL group, we also dis
ussedthe possibility to disregard redundant events altogether in the inversion, only in-
luding one event as a representative for a group of similar events, in order toshorten 
omputer run-times. Quantifying the similarity of fo
al me
hanisms interms of the strike, dip and rake angles is not trivial. In addition, the SIL fo-
al me
hanism algorithm [Rögnvaldsson and Slunga, 1993℄ provides us with, veryvaluable, information on the un
ertainty in the me
hanisms in terms of a range ofa

eptable fo
al me
hanisms. These a

eptable me
hanisms further 
ompli
atesthe similarity test. A solution to the similarity test problem is spe
tral amplitude
orrelation and grouping. We return one step ba
k in the 
hain of earthquake datapro
essing. The fo
al me
hanisms are 
al
ulated from spe
tral amplitudes and po-larities [Rögnvaldsson and Slunga, 1993℄, so by 
omparing the spe
tral amplitudedistributions of 
losely lo
ated events, we 
an assess their similarity in terms offo
al me
hanisms.SummaryThe SIL system 
al
ulates spe
tral amplitudes on three 
omponent data rotatedinto verti
al, radial and transverse 
omponents. Windows are pla
ed on the dire
tP and S wave arrivals and transforming to the frequen
y domain the low frequen
yasymptotes, or DC-level spe
tral amplitudes, are estimated for the di�erent 
om-ponents [Rögnvaldsson and Slunga, 1993℄. We obtain �ve amplitude values atea
h re
ording station; verti
al and radial P (PZ and PR) and verti
al, radialand transverse S (SZ, SR and ST), whi
h we refer to as amplitude 
omponents.These amplitude 
omponents, together with �rst motion dire
tions, form the basisfor the fo
al me
hanism 
al
ulation in the SIL system and will be utilized in thespe
tral amplitude 
orrelation and grouping s
heme.In order to assess the similarity of the fo
al me
hanisms of two di�erent eventsall amplitude 
omponents in 
ommon for the two events are 
orrelated using linear
ross-
orrelation
r =

∑

i(xi − x̄)(yi − ȳ)
√

∑

i(xi − x̄)2
√

∑

i(yi − ȳ)2
(77)where r is the 
orrelation 
oe�
ient, x̄ is the mean of the logarithms of one event'samplitude 
omponents, xi, and ȳ the mean of the logarithms of the other event'samplitude 
omponents, yi. The logarithms are utilized to de
rease the importan
eof the nearest stations, thereby stabilizing the 
orrelation. We use the 
orrelation
oe�
ient as the measure of how similar two events are.All events are 
orrelated with all other events and the events are then grouped
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Figure 18: Correlation results at Ölfus, July 1 to November 13, 1998. A) Plottedversus time in days is the 
umulative number of events (solid line, s
ale to the left) andthe 
umulative s
alar seismi
 moment (dashed line, s
ale to the right). B) Number ofungrouped 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) versusthe event number.a

ording to the 
orrelation 
oe�
ients. The grouping is 
ontrolled by three pa-rameters; a lower limit on the 
orrelation 
oe�
ients, rmin, a lower limit on thefra
tion, fmin, of fellow events in the group that a single event is allowed to havebelow rmin and the minimum number of events needed to have a group. After sometesting we adopted rmin = 0.9, fmin = 0.8 and at least four events in the group,as our parameters for studying larger amounts of seismi
ity. If a more detailedstudy on fewer events is desired, the rmin and/or fmin values should be in
reased.We de�ne two modes of running the 
orrelation and grouping, the �rst 
orrelatesall events in a 
atalogue with all other events in one large run, and then performsan iterative grouping that allow us to �nd the optimal homogeneity within thegroups. The se
ond mode starts with a small group of events that are 
orrelatedand grouped, and then the events are 
orrelated and grouped one by one with theprevious events. This mode will not obtain the optimal group homogeneity butinstead it allows us to study the time variations in 
orrelation and grouping.During the development of the 
orrelation and grouping s
heme we dis
overedthat it is useful also for appli
ations other than as a prepro
essor to stress tensorinversion. If we run the 
orrelation in the se
ond mode the temporal evolution ofthe earthquake grouping patterns 
an be studied and the groups of similar eventsprodu
ed by the grouping 
an be utilized either for 
omposite fo
al me
hanism
al
ulations or as a starting group for relative relo
ation. We tested the 
orrela-tion and grouping algorithm on a set of 636 mi
roearthquakes, 0.0 ≤ ML ≤ 2.7,o

urring between July 1, 1998 and November 13, 1998 in Ölfus, southwesternI
eland. On November 13 there was a magnitude 5.0 earthquake in the Ölfusarea. Cumulative number of events and 
umulative seismi
 moment is plotted inFigure 18.Studying the Ölfus seismi
ity using the se
ond mode of 
orrelation and group-



56 6 SUMMARY OF PAPERSing we obtain the plots in Figure 18B and C. In Figure 18B we see that theseismi
ity in July 
orrelate very well, the rapid in
rease in number of events isnot mirrored by an in
rease in the number of ungrouped events. Conversely, thein
rease in seismi
ity in November has an asso
iated in
rease in the number ofungrouped events. The grouping pattern be
omes 
learer if we plot the number ofungrouped events and number of groups as a fun
tion of the event number, Fig-ure 18C. We now 
learly see a 
hange in the grouping pattern around event 430,whi
h 
orresponds to late September, where the slope of the 
urve signi�
antly
hanges. We interpret the la
k of 
orrelation after September as an indi
ation thatthe mi
roseismi
ity 
hanged 
hara
teristi
s. Before late September many eventso

ur on the same fault (or a very 
lose, similarly oriented fault) with very simi-lar slip dire
tions. We refer to these events as repeated events. After September,spe
tral amplitude 
orrelation indi
ates that either the fo
al me
hanisms are dif-ferent, both 
ompared to earlier and to 
urrent seismi
ity, or the events o

ur atdi�erent lo
ations 
ompared to earlier and 
urrent seismi
ity. These events will bereferred to as solitary events. High a

ura
y relative relo
ation [Slunga et al., 1995℄supports the notion of a more di�use seismi
ity towards the end of the period.Using one of the groups produ
ed by spe
tral amplitude 
orrelation of theentire data set, now with rmin = 0.9 and fmin = 0.9, we 
ompute a 
ompositefo
al me
hanism. There were 27 events in the group and the nodal planes of theoptimal fo
al me
hanisms have a spread of approximately 50◦, both in strike anddip. Utilizing the spe
tral amplitudes from the 27 events we 
ompute a mediandistribution of spe
tral amplitudes for the entire group. All events' �rst motiondire
tions are sta
ked and then the 
ombined amplitudes and polarities are usedto 
ompute a new fo
al me
hanism using the SIL algorithm. The nodal planes ofthe 
omposite fo
al me
hanism are 
ompared to the result of relative relo
ation,and one of the nodal planes is only 15◦ away from the 
ommon fault plane de�nedby the relo
ations. The �t is not perfe
t, but 
onsidering the rough amplitudesta
king te
hnique it is quite good. Among the a

eptable fo
al me
hanisms we�nd one nodal plane that is only 7◦ away from the 
ommon fault plane.Finally, we test the 
orrelation and grouping s
heme in terms of input to thestress tensor inversion. Magee [1997℄ dis
ussed the issue of redundant fo
al me
h-anisms and approa
hed the problem by assigning the nodal plane normals to 10◦bins over the lower hemisphere and using half the number of �lled bins as thenumber of non-redundant events when 
al
ulating the 
on�den
e limits. The 
or-relation and grouping s
heme 
an be used to assess the similarity of 
losely lo
atedevents, i.e. if two events have identi
al fo
al me
hanisms but are far from ea
h other(depending on station geometry and fo
al me
hanism), they will not be identi�edas similar. The 
orrelation will, thus, not be able to identify all redundant fo
alme
hanisms, but as we shall see below, it 
an signi�
antly improve the 
al
ulationof 
on�den
e limits and redu
e the size of the data set. We will use the termredu
ed events instead of non-redundant hen
eforth.



6.3 Paper III 57
199 events

Dev: 2.5 deg Misfit: 0.089
R = 0.70

N

W

S

E

σ1
σ1
σ3
σ3

Opt.
Opt.
Opt.

68%
95%
68%
95%

σ1
σ2
σ3

199 events
Dev: 2.5 deg Misfit: 0.089
R = 0.70

N

W

S

E

σ1
σ1
σ3
σ3

Opt.
Opt.
Opt.

68%
95%
68%
95%

σ1
σ2
σ3

79 events
Dev: 3.4 deg Misfit: 0.117
R = 0.70

N

W

S

E

σ1
σ1
σ3
σ3

Opt.
Opt.
Opt.

68%
95%
68%
95%

σ1
σ2
σ3

A B C

Figure 19: Stress tensor inversion of the 199 events from Ölfus, I
eland, July, 1998.Symbols and patterns are as in Figure 17, with the ex
eption that I do not plot the 10%
on�den
e limits for the stresses here. A) Inversion result using 199 events and 199 as thenumber of events when 
al
ulating the 
on�den
e levels. B) Result using 199 events inthe inversion and 59 redu
ed events, a

ording to Magee [1997℄, for the 
on�den
e level
al
ulation. C) Result using 79 redu
ed (from spe
tral amplitude 
orrelation) events, ofwhi
h 10 are 
omposite events, for both the inversion and the 
on�den
e level estimates.We perform stress tensor inversions using both the full number of events andthe binned number of events for 
al
ulating 
on�den
e limits and 
ompare theseto an inversion of a data set redu
ed by the 
orrelation. Mi
roearthquake datafrom 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 te
hnique of Magee [1997℄estimates that there are 59 redu
ed events in July and the spe
tral amplitude
orrelation results in 69 ungrouped events and 10 groups, i.e. 79 redu
ed events.In Figure 19 we show the inversion results using the three di�erent approa
hesand the inversion algorithm of Paper II. Figures 19A and 19B show the 
on�den
eregions obtained using 199 and 59 redu
ed events, respe
tively, to 
al
ulate the
on�den
e limits. The inversion itself uses all 199 events whi
h is shown by theidenti
al mis�ts and optimal stress states. We see that there is a large di�eren
ein the size of the 
on�den
e areas. In Figure 19C is the result of using spe
tralamplitude 
orrelation to estimate the number of redu
ed events and using only theredu
ed events in the inversion. Running the July inversion with the 79 redu
edevents instead of 199 signi�
antly shortens the ne
essary 
omputer time. We see inFigure 19C that the optimal stress state is almost identi
al to the state estimatedusing the full data set but that the mis�t is slightly larger when using only 79events in the inversion. This is not surprising sin
e among the 199 events thereare most likely some rather poorly 
onstrained me
hanisms, resulting in a large



58 6 SUMMARY OF PAPERSnumber of a

eptable fo
al me
hanisms whi
h gives the inversion algorithm largerfreedom in the 
hoi
e of fault plane, see Paper II, 
ompared to using 79 welldetermined events.Con
luding remarksThe spe
tral amplitude 
orrelation and grouping te
hnique has proven a su

essfulmethod in terms of assessing the similarity of fo
al me
hanisms of 
losely lo
atedevents and grouping of similar events. An event representing the group is sele
tedeither through a 
omposite fo
al me
hanism or by 
hoosing the highest qualityevent, i.e. the event with most stations, amplitude 
omponents and polarities.The grouping te
hnique also allows us to form bat
hes of a 
ertain number ofredu
ed events, whi
h will be useful in studies of temporal or spatial variations inthe stress �eld, as in Paper IV.The issue of how di�erent the fo
al me
hanisms have to be in order to be
onsidered non-redundant in the inversion has not been meti
ulously studied. Weobserved the grouping patterns and empiri
ally found values of the grouping pa-rameters that produ
ed homogeneous groups, minimizing the number of eventsthat �almost� made it into the groups.In order to study the in�uen
e of spatial variation on the grouping result wewill implement means of taking the events lo
ations into a

ount.The spe
tral amplitude 
orrelation and grouping te
hnique seems to be a verypromising tool for the study of temporal or spatial variations in earthquake repeat-ing patterns. By repeating pattern we refer to 
hanges in the number of repeatedevents (or groups of repeated events) versus the number of solitary events. Alarger study of mi
roearthquake repeating patterns will be undertaken in PaperIV.6.4 Paper IVSpe
tral amplitude grouping and the state of stress: A study ofmi
roearthquake a
tivity before the November 13, 1998, magni-tude 5.0 earthquake in Ölfus, I
elandIntrodu
tionThe sequel to PRENLAB is PRENLAB�2, and the Uppsala SIL group 
ontinuedits parti
ipation in the proje
t. Remembering that PRENLAB is an earthquakepredi
tion resear
h proje
t, it was obvious to us that the methods developed inPaper II and III should be applied to a study of mi
roearthquakes before a largerearthquake. We 
hose the November 13, 1998, ML = 5.0 earthquake in Ölfus,southwestern I
eland, and studied the seismi
ity one year prior to the main event.Summary



6.4 Paper IV 59We analyzed mi
roearthquakes o

urring in the Ölfus area between November 1,1997 and November 13, 1998, seven hours after the main sho
k. All events with atleast four re
ording stations, 18 amplitude 
omponents, one polarity reading and
ML ≥ 0 were in
luded in the study, resulting in a 
atalogue of 2943 events. Usingrelative relo
ations we know that the main event, a right-lateral strike-slip event,took pla
e on a N�S striking fault and that many of the events in our study alsoo

urred on N�S striking faults.In this paper we de
ided to use the name Spe
tral Amplitude Grouping (SAG)for the 
orrelation and grouping te
hnique developed in Paper III. We also splitthe se
ond mode of operation from Paper III into two, where mode 2 is equivalentto the se
ond mode above but where mode 3 now is the mode used to produ
ebat
hes of a predetermined number of redu
ed events. The mode 2 of SAG hasin this paper also been further developed to a

ommodate a variable size of the
orrelation memory. In Paper II, all events were retained in the 
orrelation memoryimplying that early events were 
orrelated with very few events and later eventswere 
orrelated with almost the entire event 
atalogue. Now it is possible to 
hoosethe number of events to retain in the 
orrelation memory, i.e. SAG 
an a
t as amoving window �lter.In order to study the repeating pattern of the Ölfus seismi
ity, and test thein�uen
e of the length of the 
orrelation window, we ran SAG twi
e on the Ölfusdata, see Figure 20. In the �rst run, in Figures 20A and B, we retained all events inthe 
orrelation memory. Figure 20A indi
ates that there is a steady in
rease in thenumber of solitary events with time, until we rea
h November and the foresho
ks tothe main event, when the number of solitary events in
rease rapidly. What is lessnoti
eable is the rapid in
rease in the number of groups at Eq1, where there is alarge number of aftersho
ks o

urring as the result of a ML = 5.1 earthquake to thenorth of the study area. We, hen
e, have two di�erent responses to an in
rease inseismi
ity, in June the aftersho
ks are almost all repeating events that group verywell, whereas the November foresho
ks are mostly solitary events. The repeatingpattern be
omes 
learer, we avoid the in�uen
e of the seismi
ity rate, if the numberof solitary events is plotted versus event number, Figure 20B. We now have a moredetailed view, the number of solitary events �rst in
rease until mid Mar
h, wherethe in
rease rate levels o�. In June the rate is almost �at, most of the seismi
ity
onsists of repeated events, and then, in late August, early September, the rate ofthe number of solitary events in
reases dramati
ally. There is some de
rease in therate after the November event but it is not until further into the aftersho
ks thatthe rate of solitary events de
reases substantially. How is this repeating patterna�e
ted by the size of the 
orrelation memory? In Figures 20C and D are theresults of a 250 event 
orrelation memory. Note that the �rst 250 events shouldnot be in
luded in the analysis sin
e we are �lling up the 
orrelation memoryand the solitary event rate will be high. The large s
ale pattern is generallythe same, but we see that we have substantially in
reased the time resolution.



60 6 SUMMARY OF PAPERSDe
reases in the number of solitary events are 
aused by two me
hanisms; newevents 
orrelating well with older, solitary, events and old, solitary events leavingthe 
orrelation memory. Figure 20D shows that the seismi
ity after mid-Mar
hare repeating events and that there is a small in
rease in the number of solitaryevents immediately after the June main event but that the aftersho
ks soon arevery similar. With this resolution we also note that the onset of a di�erent typeof seismi
ity o

urs already in July and that the the number of solitary eventspeaks on the main November event. There is a small trough immediately beforethe main November event, as if the seismi
ity settled into a repeating pattern
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Figure 20: Spe
tral amplitude grouping (SAG) results, or repeating patterns, for the Ölfusseismi
ity. Eq1 is the ML = 5.1 event north of the study area, Eq2 is the main November event.A) The entire 
atalogue is used as 
orrelation memory. Number of solitary events (solid line) andnumber of groups (dashed line) versus time. B) Same as in A but now plotted versus the numberof pro
essed events. C) Using a 250 event moving window as 
orrelation memory. Number ofsolitary events (solid line) and number of groups (dashed line) versus time. D) Same as in Cbut now plotted versus the number of pro
essed events. In B and D the start of ea
h month isindi
ated by short, solid lines down from the top of the frames.



6.4 Paper IV 61before the main event o

urred. After the main event there is a short in
reasein the number of solitary events and then the aftersho
ks seem to lo
alize, orstabilize, and be
ome repeating events. Using a 100 event 
orrelation memoryprodu
es approximately the same pattern, in
luding the trough at the Novemberevent, whereas a 500 event memory seems a little too long and does not de
reaseas qui
kly after the main event as do the shorter memory sizes.Using the spe
tral amplitude grouping te
hnique in mode 3 we produ
ed 76bat
hes of 40 redu
ed events for stress tensor inversion. The bat
hes overlap by 20redu
ed events. We also ran SAG in mode 1 on a data set where the aftersho
ksto the June event and the fore- and aftersho
ks to the November event were takenout, produ
ing a list of 438 redu
ed events for the year. The list was used toestimate the ba
kground state of stress for the studied year.The ba
kground stress state was estimated to an oblique strike-slip state witha normal faulting 
omponent. The least prin
ipal stress, σ3, is subhorizontal inthe dire
tion N51◦W, in agreement with the N63◦W dire
tion of spreading a
rosssouth I
eland [Sigmundsson et al., 1995℄. The maximum horizontal stress is in thedire
tion N36◦E. The stress state is very well 
onstrained with small 
on�den
eareas and, surprisingly, we �nd that none of the prin
ipal stresses are verti
al.We estimated one stress state for ea
h of the 76 bat
hes of redu
ed eventsand in Figure 21 we show, as an example of the results, the dire
tion of maxi-mum horizontal stress, A and B, and the magnitude of the maximum horizontalstress relative to the verti
al stress, C and D. The �rst order impression of thedire
tion of maximum horizontal stress, σH , is a rather stable dire
tion around
N30◦E, with a 68% 
on�den
e limit of 30◦ � 40◦, during the year. There are somebat
hes that have a deviation whi
h is signi�
ant at the 68% level with respe
t toother bat
hes, su
h as bat
h 52 with respe
t to bat
h 11, 22, 66 and 69. Thereare temporal variations in the 
on�den
e limit, whi
h is sometimes very well 
on-strained and sometimes very large, indi
ating perhaps inhomogeneity in the stress�eld. There is some indi
ation of a rotation in the horizontal stress towards N�Saround November 9. Assuming a 
oe�
ient of fri
tion of µ = 0.6, hydrostati
pore pressure and a verti
al stress that equals the weight of the overburden, we
an estimate the magnitudes of the maximum horizontal stress. These magnitudesmay be in
orre
t, but the pattern of magnitudes relative ea
h other is 
onstant.We see in Figure 21 that there is no systemati
 variation in the horizontal stressmagnitudes but that there are indi
ations of variations. Most pronoun
ed is thegroup of four bat
hes in July and the rather well 
onstrained de
rease after themainsho
k in November.We studied the sizes of the 68% 
on�den
e limit areas and the di�eren
es indeviation angle between the 
hosen and the reje
ted nodal planes from the stressinversions. We also separated the data set into two sets, group 2 
ontaining thearea of most intense aftersho
ks a
tivity from the June event, and group 1 withthe remaining events. The SAG of group 1 show the same repeating patterns
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Figure 21: Results of stress tensor inversions of bat
hes of 40 redu
ed events. Eq1 is the timeof the June 5.1 event, Eq2 is the November 5.0 event. Solid squares are the optimum solutionsfor ea
h bat
h and the hat
hed band is the 68% 
on�den
e limits. A) Dire
tions of maximumhorizontal stress in degrees east of north versus time. B) Same as in A but plotted againstthe bat
h number for 
larity. C) Variation of the magnitude of the maximum horizontal stressduring the studied time period. In order to estimate the stress magnitudes we used a 
oe�
ientof fri
tion µ = 0.6, hydrostati
 pore pressure and normalized the magnitudes to the weight ofthe overburden. D) Same as in C but plotted against the bat
h number.as in Figure 20, but without the June peak. In group 2 the June pattern againshows how similar the events are. Stress inversion of bat
hes of 40 events showan interesting feature. The June aftersho
k seismi
ity seems to be in�uen
ed by



7 CONCLUDING REFLEXIONS 63a more NE�SW trending maximum horizontal stress. The inversions of group 1events show that the stress states are generally more well 
onstrained than forthe entire data set. There is, again, an indi
ation of a rotation of the dire
tion ofmaximum horizontal stress from N�S towards NE�SW around the main event.Con
luding remarksThe spe
tral amplitude grouping results are very interesting and show that SAGin mode 2 
an provide a new view of the temporal evolution of seismi
ity. Further,the large anomaly in the latter part of the study seems to be asso
iated with themain November event. This opens up interesting prospe
ts of SAG as a monitoringinstrument. I will analyze a longer series of events from the Ölfus area in order toobtain more information on the normal variations in repeating patterns.There seems to be very little 
orrelation between the repeating pattern fromSAG and the estimated stress states. I have not performed any rigorous signi�-
an
e tests on the �u
tuations in e.g. the dire
tion of maximum horizontal stress,so I am un
ertain of the signi�
an
e of the variations observed.7 Con
luding re�exionsIn this thesis I have presented a variety of methods and approa
hes for the esti-mation of the state of stress in the 
rust. This variety, in itself, points to one ofthe 
on
lusions of the thesis. Crustal stresses are inherently di�
ult to measure,and well 
onstrained estimates of the 
rustal stress tensor are only rarely obtained.The di�
ulty of dire
t measurements of stress at depth has lead to a �ora of in-dire
t measurement te
hniques, with asso
iated estimation pro
edures, of whi
h Ihave presented a few in this thesis.The analysis of the state of stress in Gravberg-1, using measurements from thedeep borehole, serves as a good example of the di�
ulties involved in measuringstresses at depth. Formation integrity tests, losses of drill �uid 
ir
ulation, mea-surements of the geometry of the borehole and images of 20% of the borehole wallfrom 25% of the length of the borehole; one by one these observations tell us verylittle about the stress state. Taken together however, in a joint analysis s
hemesu
h as the integrated stress measurement strategy dis
ussed in the thesis, thesepie
es of information 
an be assembled to a relatively reliable estimate of the stateof stress. We �nd that there is a strike-slip stress regime at depth in Siljan andwe estimate the horizontal deviatori
 stress, SH − Sh, to approximately 60 MPaat 5 km depth. We infer that the state of stress is 
ontrolled by fri
tional equi-librium on pre-existing faults, oriented optimally in the stress �eld, with a lowerbound 
oe�
ient of fri
tion of 0.5. Integrating all available information 
an thusyield signi�
antly more information than what is obtainable from the individualmethods.



64 7 CONCLUDING REFLEXIONSEstimating the state of stress from earthquake fo
al me
hanisms adds anotherlevel of di�
ulty. The geometri
 information 
ontained in the fo
al me
hanismsdoes not allow an estimation of the magnitudes of the stresses, neither the absoluteprin
ipal stress magnitudes nor the magnitude of the maximum shear stress. Theprin
ipal stress orientations and the ratio R = (σ1 − σ2)/(σ1 − σ3) are obtainedfrom the inversion of fo
al me
hanisms, magnitudes 
an only be 
al
ulated withadditional information on the 
oe�
ient of fri
tion, the pore pressure and theverti
al stress.In this thesis I have addressed three aspe
ts of stress tensor inversion usingearthquake fo
al me
hanisms; the ambiguity in the sele
tion of the fault planefrom the two nodal planes, the in
lusion of un
ertainties in the fo
al me
hanismsand the assessment of fo
al me
hanisms in terms of redundant information. Alltesting and appli
ation of the developed methods have been to mi
roearthquakesre
orded by the SIL network in southwest I
eland.Previous work has shown that sele
ting the 
orre
t fault plane from the twonodal planes does a�e
t the estimated state of stress, but that, espe
ially for largerdata sets, the estimated stress tensors 
an be rather similar. Generally, I 
onsiderthat sele
ting the 
orre
t fault plane lends more 
redibility to the inversion results,and if we are studying faulting or the stability of faults, it is ne
essary to 
hoosethe 
orre
t fault plane. In this thesis, a fault sele
tion 
riterion with a physi
alba
kground is proposed, based on the stability of the two nodal planes in the testedstress �eld. I simply 
hoose the most unstable fault, if the 
hoi
e 
an be madewithout ambiguity. This 
riterion proved very su

essful in the tests I 
ondu
tedand generally performed better than the more 
ommon sele
tion 
riterion basedon least angular mis�t.A fo
al me
hanism is the result of an over-determined inversion s
heme wherefour, or more, parameters are estimated from amplitude and/or polarity data. Aswith other su
h estimates, the fo
al me
hanism has some asso
iated un
ertainty.We in
lude the un
ertainty in the fo
al me
hanisms in the stress inversion via therange of a

eptable fo
al me
hanisms available in the SIL system. These a

eptableme
hanisms do not �t the data as well as the optimal me
hanism, but we knowthat they agree with the bulk of the data. By using them in the inversion, insteadof rotating the optimal me
hanism within some un
ertainty limit, we will notviolate the amplitude and polarity data. The range of a

eptable fo
al me
hanismssigni�
antly redu
es the mis�t in the stress tensor inversion.A large number of earthquakes with very similar fo
al me
hanisms do not 
on-strain the stress tensor inversion more than do one or two earthquakes with thesame me
hanisms. Instead, a large number of similar events a
ts to unduly de-
rease the estimated 
on�den
e limits and in
rease the inversion time. In orderto redu
e the number of similar fo
al me
hanisms we invented a 
orrelation andgrouping te
hnique (SAG) based on spe
tral amplitudes, the input data for thefo
al me
hanism estimation. SAG allows us to identify 
losely lo
ated mi
roearth-
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al me
hanisms and delete these from the input data set tothe stress inversion.The spe
tral amplitude grouping te
hnique, unintentionally, proved very usefulfor the assessment of variations in the patterns of repeating mi
roearthquakes.SAG identi�es groups of repeating mi
roearthquakes, i.e. 
losely lo
ated eventswith similar fo
al me
hanisms, and events that are non-similar or have isolatedlo
ations, solitary events. The variation in the number of solitary events and thenumber of groups, in time or spa
e, provides a new view of the seismi
ity patterns.The earthquake stress inversion and SAG methods were applied to one year ofseismi
ity before the November 13, 1998, ML = 5.0 event in Ölfus, I
eland. Usinga 250 event moving 
orrelation memory, the SAG te
hnique unveils an intri
atepattern of solitary and repeated events, with a rapid in
rease in the number ofsolitary events during three months before November 13. The number of solitaryevents peaks at the time of the November 13 earthquake and then de
reases as theaftersho
ks be
ome similar. Inversion for the ba
kground stress �eld shows a verywell 
onstrained oblique strike-slip regime with a normal faulting 
omponent. Theleast prin
ipal stress is subhorizontal in the dire
tion N51◦W, whi
h agrees withthe dire
tion of spreading in southwest I
eland. The maximum horizontal stressis in the dire
tion N36◦E. Inverting bat
hes of 40 events, spread over the year, weobserve, to �rst order, a rather stable stress �eld whi
h 
ontains some variationover the year. There are indi
ations of a rotation to the north of the horizontalstresses some days before the main event, there are also indi
ations of 
hanges inthe horizontal stress magnitudes and indi
ations of heterogeneities in the stress�eld. I have, however, not performed a rigorous statisti
al investigation of these�u
tuations. Even if the stress �u
tuations were to be statisti
ally signi�
ant,there is in the temporal stress estimates very little 
orrelation with the dramati
variations observed in the results of the spe
tral amplitude grouping.This thesis shows that there is signi�
ant information to a
quire from mi
ro-earthquake a
tivity. The large number of events obtained when we re
ord mi
ro-earthquakes to magnitudes below zero provides us with very valuable informationon the ongoing deformation pro
esses. If properly de
iphered, this information
an potentially tea
h us mu
h more about earthquake generating 
rustal pro
esses,pro
esses that, no doubt, in�uen
e or are driven by, stress.
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73A Computer programsA large fra
tion of my PhD studies was spent implementing the methods andalgorithms des
ribed in papers II and III of this thesis. This 
oding e�ort hasresulted in the two 
omputer programs sti, for the stress tensor inversion, andamp
orr, spe
tral amplitude 
orrelation. The programs will not be listed here,they 
omprise of approximately 10000 lines of 
ode (w
 -l reports 11450 but Iestimate that 10% are 
omments and then there are a 
ouple of blank lines aswell). The programs will, however, be publi
ly available as soon as I have madethem a little more 
omprehensible. In addition to the main programs I workedwith Sigurður Rögnvaldsson on a C library of I/O routines for the SIL system,with Sigurður Rögnvaldsson and Ragnar Slunga on a C version of Ragnar's fo
alme
hanism routines, and with Reynir Böðvarsson on utility routines for the SILdata a
quisition system.A.1 stiThe stress tensor inversion program sti implements the ideas that was presentedin paper II. The program is written entirely in C and in
ludes library fun
tionsfor ve
tor and matrix manipulation, angular 
onversion between di�erent fo
alme
hanism 
onventions and the stress estimation routines. Input data are takeneither from the SIL data base or from a program native format, obtainable bythe utility program 
onv2sti. The grid size 
an be 
hosen between in
rements of
2◦ to 20◦, with R in in
rements of 0.05 or 0.1. Output data are in the form ofASCII �les with information on the estimated state of stress, 
on�den
e limits and
hosen fault planes. I have a number of GMT (Generi
 Mapping Tool) [Wesseland Smith, 1998℄ s
ripts for the visualization of the results.thor:~/sil/rst> sti -hSTRESS TENSOR INVERSION OF EARTHQUAKE FOCAL MECHANISMSsti [-h℄ data file [-
 
onfig file℄[-d num℄ [-f #℄ [-l #℄ [-n℄[-o output file name℄ [-s℄The program inverts earthquake fo
al me
hanisms or geologi
fault slip data for the stress tensor that 
aused the movement onthe faults.The inversion pro
ess is des
ribed 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 a

epts input data either in SIL format,



74 A COMPUTER PROGRAMSa *.grx or *.grs file, or in a program native format.The native format 
an be obtained from strike,dip andrake data with the program 
onv2sti.Options:-
 Configuration file with other name than rst.
onf orin another dire
tory. Default is rst.
onf in the
urrent dire
tory.-d Dump SIL data into other formats:1 A total dump in sti native format.2 Dump optimal planes in Gephart & Forsyth #73 Dump final planes in Gephart & Forsyth #7-f First event in inversion. Number in list of approved events,default is 1.-h This text.-l Last event in inversion. Number in list of approved events,default is last.-n Write a file with the non-redundant events as defined bythe gridding of Magee, 1997-o Base name for output files. Default is the input file nameextended 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 amp
orrThe spe
tral amplitude 
orrelation des
ribed in paper III is implemented in pro-gram amp
orr. The program is written entirely in C and in
ludes the linear
ross-
orrelation algorithm from Numeri
al Re
ipes in C. Input data are spe
tralamplitudes from the SIL data base. Output is in ASCII format with tables of dates,number of solitary events and number of groups, plus a variety of alternatives foroutput of 
orrelation matri
es and groups.thor:~/sil/amp> amp
orr -hSPECTRAL AMPLITUDE CORRELATION.Group events a

ording to the 
orrelation of their spe
tral amplitudesin order to find events with similar fo
al me
hanisms.The algorithm is des
ribed in Lund and Bodvarsson, submitted to BSSA, 1999.amp
orr [-h℄ [-1|2|3℄ [-a℄ [-b℄ [-
 
onf_file℄ [-d 4℄ [-f℄ [-g℄ [-i #℄[-j #℄ [-m #℄ [-n #℄ [-o outfile℄ [-r lat1 lat2 lon1 lon2 dep1dep2 time1 time2℄ [grx_file℄



A.2 amp
orr 75-1|2|3 Mode of operation. Has to be indi
ated, ex
ept with -a or -d.1 Correlate all events with all others at on
e.2 Correlate all events, one by one, in a single bat
h.3 Make bat
hes of redu
ed events.General options:-a Create a generi
 
onfig file 
alled New_amp
orr.
f.-
 Name of the 
onfig file. Default is amp
orr.
f.-d 4 Dump a grx file 
ontaining the usable events.-f Use phase logs as amplitude input. Default is ome.-h This text.-j Jump over the first # redu
ed events in the grx file.-o Base name for output files. Default is the input file name.-r Correlate events within the spe
ified spa
e-time period.Lat, lon in de
imal degrees, dep in km and time as1999 03 07 18 14 30Mode 1 options:-b Write only the best event in ea
h group in the grx file.Default is all events.-g Write separate grx files for all groups. Default is one 
ommon.Mode 2 options:-i Initial number of events to be read. Default is 20.-m Number of events in the 
orrelation memory. If used with -t,number of days. Default is the entire list.-t Use number of days for 
orrelation memory (-m).Default is number of events.Mode 3 options:-n Number of redu
ed events in ea
h grx output bat
h. Useeven number. Default is 50.Bjorn Lund, April 1999. Version 1.3, BL January 2000.


