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/ Fault plane

To determine the focal mechanism we need three parameters:

Two for the fault plane and one for the slip direction:

@ - the strike of the fault: Fault strike is the direction of a line created by the intersection of a fault plane and a horizontal
surface, 0° to 360°, relative to North. Strike is always defined such that a fault dips to the right side of the trace when
moving along the trace in the strike direction. The hanging-wall block of a fault is therefore always to the right, and the
footwall block on the left. This is important because rake (which gives the slip direction) is defined as the movement of the
hanging wall relative to the footwall block

&-> dip angle: Fault dip is the angle between the fault and a horizontal plane, 0° to 90°

A = Rake is the direction a hanging wall block moves during rupture, as measured on the plane of the fault. It is measured
relative to fault strike, +180°. For an observer standing on a fault and looking in the strike direction, a rake of 0° means the
hanging wall, or the right side of a vertical fault, moved away from the observer in the strike direction (left lateral motion). A
rake of £180° means the hanging wall moved toward the observer (right lateral motion). For any rake>0, the hanging wall

moved up, indicating thrust or reverse motion on the fault; for any rake<0° the hanging wall moved down, indicating normal
motion on the fault.
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For rake there usually are used two conventions:
1) -180°<A <180° by Aki & Richards, 1980
2) 0<A<360° by Panza et al, 1973

Reverse fault: 1) 0°<A<180°  Normal fault: 1) -180°< A<0° Strike-slip fault: 1) A=0° left - lateral
2) 0°< A<180° 2) 180°< A<360° 2) A=180° right - lateral

= ‘

Left-lateral strike-slip fault Right-lateral strike-slip fault

{A=0°) (A=180°)
=
p———
?
Normal dip-slip fault Reverse dip-slip fault

(A=-90°) (A=190°)
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NORMAL FAULT REVERSE FAULT STRIKE-SLIP

Modified from Janice VanCleave's "Earth Science for Every Kid: FAULT
101 Easy Experiments that Really Work."
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Thrust fault Right-lateral strike-slip fault
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Focal mechanism

e During an earthquake the accumulated elastic energy is released suddenly by physical displacement of
the ground, as heat and as seismic waves that travel outwards from the focus. By studying the first
motions recorded by seismograph at distant seismic stations, the focal mechanism of the earthquake can

be inferred and the motion on the fault-plane interpreted.

Consider a vertical section perpendicular to the plane of a normal
fault on which the hypocenter of an earthquake is located at the
point H. When the region above the fault moves up-slope, it
produces a region of compression ahead of it and a region of
dilatation.

In conjunction with the compensatory down-slope motion of the
lower block, the earthquake produces two regions of compression
and two regions of dilatation surrounding the hypocenter.

C surface

LA
: e
compression _&4* .-y
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H
dilatation \\ ¢ dilatation

compression

e These are separated by the fault-plane itself, and by an auxiliary plane through the focus and normal

to the fault plane.

e When a seismic P-wave travelling out from a region of compression reaches an observer at C, its first
effect is to push the Earth’s surface upwards; the initial effect of a P-wave that travels out from a region

of dilatation to an observer at D is to tug the surface downwards.

e The P wave is the earliest seismic wave to reach a seismograph at C or D and therefore the initial
motion recorded by the instrument allows us to distinguish whether the firsTBarrivaI was compressional

or dilatational.




Fisica Terrestre 2023-2024

Giovanni Costa

e

CROSS SECTION e PLAN VIEW



Fisica Terrestre 2023-2024

Giovanni Costa

Wt s |

ﬂ'$'b\

PLAN VIEW




Fisica Terrestre 2023-2024

Giovanni Costa

[ s ruaTE A
Q o '
LN
Oy \(l\xq& Fﬂ/’, <7 i
AP ok sl "
2o glhs e
- DIRECTION OF FIRST MOTION DB\ VAo
® FIRST MOTION 1S PUSH (COMPRESSION) g é#b v
O FIRST MoTIoN 15 PULL (DILATATION) 't a R
® No FIRST moT(ioN (UNDEFINED) - -
piare B ¢

S L SLIP VECTOR SHOWING MoT 10N
AYgl OF PLATE B RELATIVE TO PLATE A ‘



Fisica Terrestre 2023-2024

Giovanni Costa




Fisica Terrestre 2023-2024

Giovanni Costa

O O
® ®\ O PuLL
O @ 'l’o 9
) -
e &5t
. \ '@
- ./8 ® PUSH .PUSH
EPICENTER & )
-?
O 0 O 1
@ @ o~ PULL © \@
@) @




Fisica Terrestre 2023-2024

Giovanni Costa

ZONE OF COMPRESSION
EONE OF DILATATION

RIGHT LATERAL

LEFT LATERAL




Fisica Terrestre 2023-2024

Giovanni Costa

e The amplitudes of P-waves and S-waves vary with distance from their (a) single

source because of the effects of physical damping and geometric couple

dispersion. 6,

e The amplitudes also depend geometrically on the angle at which the sround H’

seismic ray leaves the source. This geometric factor can be calculated motion H, )

mathematically, assuming a model for the source mechanism.

e The simplest is to represent the source by a single pair of antiparallel

motions. Analysis of the amplitude of the P-wave as a function of the T‘“ﬁa _,f"_jp
P-wave I\\ g

angle 0 between a ray and the plane of the fault gives an equation of the adintiom

form: patterns ;X)\
P '/ \ T

Alr,t,a,0) = Ay(rt,a) sin20  [Eq 2] S

Y
]:"al.'t':"]TIi-i M___.f"r k&___.-"'lltr

in which Ay(r, t, a) describes the decrease in amplitude with distance r, time t, and seismic P-wave velocity
a. A plot of the amplitude variation with u is called the radiation pattern of the P-wave amplitude, which
for the single-couple model has a quadrupolar character. It consists of four lobes, two corresponding to
the angular variation of amplitude where the first motion is compressional and two where the first motion
is dilatational. The lobes are separated by the fault-plane and the auxiliary plane.
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e An alternative model of the earthquake source is to represent it by a pair '-’b?;*:;::;’t
of orthogonal couples.

.

*The double-couple source gives the same form of radiation pattern for P-
waves as the single-couple source, but the radiation pattern for S-waves is
guadrupolar instead of dipolar.

T\.’:\z\\ /_b}{,F'
e This difference in the S-wave characteristics enables the seismologist to = H\
determine which of the two earthquake source models is applicable. S- S/NH
. . . . P T
waves arrive later than P-waves, so their first motions must be resolved -
from the background noise of earlier arrivals. They can be observed and 'an
are consistent with the double-couple model . M—J o |
N - S

—

Note that the maximum P-wave amplitudes occur at 45° to the fault plane. The directions of maximum
amplitude in the compressional and dilatational fields define the T-axis and P-axis, respectively. Here T and
P imply “tension” and “compression,” respectively, the stress conditions before faulting. Geometrically the
P- and T-axes are the bisectors of the angles between the fault-plane and auxiliary plane. The orientations
of these axes and of the fault-plane and auxiliary plane can be obtained even for distant earthquakes by
analyzing the directions of first motions recorded in seismograms of the events. The analysis is called a
fault-plane solution, or focal mechanism solution. 16
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The maximum compressive (P) and the minimum
compressive (T) axes can be found by bisecting the
dilatational and compressional qudrants respectively. To
bisect the angle between two nodal planes on the stereonet,
we find the poles for the two planes, draw the great circle
connecting them, and mark the point on it half way between
the poles.

[llustration of the relationship between fault planes and the
maximum (P) and minimum (T) compressive stresses. Using
first motion studies, it can be difficult to accurately constrain
nodal planes due to uneven sampling of the wavefield

| f— % T
/r a
Compressional \
P Dilatational

quadrant
quadrant

Faults

45° Dipping thrust

On the meridian connecting
the poles, the points
half-way between the
nodal planes are the

P and T axes
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* The ray path along which a P-wave travels from an earthquake

to the seismogram is curved because of the variation of seismic
velocity with depth. The first step in the fault plane solution is to trace
the ray back to its source. A fictitious small sphere is imagined to
surround the focus and the point at which the ray intersects its surface
is computed with the aid of standardized tables of seismic P wave
velocity within the Earth.

* The azimuth and dip of the angle of departure of the ray from the
earthquake focus are calculated and plotted as a point on the lower
hemisphere of the small sphere. This direction is then projected onto
the horizontal plane through the epicenter.

(b) first motions —t (c) focal mechanism

* The projection of the entire lower hemisphere is called a stereogram. The direction of the ray is marked with a solid
point if the first motion was a push away from the focus (i.e., the station lies in the field of compression). An open point
indicates that the first motion was a tug towards the focus (i.e., the station lies in the field of dilatation). First-motion
data of any event are usually available from several seismic stations that lie in different directions from the focus. The
solid and open points on the stereogram usually fall in distinct fields of compression and dilatation.

e Two mutually orthogonal planes are now drawn so as to delineate these fields as well as possible. The fit is best made
mathematically by a least square technique, but often a visual fit is obvious and sufficient. The two mutually orthogonal
planes correspond to the fault-plane and the auxiliary plane, although it is not possible to decide which is the active fault-
plane from the seismic data alone. The regions of the stereogram corresponding to compressional first motions are
usually shaded to distinguish them from the regions of dilatational first motions. The P- and T-axes are the lines that
bisect the angles between the fault-plane and auxiliary plane in the fields of dilatation and compression, respectively

18
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Focal
Sphere

FIGURE 8.23 (a) The small focal sphere near the source, which can be thought of as the
initial outgoing P (or S) wavefront. The raypath to a point on the Earth's surface (b) will have
an associated takeoff angle and azimuth.
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Equatorial
plane

Equatorial Plane

Stereographic OA’= tan (i)
Equal area  OA"= J2sin (5 in)

FIGURE 8.24 Projections for mapping spherical surfaces onto a plane. Both stereographic
and equal-area projections are used, with the difference being the radial point A" used to
represent the chord from the top of the focal sphere to the point intersected by the
outgoing raypath. A ray going straight down intersects the center of the equatorial plane.
Azimuth is preserved in the projection.
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Example of first motions from a pure strike-slip earthquake. The P-waves impinge on a
station from below
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After all of the first-motion data are plotted (1llustration “2"), we identi-
fy two great-circle arcs on the stereonet representing two planes that are at
right angles to one another, that separate the circles from the black dots, and
that pass near or through the x symbols (b). These are the nodal planes, one
of which 15 coincident with the fault that produced the earthquake. Finally,
we fill-in the quadrants according to convention (c). Clearly, the solution is
non-unique, but it 15 still vseful in providing nformation about the type and
orientation of the fault that produced the earthquake.
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The first motion define four quadrants, two compressional and two dilatational. The division between
guadrants occurs along the fault palne and a plane perpendicular to it.

Seismograms ehibit small or zero first motions in these directions, because the first motion changes
from

dilatational to compressional. The perpendicular planes are called nodal planes, and if their orientations
can be found, then the faul geometry is known. However, first motions alone cannot distinguish between
the fault plane and the perpendicular auxiliary plan

The focal sphere, used for the fault plane

solutions, represents an imaginary sphere ‘
surrounding the earthquake location. The F,,st,zot,o,;";;;;
pattern of compressions and dilatations can be @@
mapped into this sphere according to where
source-receiver paths intersect the lower
hemisphere. x ~In

First motion up
(compression)
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First motion data for a Nodal planes and N, P & Resultant ‘beachball’ plot
hypothetical earthquake T axes fitted to the data showing that the earthquake

from various resulted from reverse oblique
seismograph stations movement on a fault of one of

two possible orientations
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The lower hemisphere of the focal sphere can be plotted into a plane via a stereographic projection
referred to as a stereonet. On a stereonet, lines and planes which pass through the centre of the focal
sphere plot as points and lines respectively.

North

Focal Sphere

330 30
T,
Q@a
300 &0
FOCUS { o l
4 p L
West I3 30 l 60 30 60 ] 30 o £t
Lower \‘ ‘J
hemisphere
RAY, 240 120
Projected position PROJECTION PLANE 210 150

of station

South
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Note that it is only intersections between lines or planes and the focal sphere that are projected. For
example a vertically dipping N-S plane plots as a straight line through the centre. If the plane dips at an
angle, then it will plot along one of the meridians of the stereonet. Planes striking at different azimuths
can be plotted in a similar way by rotating the stereonet. It is also straight forward to plot planes
perpendicular to a given plane; simply rotate the stereoner so that the plane lies on a meridian, and find
the point on the equator 90° from the intersection of the plane with equator. This point is the pole of
the plane. The pole to a plane represents where the normal to the plane intersects the sphere. Any
plane perpendicular to the original plane must contain the pole.

N Planes perpendicular
to plane A
Naorth 2
330 30
N-5 strike
vertical dip
300 60
1l 2
I [ ] 1 w 1 \l €
East ~
westo 0 [ [0 30 60 30 | ]o| - Pole to A
i J,r plane A ‘--i"' A
\
240 120
N-5 strike
N-S strike 70°E dip
60"W dip 210 150

South
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Fault normal Auxiliary plane
Fault normal

6:00

—~ Auxiliary plane

Fault plane Fault plane

Null axis "B"

FIGURE B.27 Focal mechanisms for an oblique-slip event showing P-wave polarities and
relative amplitudes (left) and S-wave polarizations and amplitudes (right). Plus signs (+)
indicate compressions. The fault and auxiliary planes are shown as well as projections of the
P.T.and B axes. (Maodified from Aki and Richards, 1980. Copyright ©1980 by W. H. Freeman
and Co. Reprinted with permission.)
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FIGURE 8.28 Examples of well-constrained focal mechanisms. On the left, P-wave first
motions for the 1989 Loma Prieta earthquake from regional-distance stations are shown in
an equal-area lower-hemisphere projection. Compressional motions are indicated by (+)
and dilatations by (0). In this case ¢,=130° & =70°, and A =140°. On the right, teleseismic
P-wave and SH-wave first motions are shown with P- and SH-radiation nodal planes for the
November 8, 1880 Eureka, California earthquake. This left-lateral strike-slip event has
¢r=48° 6§ =90° and A =0° Upward motions of P waves correspond to compressions (solid
dots), while upward motion of SH corresponds to counterclockwise motion at the source.
First-arrival amplitudes are shown for an equalized instrument gain. (Left from Oppenheimer,
Geophys. Res. Lett. 17, 1199-1202, 1990; © Copyright by the American Geophysical
Union. Right from Lay et al., 1982.)
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QUADRANT OF COMPRESSION
] QUADRANT OF DILATATION

Box 6-5.  local Sphere for a Vertical Normal FFault.
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Box 6-6. Plouing First Motions for a Normal Fault on a Projection.




Fisica Terrestre 2023-2024

Giovanni Costa

Schematic diagram showing the direction of initial movement of particles around the
focus (F) of an earthquake on a W-E dextral strike.slip fauit, viewed from above (a)
and the equivalent zones of compressional (€) and tenslonal {T) sense flrst motion

in the seismic waves radiating outward (b).

Note that due to the symmetry, an identical pattern would result from movement on
an N-S sinistral strike-slip fault passing through the focus
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FIGURE 2. Sxmplxﬁed illustration of the various types of faulting, the relative magnitudes of the ; 1nc1pal stresses and
lower-hemisphere projection earthquake focal plane mechanisms.
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Schematic diagram of a focal mechanism

A View from side View from above
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Fig. 10 — Horizontal compressive stresses in Central Europe. Strike of horizontal component of maximum
compressive stress is shown at each locality by a pair of arrows. Solid arrows denote pressure axis
of earthquakes focal mechanism. (From Ahorner, 1975).
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TYRRHENIAN SEA

Figure 5. Fault-plane solutions for shallow earthquakes of the peri-Adriatic. Compressional quadrants are
shaded and each event is numbered as in Table 1. P-axes are shown as a dot in the dilatational quadrant
and the horizontal projections of slip vectors are shown as arrows. Location and nodal plane information
is given in Appendices 1 and 2.
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Figure 6.9: Focal sphere for Practical 4
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