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INTRODUCTION

Surface faulting associated with the M 6.2 and 6.6 earthquakes of November 24,
1987 occurred along the Superstition Hills fault zone (SHFZ) and within a 10 km by
16 km region on its northeast side in the western Imperial Valley (Figure 1). In the
year following the earthquakes, over 600 measurements of offset were made on 132 left-
lateral, right-lateral, or normal faults. Sharp et al. (1989) describe the surface faulting
and these measurements. Plate 1 of that paper shows fault rupture and the locations of
displacement measurement sites. In addition to the two-point measurement sites, seven
quadrilateral sites are distributed along the SHFZ, four of which were emplaced before
the earthquakes of November 1987 (Sharp and Saxton, 1989). A quadrilateral comprises
four stakes driven into the ground to form a rectangle straddling the northwest-trending
Superstition Hills fault. The corners of the quadrilateral are designated according to
the corresponding cardinal point of the compass. Resurveying of the quadrilaterals
gave three-dimensional records of the components of surface displacement associated
with the earthquakes at millimeter or beter resolution (Sharp and Saxton, 1989). The
unprecendented size of the Superstition Hills data set required that the data be stored
and analyzed on a computer. This report describes the paths, computer programs,
and strategies devised to compile and analyze the displacement measurements obtained
following the November 1987 earthquakes. The entire Superstition Hills data set is
presented along with the procedures used to reduce it.

The three aspects of the data reduction to be discussed in detail include the
quadrilateral program, the spread-sheet program, and the power-law programs. The
measurements made at the quadrilateral sites are reduced into components describing
the three-dimensional motion by the quadrilateral program. The reduction of the
displacement measurements to obtain the strike-slip and dip-slip components is carried
out using a spread-sheet program. The strategy of fitting the temporal behavior of the
slip at any site, devised by Sharp and Saxton (1989) and implemented by Boatwright
et al. (1989), required that several new power-law programs be written to analyze the

raw data.

The flow chart (Figure 2) depicts the paths and programs used to compile and
analyze the data and to tabulate and plot the results. The solid lines show where
computer files are generated by and input to the various programs, and the dotted
lines indicate files where the data must be entered manually. Time histories of the
displacement on the SHFZ and the northeast-trending faults were obtained from the
quadrilateral measurements, and at other sites by measuring the distance between two
marks on opposite sides of the fault. The displacement measurements were either
transferred from field data sheets directly into the spread-sheet program in order to



calculate the strike-slip and dip-slip components, and the fault dip or, in the case of
measurements made at quadrilateral sites, were first reduced by a quadrilateral program
(QUAD3D) and then entered into a spread-sheet compilation. The quadrilateral
program described here reduces six horizontal dimensions and two elevation differences
into components of the slip cell describing the relative motion of the quadrilateral
corners. The strike-slip and vertical components calculated with these two programs,
from sites with three or more measurements, were then entered into power-law programs
(AFTER, DIFFER, and GATHER). The programs invert the slip measurements and
times of measurement for three parameters, 3, ¢, and u ¢, of a simple power-law function.
B is the inverse of the duration after the earthquake during which the surface slip follows
a power law, c is the power-law exponent, and uy is the final displacement which the slip
approaches asymptotically (Boatwright et al., 1989; Sharp and Saxton, 1989). One of
several power-law programs was chosen as appropriate and run on each data file and the
power-law parameters were determined. Time-displacement trajectories of the power-
law fittings were individually plotted. Tabulating programs (TABLE and REDUCE)
then combine the resulting parameters. An additional program (SLIPPER) plots these
parameters as a function of longitudinal position on the SHFZ.
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FIGURE 1. Index map showing the location of the SHFZ and the two epicenters
of the November 1987 earthquakes. Surface rupture along the SHFZ and the northeast-
trending faults are shown schematically (from Sharp et al. 1989).
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QUADRILATERAL PROGRAM

The quadrilateral program, QUAD3D whose FORTRAN code and executable
is on the VAX 750 [BUDDING.SLIP.QUAD.PC], reduces measurements made at a
quadrilateral into components describing the three-dimensional motion. The program
reduces horizontal dimensions and elevation differences between the four quadrilateral
corners (N, S, E, W) to cartesian coordinates. The north corner is fixed at the origin
and the motion of the south, east, and west corners are determined relative to this point,
using the fault strike as the X axis, the horizontal direction normal to the fault strike
as the Y axis, and vertical as the Z axis. The fixed azimuth of the fault was determined
indirectly by obtaining intercept distances of the fault trace from points N and E as
measured along the northwest and southeast edges of the quadrilaterals and computing
the azimuth from a field-measured azimuth of the northeast edge. Program KONST
was written to determine certain constants (described below) that are used to obtain
the changes of these intecept distances as the displacement grew.

Data files are created in the format of ‘QUAD’.DAT, shown in Table 1. The
azimuth of the northeast side of the quadrilateral, the azimuth of the fault (both in
degrees west of north), and constants K1 and K2 are entered on the first line. K1 is the
ratio of the slope distance between E and the fault to the slope distance between E and
S determined in program KONST. K2 is the ratio of the slope distance between N and
the fault to the slope distance between N and W. All lengths are in cm. Measurements
entered for times of reoccupation of the quadrilaterals include the date, DLNW, DLSE,
FE, and horizontal distances between the quadrilateral corners-NE, NS, NW, EW, SW,
and SE. The horizontal distances have been corrected for differences in elevation and
the temperature of the steel tape at the time of measurement. DLNW and DLSE are
the elevation differences of N wrt W and S wrt E. FE is the horizontal distance from
E to a line parallel to the fault, passing through N, as measured along the direction
of quadrilateral edge SE. The distance FE was determined for each reoccupation by
another program not described here.

In the example shown (Table 1), two sets of data are listed for each day of
remeasurement between 25/11/87 and 26/10/88. The first data set is derived directly
from the raw field data. The second entry in each data pair (followed by an S) is a
smoothed version of the data adjusted for the difference between the measured distance
versus the calculated distance of each measurement. The smoothing was done by taking
advantage of the single redundancy of the raw quadrilateral data to make the data
internally consistent at the level of field precision (0.1 mm). The smoothing criteria
are described in Sharp and Saxton (1989). The smoothing was done with program
SMTHR. The initial datum used in NQUAD.DAT is the smoothed version of the latest
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pre-earthquake measurement (24/10/86). The program can analyze data in either the
measured or smoothed form.

The program is run as shown below.

$ RUN [BUDDING.SLIP.QUAD]QUAD3D
ENTER QUAD NAME

N QUAD :

WORKING. . .

FORTRAN STOP

The ‘QUAD’.OUT file for NQUAD quadrilateral is shown in Table 2. Column
headings are defined below and are illustrated by Figure 3. Figure 3A illustrates
the relative positions of the four corners of the quadrilateral, N, S, E, and W, in a
horizontal plane at surveying time I (4N;, yW,, 4S;, and yxE,) and at surveying time
II (4N, Wi, 5Su, and gE;;). Note the position of yW; and yWy; in the horizontal
plane and the vector W, — W, showing the movement of the W quadrilateral corner
between times I and II. Figure 3B illustrates the cartesian axes and the components
of the slip cell defined by the vector W; — W;; which are calculated by the QUAD3D
program. XE, YE, XS, YS, XW, and YW are X and Y coordinate pairs for the east,
south, and west corners, respectively, with the X axis parallel to fault strike (positive
toward SE) and the Y axis horizontal and normal to the fault strike (positive toward
NE). SSS and SSW are strike-slip components for S wrt E and W wrt N. Positive strike
slip is right lateral. ES and WE are extensional components of S wrt E and W wrt N.
Positive extension indicates that the two points are moving apart. SLS and SLW are
slip of S wrt E and W wrt N. VSE and VNW are changes in elevation differences of S
wrt E and N wrt W, equal to the vertical component of slip. Positive values indicate
S and W rising wrt E and N, respectively. HS and HW are horizontal components of
SLS and SLW. AHS, in degrees W of N, is the azimuth of SLS. AHW, in degrees W of
N, is the azimuth of SLW. DIPS and DIPW are dip-slip components of SLS and SLW.
DIP<S and DIP<W are dip angles of the fault indicated by S wrt E and W wrt N. The
angle is positive when extension is positive. PLNGS and PLNGW are plunges of SLS
and SLW. A negative value indicates plunge to the NW and a positive value indicates
plunge to the SE for a right-lateral fault striking NW.

Measurements necessary in the spread-sheet reduction of each quadrilateral include
AZ FLT, SLS, AHS, and PLNGS. Values evaluated separately in the power- law program
are SSS, SSW, VSE, and VNW. The format used for the date of each measurement in
the quadrilateral program should be changed to the date and time format required by
the power-law programs, so that the data can be read directly from one program into
the other. The FORTRAN code for the program is listed in Appendix 1.



TABLE 1. Format of the ‘SITE’.DAT file, shown by NQUAD.DAT, required by
the QUAD3D program.

$ TYP NQUAD.DAT

74 75.77 .547106 .558371 [AZ NE, AZ FLT, K1, K2)
24/10/86-S
0.0505 0.1540 -0.1891 [DLNW, DLSE, FE]
6.1207 7.4585 4.6672 7.1241 5.3403 4.3914  [NE,NS,NW,EW,SW,SE]
25/11/87

0.0546 0.1626 -0.1894
6.1187 7.3664 4.6570 7.2162 5.3407 4.4001

25/11/87-S

0.0546 0.1626 -0.18%4

6.1187 7.3664 4.6570 7.2162 5.3399 4.4001
28/11/87

0.0557 0.1630 -0.1895

6.1173 7.3550 4.6562 7.2275 5.3398 4.4022
28/11/87-S

0.0557 0.1630 -0.1895

6.1173 7.3550 4.6562 7.2275 5.3398 4.4022
6/12/87

0.0565 0.1637 -0.1896

6.1171 7.3438  4.6547 7.2377 5.3394  4.4031
6/12/87-S

0.0565 0.1637 -0.1896

6.1171 7.3438 4.6547 7.2377 5.3393  4.4030
12/12/87

0.0568 0.1642 -0.1896

6.1163 7.3345 4.6531 7.2456 5.3384 4.4024
12/12/87-S

0.0568 0.1642 -0.1896

6.1167 7.3345 4.6533 7.2456 5.3386 4.4033
21/12/87

0.0571 0.1646 -0.1896

6.1165 7.3285 4.6532 7.2514 5.3391 4.4040
21/12/97 s

0.0571 0.1646 -0.1896

6.1165 7.3285 4.6528 7.2514 5.3386 4.4037
13/1/88

0.0580 0.1652 -0.1897

6.1157 7.3193 4.6521 7.2602 5.3389 4.4051
13/1/88-S

0.0580 ©0.1652 -0.1897

6.1160 7.3193 4.6521 7.2602 5.3386 4.4044
24/2/88

0.0586 0.1657 -0.1897

6.1158 7.3118 4.6513 7.2685 5.3384 4.4068
24/2/88-S

0.0586 0.1657 -0.1897

6.1159 7.3118 4.6515 7.2685 5.3384 4.4068
29/4/88

0.0592 0.1662 -0.1898

6.1150 7.2987 4.6496 7.2803 5.3381  4.4087
29/4/88-S

0.0592 0.1662 =-0.1898

6.1150 7.2987 4.6496 7.2803 5.3381 4.4079
26/10/88

0.0597 0.1665 =-0.1899

6.1148 7.2863 4.6487 7.2940 5.3390 4.4106
26/10/88-5

0.0597 0.1665 -0.1899

6.1148 7.2863 4.6487 7.2940 5.3384 4.4106



TABLE 2. Format of the ‘SITE’.OUT file, shown by NQUAD.OUT, calculated
by the QUAD3D program.

$ TYP NQUAD.OUT
DATA FROM THE N

DATE
24/10/86-S
25/11/87
25/11/87-5
28/11/87
28/11/87-5
6/12/87
6/12/87-5
12/12/87
12/12/87-5
21/12/87
21/12/87-8
13/1/88
13/1/88-S
24/2/88
24/2/88-5
29/4/88
29/4/88-5
26/10/88
26/10/88-5

DATE
25/11/87
25/11/87-S
28/11/87
28/11/87-5
6/12/87
6/12/87-S
12/12/87
12/12/87-5
21/12/87
21/12/87-S
13/1/88
13/1/88-5
24/2/88
24/2/88-S
29/4/88
29/4/88-S
26/10/88
26/10/88-5

DATE
25/11/87
25/11/87-5
28/11/87
28/11/87-5
6/12/87
6/12/87-S
12/12/87
12/12/87-5
21/12/87
21/12/87-§
13/1/88
13/1/88-S
24/2/88
24/2/88-5
29/4/88
29/4/88-5
26/10/88
26/10/88-S

XE
6.1178
6.1158
6.1158
6.1144
6.1144
6.1142
6.1142
6.1134
6.1138
6.1136
6.1136
6.1128
6.1131
6.1129
6.1130
6.1121
6.1121
6.1119
6.1119

Sss
11.60
11.60
13.00
13.00
14.39
14.38
15.37
15.48
16.23
16.21
17.34
17.31
18.37
18.38
20.00
19.94
21.60
21.60

HHPMHMPRpRRMBBBBR00000
wUNNNNMHHHOOOOOOOOB

DIPW

0000000000000 Q0
VWOOOVOWOO®OINNINININON

QUAD. MOVEMENT RELATIVE TO:24/10/86-S

YE
.1888
.1888
.1888
.1889
.1889
.1889
.1889
.1889
.1889
.1889
.1889
.1889
.1889
.1889
.1889
.1889
.1889
.1889
.1889

wn
@®
~

Xs
5.8910
5.7731
5.7731
5.7577
5.7577
5.7435
5.7436
5.7329
5.7322
5.7245
5.7248
5.7126
5.7132
5.7024
5.7025
5.6853
5.6859
5.6691
5.6691

ES

.
-
~

- - N-N- - N-N-N-N-N-N-N--N-N-)
-
~

NNOPDDO D WwWDW b

72.

PRRREREED

YS XW YW
-4.5744 0.5511 -4.6346
-4.5756 0.4334 -4.6368
~4.5756 0.4334 -4.6368
-4.5766 0.4181 -4.6374
-4.5766 0.4181 -4.6374
-4.5764 0.4047 -4.6371
~4.5763 0.4047 -4.6371
-4.5748 0.3934 -4.6364
-4.5756 0.3939 -4.6366
-4.5756 0.3868 -4.6371
-4.5754 0.3865 -4.6367
-4.5758 0.3747 -4.6370
-4.5751 0.3750 -4.6370
-4.5765 0.3644 -4.6370
-4.5765 0.3646 -4.6372
-4.5769 0.3483 -4.6365
-4.5762 0.3483 -4.6365
-4.5773 0.3310 -4.6369
-4.5773 0.3310 -4.6369
WE SLS SLW VSE

0.22 11.63 11.77 0.86
0.22 11.63 11.77 0.86
0.28 13.03 13.31 0.90
0.28 13.03 13.31 0.90
0.25 14.42 14.65 0.97
0.25 14.42 14.65 0.97
0.19 15.41 15.78 1.02
0.20 15.51 15.73 1.02
0.25 16.26 16.44 1.06
0.22 16.24 16.47 1.06
0.24 17.38 17.65 1.12
0.24 17.35 17.62 1.12
0.25 18.41 18.69 1.17
0.26 18.42 18.66 1.17
0.20 20.04 20.30 1.22
0.20 19.98 20.30 1.22
0.23 21.64 22.02 1.25
0.23 21.64 22.02 1.25

.

.
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VNW HS
.41 11.60
41 11.60
52 13.00
S2 13.00
60 14.39
60 14.38
63 15.37
63 15.48
66 16.23
66 16.21
75 17.)4
75 17.31
81 18.37
81 18.38
87 20.00
87 19.94
92 21.60
92 21.60

AHS AHW
75.2 74.7
75.2 74.7
74.8 74.5
74.8 74.5
75.0 74.8
75.0 74.8
75.6 75.1
75.3 75.0
75.3 74.9
75.4 75.0
75.3 75.0
75.5 75.0
75.1 75.0
75.1 75.0
75.1 75.2
75.3 75.2
75.0 75.2
75.0 75.2
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FIGURE 3. Figure 3A illustrates the relative positions of the four corners of the
quadrilateral, N, S, E, and W, in a horizontal plane at surveying time I (4N;, yW;, xS;,
and xE,) and at surveying time II (4N, Wy, uSu, and 4E;). Note the position of
s W; and 4y Wy, in the horizontal plane and the vector W; — W,; showing the movement
of the W quadrilateral corner between times I and II. Figure 3B illustrates the cartesian
axes and the components of the slip cell defined by the vector W; — W,; which are
calculated by the QUAD3D program. AF = fault azimuth.
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SPREAD-SHEET PROGRAM

425 measurements of displacement obtained at 296 sites following the Superstition
Hills earthquakes are listed in Appendix 2. Locations of these sites are shown in Plates
1A and 1B in Sharp et al. (1989). The spread-sheet program calculates strike-slip and
dip-slip components and dip from field measurements usually comprising length of slip
vector, azimuth of slip vector, plunge angle and quadrant of downward inclination of
the slip vector, and local azimuth of the fault.

Calculations were carried out on a PC with a Symphony spread-sheet program
developed by Lotus Corp. Unfortunately, due to the cost of the appropriate software, the
VAX 750 and 785 have no spread-sheet capabilities at present, so the displacement data
were entered manually into both the PC to be analyzed by the spread-sheet program
and into the VAX to be analyzed by the power-law programs. The spread-sheet data
on the PC can be written into an ASCII file, however, and thereby transferred to the
VAX using KERMIT. If this file transfer is reasonably convenient, it would be useful to
write a program to extract ‘SITE’.DAT files from the transferred spread-sheet files.

10



POWER-LAW PROGRAMS

Three versions of the power-law program, AFTER, GATHER, and DIFFER, are
available to accommodate different measurement strategies. Three related programs
PRIOR, PRIOR.S, and PRIOR.T are available to analyze different power-law functions.
All of these programs (codes and executables) are located in [BUDDING.SLIP]. The
AFTER, GATHER, and DIFFER programs invert the slip measurements to fit the
power-law function

pt }

Bt +1

where u(t) is the displacement at post-earthquake time t, uy is the final displacement,

u(t)=uf[

B is the inverse of the “duration” of the afterslip and c¢ is the power-law exponent
(Boatwright et al., 1989; Sharp and Saxton, 1989). The “duration” (T = 1/f) is
the time during which the displacement rises steeply in log-log and log-linear plots of
displacement versus time. At times longer than the duration, the displacement increases
asymptotically to the final slip.

The program AFTER is used to reduce a discretely sampled record of displacement
measured on a natural feature. The data is entered as shown below in the file RS-I{.DAT,
following the format (6X,F12.4,10X,F8.3,10X,F8.3). Date and post-earthquake time are
entered in decimal days in the first column, cumulative displacement in centimeters in
the second column, and uncertainty associated with each measurement, in centimeters,
in the third column. Commonly the uncertainty increases with time as the natural
feature degrades. The program AFTER was used to obtain the power-law trajectories
shown in Figure 4.

$ TYP RS-K.DAT

5.44 48.0 0.5
14.42 52.0 0.5
24.114 55.0 1.0
84.26 61.0 1.0

175.56 62.0 1.0

At many sites nails were emplaced as semi-permanent markers to increase the
precision of the displacement measurement. The program GATHER is used to analyze
a record of slip measurements obtained in this fashion (see JL-14.DAT on the following
page). This program searches for a decrease in the measured slip value in the
data file, i.e. 3.58 cm at 4.343 days, which signals a change to the differential
measurements made on nails. Displacements measured after the nails were installed
are reported as differential values (cumulative displacement less displacement at time of
nail installation), i.e. 3.58 cm, rather than 25.08 cm, with an uncertainty of £0.1 cm.
The program calculates the uncertainty o, of a displacement “measurement” as
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where o; is the uncertainty associated with the initial measurement and o4 is the
uncertainty associated with a subsequent measurement of differential slip. The
GATHER program uses both the initial slip measurements and the differential slip
measurements to invert for the best power-law fit to the data. This program was used
to obtain the trajectories shown in Figure 5. A change of data-point symbol from a circle
to a diamond indicates a measurement made on nails rather than on natural features.
Note that overall displacement, not the differential slip, is plotted.

$ TYP JL-14.DAT

1.302 21.50 0.5
4.343 3.58 0.2
16.215 8.08 0.2
19.135 8.60 0.2
21.368 8.80 0.2
23.212 9.42 0.2
94.260 14.33 0.2
154.460 16.64 0.2

At some sites, the offset feature was destroyed prior to reoccupation of the site, so
that the overall displacement at the site cannot be measured. The program DIFFER is
used to analyze data where there were only one or two measurements of displacement
made before the feature was lost. The program searches for a displacement measurement
of 0 cm (see RS-BETA.DAT) which gives the time the nails were emplaced. Subsequent
nail measurements are reported as differential values with an uncertainty of £0.2 cm.
The program DIFFER was used to obtain the trajectories shown in Figure 6. The
estimates of overall displacement which are derived from measurements of the differential
slip and the derived estimate of the “lost” slip are plotted using diamonds.

§ TYP RS-BETA.DAT

1.168 39.5 0.5
6.265 49.5 0.5
14.472 56.0 0.5
71.280 65.0 1.0
97.201 0.0 0.0
156.167 2.99 0.2

The AFTER, GATHER, and DIFFER programs can be initiated in [BUDDING...]
by simply entering the program name. An example of how these programs are run
follows, where GATHER is used to invert the displacement measurements at site JL-
14. The screen output shows both cumulative slip with calculated uncertainty and
differential slip with measured uncertainty. The program searches for the best § in
the range 0.0005 < 8 < 0.5. The inversion iteratively searches for a best fit of the
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model to the data (Boatwright et al., 1989). Once this minimum has been located, the
programs perform a Monte Carlo permutation of the data to quantify the uncertainty

of the derived parameters. The fit for each seventh Monte Carlo permutation is output

to the screen.

The program then writes out the final parameter estimates and their uncertainties,

as well as the slip predicted by the model. Initial slip is defined as the displacement one

day after the earthquake. Afterslip ratio is the ratio of the final slip to the initial slip.
The FORTRAN codes for programs AFTER and GATHER are listed in Appendix 1.
The codes and executables are located in [BUDDING.SLIP].

$ [BUDDING.SLIP]GATHER
enter name of input file: JL-14

#itr 4initial

50

1.
4

16.
19.
21.
23.
94.
154.

20.82

3020

. 3430

2150
1350
3680
2120
2600
4600

45

site JL-14

1
1

.14 21.50

21.500
25.080
3.5800
29.580
8.0800
30.100
8.6000
30.300
8.8000
30.920
9.4200
35.830
4.3300
38.140
6.6400

final missing

sampled Monte Carlo inversions

48
47
42
44
52

20.91
20.46
20.48
21.18
20.01
21.11
21.25
20.96
20.85
21.52
20.59
21.04
15.99
20.45

44.
45.
43.

96 21.57
18 21.14
62 21.16
04 21.86
05 20.68
99 21.78
98 21.93
71 21.66
.25 21.52
.48 22.20
.38 21.23
.42 21.71
.11 20.66
09 21.12

(e ReNeoNoNeoNeoNoNoloNeNoNoNoNo]

13

.126

.125
.128
.130
.124
.131
124
.123
.127
.126
124
.126
.123
.131
.128

beta
0.0022

0.0022
0.0021
0.0030
0.0023
0.0029
0.0019
0.0016
0.0026
0.0026
0.0020
0.0019
0.0016
0.0024
0.0018

duration

456.13

458.61
483.63
337.50
429.17
345.76
537.22
632.42
386 .85
391.09
508.99
523.05
607.35
424.12
570.39

X2

0.5350E+01 -

0.1266E+02
0.8094E+01
0.9076E+01
0.9404E+01
0.1040E+02
0.6959E+01
0.9899E+01
0.2530E+01
0.1317E+02
0.6236E+01

0.2286E+02
0.8421E+01
0.1056E+02
0.6767E+01



beta = 0.00219 +/- 0.00066 (range covers 997, of beta)
Monte Carlo range is 0.00070 to 0.00418

slip duration = 456.1 days (interval 350.0 to 663.8 days)

C=10.1264 +/- 0.0029

initial sli§”= -20.82 +/- 0.53

final slip = 45.14 +/- 1.80

afterslip ratio = 2.17 +/- 0.08

time measured slip model slip uncertainty
1.30 21.50 21.52 0.50
time cumulative slip model slip uncertainty
4.34 25.08 25.04 0.54
16.21 29.58 29.48 0.54
19.13 30.10 30.08 0.54
21.37 30.30 30.48 0.54
23.21 30.92 30.79 0.54
94.26 35.83 36.12 0.54
154.46 38.14 37.94 0.54
time differential slip model diff uncertainty
4.34 3.58 3.52 0.20
16.21 8.08 7.96 0.20
19.13 8.60 8.56 0.20
21.37 8.80 8.96 0.20
23.21 9.42 9.27 0.20
94.26 14.33 14.60 0.20
154.46 16.64 16.42 0.20

FORTRAN STOP

The program SLOP plots the model fit to the measured displacements. Running
the plotting program, as shown on the following page, is self-explantory. The example
shown creates a linear-log plot using the file JL-14.0UT. Once the type of plot is decided,
SLOP will cycle over an entire set of sites. Entering a <CR> at the prompt for the
site name exits the program. We present four plots of this kind per page in Figures 4 -
6. The related program SLOPS generates plots of only the data points and the fitted
curve without printing the fitted parameter values. The program also requests the X
and Y limits for each plot as input.
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$ RUN [BUDDING.SLIP]SLOP

[plotting package prompts]

1 = linear vs. linear
2 = log vs. log

3 = linear vs. log

4 = log vs. linear

Choose plot type (I1): 3 (CR = 2)
type station name (A/cr=stop): JL-14

Save this plot [¥/N]? Y
type station name (A/cr=stop): CR exits SLOP
FORTRAN STOP

The PRIOR program, and its two variations PRIOR-S and PRIOR._T, were written
as alternative methods for fitting the data near the northwest end of the SHFZ. Power-
law fits to the measured displacement at sites on this portion of the fault resulted in
B approaching a negative value (that is, fixed at the lower limit of the allowed range).
Sharp and Saxton (1989) suggest that these negative 3 values reflect displacement that
may have occurred prior to the second mainshock (M 6.6) of November 24, 1987. They
used the PRIOR program to analyze the data from N-QUAD and NC-QUAD.

The program PRIOR inverts the displacement measurements to fit the power-law
function

u(t) = uo + upt®

where u(t) is the displacement at post-earthquake time t, u, is the initial displacement
prior to the earthquake, u; is the displacement one day after the earthquake, and c is the
power-law exponent at post-earthquake time ¢. ‘SITE’.DAT files of the form required
for AFTER are used in the PRIOR program. An example of a PRIOR run is shown on
the following page on NCQUAD-VSE.DAT. A lower limit < 0 for prior slip can be used,
if desired. This value is then added to the first measured displacement, halved, and used
as a starting point for the iterations. The iterations are output to the screen. Once the
minimum has been located, the power-law exponent, initial slip, minimum prior slip,
and the fits of measured to model slip (less the minimum prior slip) are printed. In the
example, 0.87 cm of vertical displacement is estimated to have occurred at NCQUAD
before the M 6.6 earthquake.

The program SLOPPY is used to plot the power-law trajectories of data analyzed
by PRIOR. To accomodate the prior displacement, limits for the axis of abscissas must

15



§ RUN [BUDDING.SLIPJPRIOR
enter name of input file: NCQUAD-VSE

station NCQUAD-VSE

1.3000 -0.5200 0.0200
5.2700 -0.4800 0.0200
12.2600 -0.4500 0.0200
18.2500 -0.4300 0.0200
27.2400" -0.4100 0.0200
50.2200 : -0.3900 0.0200
92.3300 -0.3700 0.0200
157.2000 -0.3400 0.0200
set lower limit for prior slip: -2.0 (CR = 0)
prior initial C X2
-1.26 0.73 0.046 0.29
-1.62 1.09 0.032 0.34
-1.44 0.91 0.038 0.32
-1.26 0.73 0.046 0.29
-1.08 0.55 0.059 0.26
-0.90 0.37 0.082 0.23
-0.72 0.19 0.133 0.31
-0.81 0.28 0.101 0.24
-0.90 0.37 0.082 0.23
-0.99 0.46 0.068 0.24
-0.94 0.41 0.074 0.24
-0.90 0.37 0.082 0.23
-0.85 0.32 0.090 0.23
-0.81 0.28 0.101 0.24
-0.83 0.30 0.095 0.23
-0.85 0.32 0.090 0.23
-0.88 0.35 0.086 0.23
-0.90 0.37 0.082 0.23
-0.89 0.36 0.084 0.23
-0.88 0.35 0.086 0.23
C =0.0861 +/- 0.0114
initial slip = 0.35 +/- 0.04
minimum prior slip = -0.87
time measured slip model slip uncertainty
1.30 0.35 0.35 0.02
5.27 0.39 0.40 0.02
12.26 0.42 0.43 0.02
18.25 0.44 0.44 0.02
27.24 0.46 0.46 0.02
50.22 0.48 0.48 0.02
92.33 0.50 0.51 0.02
157.20 0.53 0.53 0.02

FORTRAN STOP

16



be set after the prompt in the plotting routine. An example of the output from SLOPPY
is plotted in Figure 7 for site NCQUAD-VSE.

AFTERSLIP
0 T T
3 parameter fit assuming prior slip

E
L
&
®
v
(2]
<
E NCQUAD-VSE

-0.8 power law exponent = 0.134 b

initial slip = 0.2 cm
_,1.0 l A

1 10 100 1000
time after the earthquake (days)

FIGURE 7. Model fit of afterslip with calculated error bars and parameters
determined for site NCQUAD-VSE analyzed by the program PRIOR.

The program PRIOR.S (which calculates a displacement present prior to the
eatrthquake) inverts displacement measurements to fit the power law function

pt_1°
i)

where u(t) is the displacement at post-earthquake time ¢, u, is the initial displacement

U(t)=uo+ltf[

prior to the power-law slip, u, + uy is the final displacement, § is the duration after the
earthquake during which the surface slip follows a power law, and c is the power-law
exponent.

The program PRIOR.T (which calculates the time of the displacement present prior
to the earthquake) inverts displacement measurements to fit the power law function

B(t +1,) }
Blt+1t,)+1

where u(t) is the displacement at post-earthquake time t, uy is the final displacement,

u(t):uf[

B is the duration after the earthquake during which the surface slip follows a power law,
t, is the time when the pre-earthquake displacement occurred, and ¢ is the power-law

exponent.

17



Both the PRIOR.S and PRIOR.T programs require data files (‘SITE’.DAT) in the
format used to run AFTER. The PRIOR-S program prompts for a lower limit for the
range of prior slip to be searched, similiar to the PRIOR program. The range of prior
time which is searched in PRIOR_T is hard-wired into the program. The iterative search
that both programs follow is output to the screen in the same format as in the AFTER,
GATHER, and DIFFER programs. The ‘SITE’.OUT files generated by PRIOR.S AND
PRIOR.T are plotted using SLOP, not SLOPPY. An example of the PRIOR.S output
for site NCQUAD-VSE is shown in Figure 8.

AFTERSLIP NCQUAD-VSE

L] T T 0
with prior slip = =0.69 cm

-0.2 4 -0.2
E
3]
-~ -0.4 + <4 -0.4
B
.; 4
o )
¢ -0.6 1 -0.6
- ]
2
2 ]

-0.8 + power law exponent = 0.158 4 -0.8

power law duration = 2000 days
-1.0 . . -1.0

1 10 100 1000
time after the earthquake (days)

FIGURE 8. Model fit of afterslip with calculated error bars and parameters
determined for site NCQUAD-VSE analyzed by the program PRIOR.S.
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