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Geiger’'s Method

Goals:

* Introduce Geiges method for earthquaklocation
*  Solve a smple location problem

*  Appreciate possibles instabilities

Background:

Geiger (1910, 1912) introduced an iteratleast-squares techngiue for earthauialcation.
This is a simple technique to understnad and to implememietdg the answer depends upon
the spatial distribtion of the observations. One must appreciate this before accepting the result-
ing numbers.

The earthquaklocation problem is high non-linear in the sense that there is no simple lin-
ear relationship between the observedvartimes and the desired spatial and temporal coordi-
nates of the source. This non-linearity arises from the determination of the distances and
azimuths for the source to each observationand also from the model prediatetnrm as a
function of distance and depth.

One approach is to linearize the problem, by focusing on slight changes in the source coor
dinates. ©® amplify the presentation, we will consider a local earthgupdoblem, for which a
cartesian coordinate system is used. This might be useful if one is considering small easthquak
in a mine.

Least Sguares

Let the coordinates of the earthgadte (X,Y,Z,T), whereX, Y and Z are the spatial
coordinates and is the origin time. (The three spatial coordinates define the hypocenter whicle
the two surface coordinates define the epicenter). Let the coordinate of'tthetation be
(Xj,¥;,0), where we assume the station is at the surface. The correspondiddiare ist;.

For the gven atial coordinates, the difference between the observed and predicteld arri
time for observatiorj is

Ies; :tj _tpredj
where
tpredj =T —-l_r(Xj, yj,O, X,Y, Z)



16-2

whereTT is the predicted treel time as a function of the particular phase and the station and
hypocenter coordinates. A non-zero value of the residual may arise from noialtame obser
vations, an incorrect velocity model for predicting thevétaime or from an incorrect choice of
the earthquak ource parameters.

Linearization of this problem starts with the assumption that the residual is due to an incor
rect Xo, Yo, Zo, To), Where thd) indicates the initial alue. If we wish to predict the wrd time
for a nav location, Xy + AX, Yy + AY, Zy + AZ, Ty + AT), the estimated predicted amlitime is

To+ AT +TT(X;, V1,0, X, Y, Z)+6TrJ ax+ 00y 4 9TT 57
0 i Yio X oY FYa

where the partial desétives ae evaluated at the current coordinatfs, Yo, Zg). We want the
change in coordinates to account for the residual, or

es; =AT + oTT, AX + oTT, AY + oTT, AZ
1= X Y 9z

You will now see that the changes from the initial coordinates just appear as linear terms.

One vay to approach this problem is to select the changes such that the minimize the fol-
lowing expression (hence least squares):

R= 3 res]

The conditions to forece this to be atiremum (hopefully a minimum) araR =0 oR =0
pety GAT M aAX
oR -0, and oR 0
oY ONZ
With little effort, this can be placed in a matrix form as

H U H 0

DZTTXTTX Zﬁvﬂ_x ZTrzTrx ZTrx O DZ res;TTx O

0] j j ooAXo Of O

DZTI'XTI'Y Z-ITY-ITY Z-ITZ-ITY Z-ITY DDAY O DZY%JTFY O )

) ) j =0/ 0

D TTTT, ST TT; ZWzTrz >TT; A2 > res;TTz [0

() | j OOAT O 0Ol 0

D TTx 2 TTy ZTFZ N 0 D res; 0

i j j O O

where the shorthand notatidny = aTrj We dso use that fact th aTrj =1
X = X a‘ﬁ— .

The solution of this system of linear equationsvfates the change in source coordinate,
such that the e estimates of the source coordinates are:

X1:X0+AX

Y1:Y0+AY

Z,=75+ M7
and

T1:T0+AT
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This process is repeated again to compyte X; +AX, Yo =--+, Z,=---andT,=:--.

This iteratve pocess continues until the changes are less than a predefined amount to
define comergence.

Matrix Algebra

In setting up (1), we assume that all oba&ons hae equal importance. It is not difficult to
weight the observations. Mever, we must nav focus on the task of solving (1). Equation (1) is
of the formAx =b. A formal mathmatical solution is to determine theefgsio of the matrixA to
write

x=Aly
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