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ABSTRACT

Since 1971 the Geophysics section of Imperial College has surveyed a

trilateration network in the Imperial Valley, southern California, ten

times in order to measure horizontal ground deformation associated with the

Imperial fault. These surveys provide a uniquely detailed record of the

deformation occurring before, during, and after the magnitude 6.6 October

15, 1979, Imperial Valley earthquake.

The trilateration network now comprises over 300 stations on an 800 in

spacing square grid of agricultural roads, and extends to more than 20 km

from the Imperial fault. The main instrument used in the surveys is the

mekometer, a high-precision short-range electro-optical distance measurement

equipment. A detailed analysis of the survey data indicates that the

mekometer introduces systematic errors of three types; a long term drift, a

temperature dependent error, and daily drift. The long term drift is

explained by water vapour entering the microwave cavity which generates the

reference frequency fundamental to the distance measurement, and the

temperature dependent error may arise from thermal expansion of the cavity.

No satisfactory cause is found for the daily variation, though it apparently

arises in the mekometer rather than the environment. After appropriate

corrections have been applied the standard error of measurements in the most

recent (and most accurate) survey is less than 1 ppm.

There is no clear precursor to the 1979 earthquake in the survey data,

although shear strain accumulation was measured centred on the Imperial

fault, which was slipping about 6 mm/yr in episodic creep events. The rate

of strain accumulation may have been increasing. The earthquake caused

0.6 in right lateral displacement on the Imperial fault within the network.

Right lateral displacement of points further from the fault were greater,

with a maximum of 1.3 in between points 3 km either side of the fault. A

zone of intense deformations was observed reaching to 6 km from the fault

with strain changes up to 200 ppm. Unexpectedly large displacements

perpendicular to the fault were measured in this zone. These movements are

not consistent with simple models of displacements and may result from an

inelastic response of weak surface materials to the shaking during the

earthquake. Following the earthquake the fault continued to slip at a rate

inversely proportional to the elapsed time after the earthquake. This slip

is modelled as the delayed propagation of co-earthquake slip from depths of

about 4 km.
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CHAPTER ONE: INTRODUCTION

1 .1 The role of surveying in earthquake research.

Many millions of people are living on regions of the earth which are

liable to suffer major destructive earthquakes. Examples of such regions

are California, Mexico, Japan, China, New Zealand, and the Mediterranean

countries. In such regions the eventual occurrence of an earthquake is

inevitable, so it is not surprising that a considerable amount of scientific

research is being undertaken to minimize the consequent suffering, and loss

of life and property. This research falls into two principal categories,

earthquake prediction and earthquake-resistant building design.

The difficulty in predicting earthquakes in the short scale (that is,

on a scale of months or less) lies in their essentially random nature. An

earthquake is the result of the sudden release of stress on a failure plane.

Generally stress is considered as accumulating relatively slowly and

steadily over the course of time. Most earthquakes occur on pre-existing

faults, and it is the friction on the faults which prevents the continuous

release of stress. There may be local strong points, or 'asperities' on the

fault which lock it. Even if the rate of stress accumulation is known, the

strength of the asperities on the fault is not, so that it is not possible

to tell when the stress will become sufficient to break the asperity, and

cause an earthquake. Were the strength of the asperity known, as the stress

approached this critical value an earthquake could be triggered by the

fluctuating stresses in the earth caused by earth tides and distant seismic

activity, and again the exact timing of the earthquake would remain

uncertain.

Currently prediction research is directed towards recognising

characteristic behaviour of a fault on which failure is imminent. Such a

phenomenon is called a precursor. By studying geophysical and geodetic

records precursors have been discovered before many earthquakes. Rikitake

(1981) reviews the progress in this research. The principal precursors

which have been observed are:-

- Foreshocks, and precursory seismic clusters in otherwise generally

aseismic sections of a fault. Possible means of identifying

foreshocks from other seismicity are characteristic focal



mechanisms, wave forms, ratio of P to S wave magnitudes, low b

values (i.e. a disproportionately small number of small

earthquakes in a cluster), and migratory behaviour.

- A change in the ratio of V, the seismic compression wave velocity,

to V, the shear wave velocity, in the rupture zone. Prior to

some earthquakes in the USSR and in New York state this ratio has

been found to decrease and then steadily recover. The earthquakes

occured at approximately the time the ratio recovered its original

value.

- Fault creep and volume strain changes

- Changes in resistivity in the rupture zone, and in the electric field

in the ground (self-potential).

- Local changes in the geomagnetic field.

- Changes in the radon content of ground-water.

- Changes in the water level in wells, and in the head pressure in

gas/oil wells.

- Abnormal animal behaviour.

Unfortunately most of these phenomena have two problems which hinder

the routine prediction of earthquakes. Firstly they may occur without a

subsequent earthquake, leading to false predictions, and secondly there are

earthquakes which are not preceded by such precursors, and which will not be

predicted. For example following the discovery of a precursory change in

the VP/Vs ratio there was widespread optimism that the prediction problem

would be solved. However the effect was found to be small, or non-existent,

in the strike-slip regime of California.

In a review of the first five years of the U.S. Earthquake Hazards

Reduction Act, Evernden (1982) suggests that best hope for overcoming the

unsatisfactory progress in short term earthquake prediction lies in locating

and monitoring asperities, in the hope of observing some characteristic

behaviour as they approach failure. In a related article, Allen (1982)

confirms the lack of progress in short term prediction compared with that

expected at the commencement of the research program, but adds that this is

counterbalanced to some extent by the better than expected success in 'long

term' prediction.
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Long term earthquake prediction amounts to identifying faults, or

sections of faults, on which there is a high risk of a major earthquake on a

scale of years (or even decades). While this research does not have the

value of a timely warning of an earthquake, it does at least allow efforts

at short term prediction to be usefully concentrated in areas at risk.

The seismological approach to risk assessment is to study the long term

record of seismicity on a fault. From this study the typical recurrence

interval of major earthquakes on the fault can be assessed. Also by

continuous monitoring of seismic and microseismic activity it may be

possible to locate seismic gaps on the fault, on which there is abnormally

little or no seismicity. Assuming that the rate of strain accuinulution

along the fault is uniform, these seismic gaps can be interpreted in two

ways. Either the strain is being released aseismically, or stress is

accumulating. In the latter case the seismic gap is a potential site o

an earthquake.

An alternative approach to assessing risk is to measure ground strain.

Assuming that the crust behaves elastically, where strain is accumulating so

is stress. Eventually the stress must be released by an earthquake. Ground

strain may be measured locally using strainmeters, or on a larger scale by

repeated surveying of networks of survey marks. By measuring a network

extending to distance from the fault, it is hoped to be able to assess

strain accumulation on the fault at depth, as well as at the surface.

Rikitake (1981) finds that the logarithm of the time by which many

precursors lead the subsequent earthquake is approximately linearly related

to its magnitude. For earthquakes of magnitude 8 the precursor time is of

the order of 20 to 30 years. Thus phenomena which can be used to predict

small earthquakes are not practical for the very destructive earthquakes for

which predictions are most desired. Anothr aspect of this relationship is

that to establish the expected time of an earthquake after a precursor has

been observed, the magnitude of the event must be known. A possible means

of estimating the magnitude is given by Dambara (1981), who has observed an

empirical relationship between the maximum radius of the area over which

precursors are observed and the magnitude of the event. Geodetic surveys

are natural candidates f or estimating this radius, since they have a good

areal coverage.
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Surveying has thus an important role to play in prediction research, in

identifying areas at risk, and in estimating the magnitude of a forthcoming

event. The results of repeated surveys of tectoriically active areas also

provides valuable constraints on theoretical models of the physical

processes which cause earthquakes.

The second category of earthquake research mentioned in the

introductory paragraph, that of earthquake-resistant building design, is

principally concerned with accelerations during the earthquake, rather than

with the static displacements of the ground which are determined from

surveying. However some of the co-earthquake ground strains described in

this thesis are an order of magnitude larger than might have been expected,

and may need to be considered in building design.

This thesis describes a program of monitoring deformation by surveying

in the Imperial Valley of southern California (see fig 1.1 for the

location). In the course of this work the deformation from the October 15,

1979, magnitude 6.6 Imperial Valley earthqake was measured. In this thesis

the observations of this deformation will be discussed after the methods of

surveying and data reduction have been described.

1.2 The Imperial Valley - a natural earthquake laboratory

The Imperial Valley is a broad structural trough lying at the northern

end of the Gulf of California. Although much of the valley is below sea

level, the sea is excluded by the deltaic cone of the Colorado River in

Mexico. The valley is filled with up to 7 km of lacustrine and deltaic

sediments, the majority of which have been deposited in the last two million

years (Elders et al. 1972, Sharp 1982).

The differential movements of the Pacific and North American plates are

accommodated by a series of spreading centres and transform faults running

from the East Pacific Rise in the south, through the Gulf of California and

the Imperial Valley, to the San Andreas fault (fig. 1.2). Minster and

Jordan (1978) have computed plate movements based on global data for the

last 3 million years, from which the movement of the N. American plate

relative to the Pacific plate can be calculated as 50 mm/yr on a bearing of

N141°E in the vicinity of the Imperial Valley.
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The sediments in the valley are a very simple structure in which to

observe and model earthquake effects. This fact, coupled with the short

recurrence interval of large earthquakes (Allen et al. (1965), indicate 10

years for quakes of magnitude 6 or greater) and with the ease of access to

much of the valley on the dense network of agricultural roads, makes the

region a natural earthquake laboratory. Because of this the regions is well

instrumented with seismometers (Johnson, 1979), strong motion

accelerometers, survey networks on all scales, and creepmeters.

The fault of prime interest to this thesis is the Imperial fault

(fig 1.3). This was first recognised when it ruptured following the May 18,

1940, Imperial Valley earthquake (described by Ulrich, 1941, and Richter,

1958). Except for the northernmost 10 km it is mapped as a relatively

simple, straight fault. Right-lateral strike-slip motion predominated the

1940 and 1979 displacements, and it is only on the section north of the

projection of the Brawley fault zone that significant dip-slip motion

(downthrow to the east) has been observed. The dip-slip motion complements

that of the Brawley fault zone, and between the two faults a topographic

depression, the Mesquite Lake, has formed. The Imperial fault has undergone

episodic creep since it was first monitored in 1967 (Goulty et al., 1978);

individual creep events, many of which can be attributed to triggering by

distant earthquakes, typically result in 10 mm displacement developing on

short sections of the fault. The displacements on the Imperial fault and

Brawley fault zone are discussed in much greater detail in chapter seven.

Other significant faults recognized in the Imperial Valley are

- the San Andreas fault; little surface movement is associated with this

fault in the Imperial Valley, although strike slip displacements have

been observed on Ki reesegments, totalling 20 kin length, following the

1968 Borrego Mountain earthquake (Allen et al., 1972), and the 1979

Imperial Valley earthquake (Sieh, 1982). There is considerable

microseismic activity on the fault, which has led Sieh to speculate

that it may shortly be the scene of a significant earthquake.

- the San Jacinto fault zone, comprising the Clark and Coyote Creek

faults. The Coyote Creek fault ruptured following the Borrego

Mountain earthquake.
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Figure 1.3: Faults in the Imperial Valley. Bold lines indicate those
sections of faults on which historical displacements have
been observed.



- the Superstition Hills fault, on which small strike-slip displacements

have been observed following the Borrego Mountain and Imperial Valley

earthquakes.

- the ElsinOre fault zone, on which no activity has been observed north

of the US-Mexico border.

Lomnitz et al. (1970) have proposed a model of the Gulf of California

as a series of transform faults and spreading centres, in which the rate of

spreading decreases to the north (fig. 1.4). The differential spreading

rates result in a number of parallel strike slip faults rather than a single

chain of spreading centres and transform faults. Spreading centres are

marked on land by recent volcanism (Cerro Prieto in Mexico, and the Obsidian

Buttes at the south end of the Salton sea) and by high geothermal gradients.

Geothermal steam is exploited for power production at numerous sites. This

model has been tentatively corroborated by geodetic measurements of Savage

et al. (1979), who estimate the slip at depth to be approximately 25 mm/yr

on the San Andreas fault, 17 mm/yr on the San Jacinto fault, 46 nun/yr on the

Imperial fault, and 7 mm/yr on the Elsinore fault. The estimated total

displacement across the Valley is 53 mm/yr, which is in good agreement with

the movement exp3cied From Minster and Jordan's global tectonic model
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Figure 1.4: Sketch map and tectonic model of the Imperial Valley region.
Differential spreading rates in the spreading centres result
in a series of parallel right-lateral transform faults.
(after Lomnitz et al., 1970). Abbreviations used are:-

SAF San Andreas fault
SJF San Jacinto fault
EFZ Elsinore fault zone
BSZ Brawley seismic zone
IF	 Imperial fault
CP	 Cerro Prieto geothermal field
LSF Laguna Salada fault
CPF Cerro Prieto fault
WE	 Wagner basin.

Spreading centres are shaded.



CHAPTER '1i: THE IMPERIAL VAlLEY MEKOMETER NETWMK

2.1 The history of the network

The Imperial Valley mekometer network was constructed to locate the

principal centres of fault movement amongst the known and suspected faults

that continued the San Andreas fault system south into Mexico. The early

development of the network is summarised in Mason (1976). The first

stations were built by a team from the Riverside campus of the University of

California using funds from the US Bureau of Reclamation in 1970. The 130

stations formed a string of quadrilaterals stretching 45 km from an

abandoned airfield east of Holtville to a point south of Seeley (fig 2.1).

The original network was surveyed in 1971 and 1973. It was apparent

that the principal fault movement was related to the Imperial fault, which

was exhibiting aseismic creep of the order of 8 mm/yr. In 1975 it was

decided to considerably enlarge the network in the vicinity of this fault.

90 new stations were built, of which 55 formed a block approximately 8 km by

5 km spanning the Imperial fault, and the remainder formed a chain of

quadrilaterals parallel to and north of the western half of the original

chain.

The next survey of the network, in 1978, was marked by repeated

equipment failures. The downtime was exploited to virtually double

the size of the block across the fault, and to build a further

enlargement of the network around the Heber geothermal area under a contract

from the USGS Water Resources division, with a view to measuring any ground

movements associated with tapping the geothermal steam in that area.

The 1978 survey was incomplete in the central area of the network, and

did not touch upon the 'limbs' of the network to the east and west. Thus in

1979 the work was continued to complete the measurements on the central

portion of the network. Again the network was enlarged, being

extended northwards along the Imperial fault towards its junction with the

Brawley fault. Also small networks of a few stations each were constructed

around three recording creepmeters maintained by the California Institute of

Technology, and situated where the Imperial fault crosses Ross Road, Heber

Road, and Highway 98 (Tuttle Ranch).
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The time and cost of extending the network was justified when the

October 15, 1979 Imperial Valley Earthquake caused significant and

unexpected ground deformation within the network. Surveys in autumn 1979,

1980, 1982 and 1983 have been devoted to recovering the information held in

the network, a task which is increased by the continued high rate of fault

creep after the earthquake.

The details of the personnel, equipment, and lines measured during each

survey are summarized in Appendix B. The locations of all the stations of

the network can be seen in figure B.11.

2.2 The stations

The survey stations of this network are buried marks. Measurements are

made by setting up and centring a tripod over the stations. A more accurate

survey could be conducted from permanent survey monuments onto which survey

equipment mounted directly. However the buried stations are much cheaper to

build than pillars, since they do not require extensive foundations to avoid

tilting. Also they are less liable to damage from the heavy agricultural

equipment used in the area.

The first stations built consisted of 3 meter lengths of 25 mm diameter

steel barrel pipes. These were set into holes drilled with a truck-mounted

rig. The reference point for the measurements was a 3 mm diameter hole

drilled into a brass cap on top of the pipe. The stations were generally

less than 0.1 m below ground level.

Since 1970 much station building has been piecemeal replacement of

missing stations for which it was not practical to obtai !n the services of a

drill rig. For this reason a simpler design of station was conceived (fig

2.2). This consisted of a 1 m length of 12 mm diameter stainless steel rod.

The stations were constructed by digging hole approximately 0.3 in diameter

by 0.4 in deep. The rod was hammered into the centre of the hole until about

0.15 in protruded from the bottom, and the hole was then filled with concrete

to within about 10 mm of the top of the rod. The reference point in these

stations was a centre punch mark in the top of the rod. Although this type

of station is of a much lighter design than the original, the concrete
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Plastic tape to
aid location

Concrete collar

" diameter
stainless steel
od

1 meter

Figure 2.2: Showing the construction of stations built sin6e
1975.
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collar and the greater depth of burial of the top of the station both serve

to improve its stability. The greatest problems encountered with this type

of stations was corrosion of the end of the rod which obscured the centre

punch mark. This was only a serious problem on a few stations, and probably

resulted from the action of corrosive agricultural chemicals.

2.3 Station names

The original network consisted of a long row of pairs of stations. The

north station of each pair was denoted by the letter N, and the south

station by the letter S. This was followed by a number which increased from

1 at the eastmost of the pairs of stations to 64 in the west. There were

also 7 stations in the Holtville airfield which were denoted APi to AP7.

This system proved inadequate when the network was extended in 1975.

Stations were renamed in 1975 into the current quasi-coordinate system,

wherein a stations name indicates its approximate location. This system is

based on the approximately 800 in square grid of agricultural roads which

covers most of the area of the network. The first character of the name

represents its position in a north-south sense, increasing from D in the

north to Z in the south, then through the numbers 1, 2, and 3. The second

two characters are a two digit number which increases from 07 in the east to

63 in the west. This three character name may be followed by a letter

indicating a replacement of the original station. Thus D24 will be replaced

by D24A, then by D24B, and so on. Table 2.1 lists the conversions between

old and new station names.

Two departures from these conventions occurred in 1978. Firstly, on two

occasions measurements were made from tripods which were not located above

permanent stations. The locations of the tripods were denoted R36T and

X36T (the T denoting temporary). In retrospect it would have been better to

have built stations at these locations. Secondly, as part of the contract

to expand the network across the Heber geothermal area it was required to

tie some of the USGS and USCGS stations into the network. These stations

have been denoted with the name of the nearest station in the network

followed by the letters US.

The naming of stations was further complicated in 1979 by the stations

built around the recording creepmeters, which subdivided the original grid.



N59
N60
N61
1462
N63
1464

R53
R54

Si
S 2
S3
S4
S5
S6
S7
S8
Si 0
Si 1
Si 2
Si 3
514
S15
Si 6
Si 7
Si 8
Si 9
S20
S2i
S22
S23
524
S25
S26
S27
S28

158
S59
Q60
Q6 i
P62
Q6 3

T5 i
T52

Eli
El 2
Ei 3
Ei4
Ei 5
E16
El?
E18
E20
E2 1
E22
E23
E24
E25
E26
E27
E28
E29
F30
H30
J30
K30
130
M31
N31
P31
Q31

S29
S30
S31
S32
S33
S34
S35
S36
S37
S38
S39
S40
S41
S42
S43
S44
S45
S46
S47
S48
S49
S5O
S51
S52
S53
S54
S55
S56
S57
S58
S59
S60
S61
S62
S63
S64

R32
S32
132
U32
V32
W33
X34
X35
X37
X38
X39
X40
X41
X42
W42
V42
1143
1144
U45
1146
1147
1148
U49
T50
S51
S52
1154
1155
U56
1157
1158
159
560
R61
R62
R63

	

Table 21A:	 Conversion between previous and current stations names.
Only those names marked by an asterisk have been used since 1975.

	

Old New	 Old New	 Old New	 Old New	 Old New

APi	 010
AP2 ElO
AP3 009
AP4 E09
AP5 007
AP6 E08
1%P7 E07
A19 030
A33 W32

*MD29 M2950
*MO294 M2955

*M030 M3050
*M294 M2905

*NO29 N2950

Ni	 Dli
N2	 D12
N3 D13
N4 D14
N5	 015
N6 016
N7	 017
N8 D18
N1O D20
Nil	 021
N12	 022
N13 023
N14 024
N15 D25
N16 026
N17	 027
N18 D28
N19 029
N20 E30
N21	 F31
N22 H31

N23	 J31
N24	 K31
1425	 L31
N26 M32
N27 N32
1428 P32
*N284 N2805
1429 Q32
*N294 N2905

1430 R33
N31	 S33
N32 T33
N33 U33
N34 V33
1435 W34
N36 W35
N37 W37
N38 W3755
N39 W38
1440 W39
N41	 W40
N42 W41
N43 V41
1444 LJ42
1445 T43
N46 T44
1447 T45
N48 T46
N49 T47
1450 T48
1451 T49
N52 S50
1453 R51
1455 S53
1456 T55
1457 T56
1458 T57

*TUT1 220
*TUT2 120
*111T3 121

*TUT4 221

*V0234 V2355
*V024 V2450
*VD244 V2455
*V234 V2305
*V244 V2405

X5 E15A
X6 E16A
X7 Ei7A
X20 F3OA
X21 H3OA
X28 Q3iA
X30 S32A
X34 W33A

*X37Z W3755
X40 X4OA
X52 T5OA
X64 R63A

Y2 Di2A
Y2i F31A
Y22 H31A
Y43 V41A
Y51 T49A
Y52 S5OA
Y56 T55A
Y64 Q63A

Z54 T52A
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Table 2.18:	 Conversion between current and previous stations names.
Only those names marked by an asterisk have been used since 1975.

New Old	 New Old	 New Old	 New Old	 New Old

D07 AP5
009 AP3
D1O APi
Dii	 Ni
D12	 N2
D12A V 2
D13 N3
014 N4
DiS N5
D16 N6
D17	 N7
D18 N8
D20 N1O
021 Nil
D22 N12
023 N13
024 N14
025	 N15
026 Ni6
D27 N17
028 N18
D29 Ni9
D30 A19

E07 AP7
E08 AP6
E09 AP4
ElO AP2
Eli	 Si
E12	 S2
E13 S3
E14 S4
E15 55
E15A X 5
E16 S6
E16A X 6
E17	 S7
E17A X 7
E18 S8

E20 SlO
E21	 Sil
E22 S12
E23 S13
E24 S14
E25	 S15
E26 S16
E27	 S17
E28 518
E29 Sig
E30 N20

F30 S20
F3OA X20
F31	 N21
F31A Y21

H30 S21
H3OA X21
H31	 N22
H31A Y22

J30 S22
J31	 N23

K30 S23
K31	 N24

130 S24
L3i	 N25

*M2905 M294
*M2950 MO29
*M2955 MD294
*M305O MD3O
M3l	 S25
M32 N26

*N2805 N284

*N2905 N294
*N2950 NO29
N31	 S26
N32 N27

P31	 S27
P32 N28
P62 N63

Q31	 528
Q31A X28
Q32	 N29 -
Q60 N61
Q61 N62
Q63 N64
Q63A Y64

R32 S29
R33 N30
R51	 N53
R61	 S62
R62 S63
R63 S64
R63A X64

S32 S30
S32A X30
S33 N31
S50 N52
S5OA Y52
S51	 S53
S52 S54
S53 N55
S59 N60
S60 S61

T32 S31
T33 N32
T43 N45

T44 N46
145 N47
146 N48
T47 N49
T48 N50
T49 N51
T49A Y51
150 S52
T5OA X52
151	 R53
152 R54
T52A Z54
155 N56
T55A Y56
T56 N57
157 N58
T58 N59
T59 S6O

U32 S32
033 N33
042 N44
043 S45
044 S46
045 S47
U46 S48
047 S49
U48 S50
049 S5l
054 S55
055 S56
056 S57
(157 S58
058 S59

*V2305 V234
*V2355 VD234
*V24O5 V244
*V2450 VD24

*V2455 V0244
V32 S33
V33 N34
V41	 N43
V41A Y43
V42 S44

W32 A33
W33 S34
W33A X34
W34 N35
W35 N36
W37 N37
W3755 N38

*W3755 X37Z
W38 N39
W39 N40
W40 N41
W41 N42
W42 S43

X34 S35
X35 S36
X37 S37
X38 S38
X39 S39
X40 540
X4OA X40
X4i S41
X42 S42

*120 TUT2
*121 1013

*220 TUT1
*221 TUT4



These stations are named by adding two digits to the name of the station on

the NE corner of the grid square in which they lie. In principal these are

also on a coordinate system, the first digit increasing from 0 in the north

to 9 in the south, and the second from 0 in the east to 9 in the west.

However in practice only the digits 0 and 5 were used initially, since these

were most easily rernembered. With the adoption of this system, the station

previously known as X37Z was renamed W3755.

It is desirable to keep station names to 5 characters or less, since

the Imperial College computer uses 60 bit words which can represent 10

characters. Thus with names of 5 characters, a line connecting two stations

may be described in one computer word. With this consideration in mind the

replacement of N2905 was named N2904 instead of N2905A.

2.4 Locating stations

Since the stations are buried, the first task during a survey is to

relocate them. The principal aids to finding stations are station

descriptions; sketch maps of the near vicinity of the station with taped

distances to nearby (and hopefully permanent) features. Most stations are

within a few meters of concrete irrigations channels, which provide abundant

reference points in the joins in the canal lining and the sluice gates.

As an aid to locating the station it has been the practice at the close

of each survey to lay trails of non-biodegradeable plastic tape (flagging)

in several directions from the top of the station to the surface. When one

is digging for a station in baked mud under the hot desert sun, the

discovery of a fragment of plastic tape is a great boost to morale.

Stations may be marked by a small depression in the ground, where the soil

used to fill the hole after the previous survey has settled.

If a station cannot be found on the basis of its station description,

it is then located using previous survey measurements. A tripod is set up

where the station is believed to be. Either horizontal angle measurements

or distance measurements are made between this tripod and two nearby

stations. These are sufficient to calculate the, offset of the tripod from

the missing station. If this fails to locate the station, it is assumed to

have been destroyed. Crook (1982a) lists a calculator program used in
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instrumental locations of stations.

2.5 Stability of the stations

The basic requirement of a survey station is that it should be fixed

with respect to the element of the ground that it is considered to

represent. This requirement can be interpreted in various ways; for a

civil engineering application the interest would be in measuring the ground

movement near the surface, to the depths to which structures and foundations

are built, whereas for a geophysical study of the interaction of crustal

units the interest may be in deformation at tens of kilometers depth.

In this work we are interested in the deformation of the tipper crust

associated with faulting. A station could be considered as unstable if it

is not fixed with respect to the surrounding soils, or if the surrounding

material is itself unstable (for example if the station is on a slope which

is inclined to slump). To put it another way, if the tectonic movements

could be stilled, then any continuing movement of the stations would be

considered as instability.

In a dense network such as the Imperial Valley mekometer network, it is

possible to estimate the extent of the instability of stations. To do so it

will be assumed that the tectonic movements will result in large scale

deformation which will affect several stations, whereas local instability

will affect only individual stations. The instability can thus be detected by

comparing the results of different surveys of the network. Coordinates are

calculated for the stations on the basis of the measured lengths, and

displacements are obtained as the difference between the coordinates

calculated for two surveys (see chapter six). Since tectonic displacements

are assumed to affect several stations, the tectonic displacement at a given

station can be estimated on the basis of the displacements of the adjoining

stations. Any difference between the actual displacement of the station and

that estimated can then be attributed to the instability of the station.

The above approach has been used to estimate the instabilities of

stations between the 1975 and 1978 surveys, and between the 1980 and 1982

surveys. These two intervals are chosen because they do not include the
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earthquake and because each pair of surveys includes a reasonable number of

common stations for which coordinates may be calculated. For each common

station the tectonic displacement is estimated on the basis of the

displacements of the ten nearest stations. Stations are rejected from this

set if they lie on the opposite side of the Imperial fault to the station

being studied. The displacements of these stations are fitted with a

uniform strain model. Those stations for which this model is a poor fit are

also rejected. The model fitting the remaining stations is used to

calculate the expected displacement of the station under study. Essentially

this amounts to filtering out the long wavelength tectonic displacements to

leave the short wavelength noise.

The comparison of stations coordinates between the 1975 and 1978

surveys has not been fruitful. This is believed to be due to the errors in

the 1975 coordinates. This comparison is not discussed further.

There are 92 stations common to the 1980 and 1982 surveys for which

coordinates are available. The tectonic displacement has been estimated for

each station. The standard error of these estimates can be determined from

the goodness of fit of the uniform strain model to the displacements of the

neighbouring stations. The maximum standard error of the estimated

displacements is 2.5 mm; 18 are greater than 1.2 mm, and 13 are less than

0.6 mm. The instabilities of the stations (the difference between their

actual and expected displacements) are illustrated as displacements in fig.

2.4, and as histograms in fig. 2.5. It is immediately obvious that the

stations do exhibit significant 'non-tectonic' movements, and in fact 70

stations have instability vectors greater than two standard deviations. The

magnitudes of the instability vectors form a continuous distribution up to

10 mm, with 70% less than 5 mm. The root mean square instability between

1980 and 1982 is 4.0 mm, or about 2 mm per year. It may be noted from fig.

2.4 that the larger estimated instabilities occur at th edge of the network

and near the fault, where there are fewer stations in the immediate vicinity

to compute the expected displacements from. These instabilities are

probably exaggerated for this reason, so that the mean instability will be

correspondingly overestimated.

Pour of the stations exhibit particularly large instabilities, and have

not been included in the above statistics for this reason. These are F29,

N33A, P27, and P29. F29 was disturbed by canal building, the continuation



of which destroyed the station during the 1982 survey. N33A was found

protruding from the ground in 1982, and felt loose. P27 and P29 are both

built on steep earth banks forming part of road bridges over Interstate 8.

The instability vectors of these stations are both pointing down the slope,

and the atypical movements probably represent soil creep. This was expected

when the stations were built, their purpose was principally to ensure

adequate redundancy in calculating coordinates, and not to provide useful

tectonic information.

The survey stations typically drift about 2 mm per year due to non-

tectonic causes. This would lead to an expected error in strains calculated

in 800 m and 1100 m lines of about 2.5 and 1.8 ppm per year respectively.

This does not imply that there is no point in measuring distances with any

greater accuracy, since the change that would occur in the distance between

points at the ends of the network as a result of station drift is also about

2 mm, which is only 0.05 ppm. The implication is rather that caution should

be exercised in drawing conclusions on tectonic movements from data relating

to only a few stations, where the analysis may be distorted by a large

instability in one of the stations.

Of the 105 stations visited during the 1980 survey 9 had been destroyed

before the 1982 work. Together with the two stations for which useful

information was lost (F29 and N33A), this amounts to a loss rate of 5% per

year. The principal causes of station loss are canal construction work and

regrading the roads. This high loss rate limits the amount of time that can

be allowed to elapse between surveys without an untenable loss of

information. For example, after five years 23% of the stations will be lost

and only about 60% of the lines will remain.



Figure 2.3: Station instability vectors for the period 1980-1982. Instability
vectors are the estimated non-tectonic movements of stations.
Vectors greater than 2 cm in length are denoted by circles.
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CHAPTER THREE: THE MEKOMETER

3.1 Introduction

The mekometer (fig 3.1) is a high precision short range electro-optic

distance measurement equipment. It was developed at the National Physical

Laboratory by Dr. Froome and Mr. Bradsell, and is described by them in

Froome and Bradsell (1966), and Froome (1971). It was the availability of a

prototype of this equipment that inspired the construction of the original

mekometer network in California, and several smaller networks in Iceland.

It has been the principal surveying equipment in all the surveys of the

Californian network, despite its frequent breakdowns.

The mekoineter is powered by an external power supply unit, to which it

is connected by a 12 core cable. The power supply unit is built to hold a

12V rechargeable NiCd battery. These batteries have been found inadequate

to run the mekometer for one day's work, and lead-acid batteries have been

used instead.

The mekometer mounts into a yoke, which fits onto a KERN tripod. The

yoke contains vertical and trunion rotation axes which 	 permit coarse and

fine adjustment, a tribrach and bulls-eye bubble for levelling, and an

optical plummet which allows centring. The bubble and optical plummet have

not been found suitable for centring, and for most measurements the tripod

has been centred using a separate optical plummet, and the built in plummet

is used only to check that the tripod has not been disturbed while mounting

the mekometer.

3.2 Operating principle

The mekometer measures distance by counting the number of wavelengths

of a modulation on a light beam transmitted to and returned from a distant

reflector. The operating principle of the mekometer is summarised below and

in fig 3.2.



Figure 3.1: Operators eye view of the mekometer.
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The light source is a xenon flash tube which produces a 40 microsecond

pulse at a rate of 100 pulses per second. The effective wavelength of this

carrier beam is 0.485 znicrometres. The light beam passes through a KDP

crystal in a 500 MHz microwave cavity, which induces an elliptical

polarization of wavelength 0.6 m. The beam then travels to a remote corner

cube reflector and back to the inekometer where it is demodulated by a second

KDP crystal in the same cavity. The strength of the return signal is

measured by a photomultiplier and displayed on the 'MEASURE' meter.

The length of the light path between the modulating and demodulating

crystals may be mechanically adjusted inside the mekometer, and by measuring

the adjustment required to obtain the minimum return strength, the excess of

the path length over a whole number of modulation wavelengths may be

determined. The number of wavelengths, and hence the path length is found

by repeating this procedure using four other slightly different modulation

frequencies (MEASURE SEQUENCE positions 2 to 5). If f 1 is the fundamental

frequency, then f2=0.9f 1 , f3=0.99f 1 , f 4=0.999f 1 , and f5=O.9999f1.

The accuracy of setting the return signal strength to a minimum is

improved by using perturbed modulating frequencies f+6f and f-sf on

alternate pulses, and subtracting one response from the other. This

effectively differentiates the response, so that instead of seeking a

minimum, the operator has to null the 'MEASURE' meter. Depending on the

length of the line different perturbing frequencies are used. The mekometer

has two range settings, short range or HI FM for lines up to 500 m

(6f75 KHz), and long range or LO FM for lines greater than 500 m

(s5f=15 KHz).

The mekometer computes the distance to the reflector making the

assumption that the modulation wavelength is exactly 0.6 m. Since the group

velocity of the carrier beam varies with the atmospheric temperature,

pressure, and humidity, the modulation frequency must vary reciprocally in

order to maintain the required wavelength. The mekometer varies the

modulation frequency in this fashion by using a wavelength standard instead

of a frequency standard as is more common in EDM equipments. This is a

passive microwave resonance cavity set in a ventilated compartment of the

mekometer, thermally insulated from the rest of the equipment, which

therefore acquires atmospheric temperature. There is a small leak in the

cavity which ensures that the pressure is balanced with that outside. The



effect of temperature arid pressure on the refractive index of the microwaves

is similar to that on the group refractive index of the optical carrier

beam, and so the constant size of the reference cavity will lead to a

constant modulation wavelength on the carrier beam. It is not possible to

correct for humidity in the same way since water vapour has a much greater

effect on microwaves than on optical frequencies, and so the air in the

cavity is kept dry with a silica gel dessicant.

The reference cavity resonates at approximately nine times the

fundamental frequency of the modulating cavity. The modulating cavity is

tuned to the reference cavity by the operator, by simply sliding a metal rod

into or out of the cavity. A signal is extracted from the modulating

cavity, and after modification to enhance the ninth or tenth harmonic and

mixing with a signal from a quartz oscillator, is injected into the

reference cavity. The response of the reference cavity is monitored on the

'TUNING' meter, and once again the slightly perturbed frequencies on

alternate pulses from the modulating cavity are exploited to allow the

operator to set a null instead of seeking a maximum response. The five

frequencies required for the distance measurement Cf 
1 
to f5 ) are obtained

using three sideband oscillators of frequencies fq1=22478MHZ

fq2=17•982MHZ r and fq3=22O28MHZ by the following scheme.

9f -f =f1	 qi	 r

	

lOf -f	 =f2	 qi	 r
9f +f =13	 qi	 r

	

9f -f	 =f4	 q2	 r
9F -f =f5	 q3	 r

where r is the reference cavity frequency.

The procedure for making a measurement is as follows. Firstly the

mekometer is pointed at the reflector to obtain the maximum return signal

strength on the 'SIGNAL STRENGTH' meter. The range (HI or LO FM) is set on

the range switch, according to the length of the line. The mekometer is set

to 'MEASURE SEQUENCE' position 1, ensuring that the handwheel is wound fully

back (this sets the zero of the measurement). The modulation cavity is

tuned to the reference cavity, and the light path adjusted with the

handwheel on the side of the instrument to null the 'MEASURE' meter. The

mekometer will then have measured the excess of the line length over a whole

number of half wavelengths (0.3 m). The last three digits of the display

give a correct fine reading, the last digit being in units of 0.1 mm. If a
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full distance reading is required the operator then sets the nulls on the

'TUNE' and 'MEASURE' meters in 'MEASURE SEQUENCE' positions 2 to 5; each

time the 'MEASURE SEQUENCE' position is switched the handwheel must be in

the position which nulls the measure meter. Two further controls available

to the operator are the 'SENSITIVITY' control, which alters the time

constant of the 'MEASURE' meter and is used to reduce the effects of

atmospheric fluctuations, and the 'SYSTEMS FORWARD/REVERSE' switch, which

is used to reverse the sense of the 'TUNING' and 'MEASURE' meters to

eliminate electronic bias and null errors in the system. Care must be taken

that the nulls set on the 'TUNE' and 'MEASURE' meter are correct, since the

'TUNE' meter will show a null if it is a badly tuned, and the 'MEASURE'

meter has two nulls, corresponding to a maximum and minimum return signal

strength. The correct nulls are such that if the tuning is slightly

altered, then the 'TUNE' meter responds, and the 'MEASURE' meter moves in

the same direction.

The features of the mekometer which make it suitable for accurate short

range measurements are:

- the mechanically adjusted optical path length which eliminates the

need for electronic phase comparison and the associated risk of

cyclic errors,

- the use of elliptic polarization instead of amplitude modulation,

since this is much less prone to natural interference and

distortion.

- the 'differentiation' of the response of the meters, so that the

operator sets nulls instead of maxima or minima.

The principal drawback of the mekometer is the automatic compensation for

atmospheric temperature and pressure, which fails to be sufficiently

accurate because at best it can only compensate for the temperature and

pressure at the mekometer station, and in practice fails to do this. This

possible source of error is discussed in gre&ter detail in chapter 5.

3.3 Theoretical corrections to mekoineter distance measurements

Ideally the reading given by the mekometer will be exactly equal to the

distance between the points on the vertical axes of the mekometer yoke and

the reflector at the heights of their respective trunion axes. This reading
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will then require a small geometric correction to obtain the distance

between the survey stations over which the mekometer and reflector are

centred. In practice the mekometer reading requires two corrections. The

first is a correction due to the fact that the points to which the mekometer

references distance measurements and from which the reflector reflects light

are offset from their respective vertical axes. This correction, termed the

system constant correction, is added to the reading and is independent of

the length of the line. The procedure for determining the correction

corresponding to any mekometer, yoke and reflector is described in section

3.7.

The second correction required is proportional to the length of the

line, and arises because the mean modulation wavelength along the line may

differ from 0.6 rn. This may occur because of:

- Atmospheric humidity,

- Variations in temperature and pressure along the line, for which the

mekometer cannot compensate,

- The difference between the temperature and pressure of the air in the

cavity, and that of the atmosphere near the mekometer which it is

intended to represent,

- mis-setting of the reference cavity frequency.

The calculation of the possible error from these causes is discussed by, for

example, Meier-Hirmer (1978) and is detailed below.

It is first necessary to determine the frequency of modulation required

to obtain a wavelength of 0.6 in in an atmosphere of known temperature,

pressure, and humidity. The refractive index of light of vacuum wavenumber

a pin 1 in a standard atmosphere at 15°C and 1013.25 mE and containing

0.03% Co2 by volume and no water vapour is given by the Edlen formula

(Froome and Essen, 1969) as n, where

(n _1).106 = 64.328 + 29498.10 + 255.40
146_02	 41—a

The Barrell and Sears formula relates the refractive index in a standard

atmosphere to that in an atmosphere at a different temperature, pressure,

and partial pressure of water vapour;
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(nl) = 0.001040477.(n-1) P(1+T.P) - (a-ba2).e

1-4-aT	 1+ciT

where

T is the temperature of the atmosphere (°C)

P isthe total air pressure (mB)

e is the partial pressure of water vapour (mB)

ci = 1/273.15 = 0.003661

= (0.7868 - 0.01178.T).106

a = 4.68.108

b = 0.0510.10

The 'group refractive index' (i.e. corresponding to the group velocity of

the carrier, which is the effective velocity of the modulation) is

determined from the refractive index by the formula

n	 = n	 - Adn
gtp	 tp	 tp

dA

where A = 1/a is the vacuum wavelength of the light. The modulation

frequency that produces a wavelength of 0.6 in is

c
0.6 n

gtp

where c is the speed of light in vacuum, taken as 2.997925.108 ms.

Combining the equations of the preceding paragraph gives the frequency

of modulation which produces a 0.6 m modulation wavelength on a carrier of

wavelength 0.485 pin carrier beam as

f (T ,P ,e ) =	 499.65410	 MHz
La a a 1 + C.P /(T +273.15) + D..e /(T +273.15)

a a	 a a

where

C = 0.000083448

D = -0.000011007

and T, a' and ea are the mean atmospheric temperature, pressure, and

partial pressure of water vapour along the line being measured.
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Suppose that the actual frequency produced by the modulating cavity is

f (T ,P ,D) where T and P are the reference cavity temperature andMc c	 C	 C
pressure, and D is time (a parameter introduced to account for drift in the

reference cavity frequency). If a line has measured length Lm and the

system constant correction is k, then the true length of the line will be

given by

L = f CT ,P ,e ).(L +k)
La a a	 in
f (P ,P ,D)Mc c

Ideally the frequency 
M would be measured simultaneously with the distance

measurement, and used in the correction of the distance reading. This would

effectively remove the reference cavity from the system, with the modulating

cavity being instead referenced to a crystal or off-air frequency standard.

However measuring the modulating cavity frequency is not simple (see section

3.4), and Imperial College does not possess the equipment to make this

measurement in the field. Furthermore the measurement can only be made

reliably when the mekometer is set on short range, whereas most of the lines

of the Imperial Valley inekometer network must be measured using the long

range setting. The procedure that is adopted is to measure the frequency

in the laboratory, and extrapolate these results to correct the measurements

under field conditions using an assumed dependence on temperature and

pressure.

The factors which affect the modulation frequency are the velocity of

the microwaves in the reference cavity, and the geometry of the cavity. The

geometry will depend principally on temperature and time. The frequency

function can thus be written

ft4	 f(1+1O6c(T , D )]/n CT ,P ,e ) MHzc	 Mccc

where C is the geometric factor, and 
M 

is the refractive index of

microwaves as a function of the temperature, pressure, and partial pressure

of water vapour in the cavity. The latter term is given by Froome and Essen

(1969) as

nM(TC,PC,eC) = 1 + E.P/(T+273.15) - FT.e/(T+273.lS)
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where

E = 0.000077624

FT = 0.00001292.(1 - 105.35)
1 +czT

C

Assuming that the silica gel dessicant is effective, the water vapour

content in the cavity will be about 0.003 mB, and the effect of water vapour

on the frequency will be of the order of 0.015 ppm which may be ignored. If

the water vapour content is greater the effect on the frequency may be

represented by decreasing c(T,D). The correction to the measured length

is given by

L =
	 49965410"M	 C' + E.P/(T+273.15)) • (L+k)

[1+106c(T,D)].[1 + C.P/(T+273.lS) + D.ea/(Ta+273.15)

The constant f is chosen as 499.64421MHz, so that no correction isMs
required for a measurement made in dry air at 25°C and 1013.25mB when the

cavity temperature and pressure exactly match the external conditions.

It can be seen that if the cavity geometry were constant and the cavity

air were at the same temperature and pressure as the mean along the line

then the different responses of light and microwaves to changes in air

temperature and pressure would introduce errors of -0.07 ppm/°C and

0.02 ppm/mB. The mekometer is designed to substantially compensate for the

temperature component of this error by temperature dependent variations of

the cavity geometry.

An alternative method which is often used to correct mekometer data is

to assume that the instrument can exactly compensate for variations of

temperature and pressure. In this case the modulation frequency will

satisfy the equation

f (T ,P ,D) = f (T ,P ,O).(1+10	 (D)) MHzMc c	 L CC	 L

where CL(D) is an error term, which may drift over time. The frequency

calibration measurements determine 	 and the distance measurements may

then be corrected with the formula



L=E1_106c(D)+C.( 

p
C-L	

'T +273.15

P	 e	 Vi

T +273.15L -	 IT +273.15	 m
a	 I	 D	 a	 Jj.(L+k)

a	 )

In chapter 5 an approach to calculating the geometric error function

c(T,D) is discussed which does not assume that the mekometer performs to

its specifications. It is found that the mekometer can introduce a

significant temperature dependent error into the measurements.

Since the frequency error C(T,D) or CL(D) is usually determined from

frequency calibrations on the short range setting, an additional error is

incurred in measurements using the long range setting, for which the

fundamental frequency may be slightly different. This is represented by

replacing C(T,D) with c(T,D)+CR. The range error CR is determined by the

range comparison test described in section 3.6.

At this stage it is worth noting that by differentiating the formulae
for correcting data one obtains the sensitivity of a distance measurement to

the various parameters of the measurement as:-

1.0 ppm/°C for the temperatures

0.3 ppm/mB for the pressures

0.04 ppm/mB for the partial pressure of water vapour in the atmosphere.

3.4 Frequency calibration of the mekneter

The measurement of the modulating cavity frequency requires specialised

equipment because the signal is pulsed and because alternate pulses are of

slightly different frequency. Such equipment is described by Bradsell
(1978). There are essentially four components to the calibration equipment.

These are 1) a tunable 500 MHz oscillator monitored by 2) a frequency meter,

3) a mixer in which a signal extracted from the mekometer mOdulating cavity

is combined with that from the oscillator, the resultant signal being

displayed on 4) an oscilloscope. This equipment is summarised in block

diagram form in fig. 3.3. In the Imperial College equipment, based on

Bradsell's design, a 15 MHz oscillator is used, and the signal from this

passes through a 32x frequency multiplier before entering the signal mixer.

The oscillator, multiplier, and mixer are contained in one casing, this unit

being known (for no very good reason) as WILLEM.
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The principle of the measurement is as follows. Suppose that the

modulation frequencies on alternate pulses are f+6f and f-6f, and that the

frequency entering the mixer from the oscillator is F. When these signals

are mixed the result will consist of alternate pulses modulated with beat

frequencies F-(f+óf) and F-(f-t5f). This resultant is displayed on an

oscilloscope, the timebase of which is triggered by the rise of each pulse.

The screen will display the two beat frequencies superimposed (fig. 3.3).

The oscillator is tuned until the two displayed frequencies are equal, at

which point it follows that F=f. The signal from the oscillator is a simple

continuous frequency, which may be easily measured with the frequency

counter to give the mean frequency of the modulating cavity f.

It is useful to compute frequency error of this frequency from its

'correct' value. As discussed above, ideally the correct frequency would be

that frequency of modulation which gives rise to a 0.6 in wavelength on the

carrier beam in dry air at the same temperature and pressure as the cavity

air. In this case the theoretical frequency (taking into account the 32x

frequency multiplication) would be

Lt =	 15.614191	 MHz
1+0.000083448(P /(T +273.15))

C C

However it is has been seen that the reference cavity resonant frequency is

controlled by the velocity of microwaves, and so the error of the measured

modulation frequency over the above formula will be temperature and pressure

dependent. With the definition of the modulation frequency 
M given above,

the theoretical frequency expected in the frequency calibration becomes

=	 15.613882	 MHz
1-F0.000077624( p /T +273.15))

cc

The two definitions will be equivalent at 25°C and 1013.25mB, because of the

definition of f. Calculation of the theoretical frequency, and hence the

frequency error, requires measurement of the temperature and pressure of the

air in the reference cavity which is discussed in the following section.

The frequency calibration is performed in a stable environment. The

mekonieter is switched on and allowed to run until the cavity temperature

stabilizes. This will usually take about one hour. During this time the
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A)

Mekometer	 N Mixer	 I • lOscilloscope

32x Multiplier

Tunable	 I • Frequency
oscillator 1	 counter

Calibration
unit

B)

Pigure 3.3: A) Block diagram of the frequency calibration equipment.
B) A typical trace on the oscilloscope during the frequency

calibration.
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calibration equipment is also running in order to allow the quartz crystals

(in particular that in the frequency counter) to stabilize; in the Marconi

frequency meter used at Imperial College the ovened crystal oscillator has

been found to only require about 5 minutes to stabilize in practice. The

procedure for the measurement is then:

- set themekometer to measure sequence position 1, short range, and

systems Forward, and tune the modulating cavity to the reference

cavity.

- measure the cavity temperature and pressure

- make five frequency measurements, checking that the modulating cavity

remains tuned correctly.

- note the cavity temperature

- switch the mekometer to systems reverse

- make a further five frequency measurements

- measure the cavity temperature and pressure.

The data from this calibration is recorded on a booking form as illustrated

in fig 3.4. The part per million error of a short range distance

measurement is

C	 = ( f - f )/f	 . io6 ppm,mt	 m mt mt

where f is the mean measured frequency.

The ultimate frequency reference in this work is the crystal in the

frequency meter. This has been periodically calibrated against an off-air

standard. Prior to the 1978 survey the error was +0.8 ppm, before the

spring 1979 survey it had risen to +1.2 ppm, and by the time of the autumn

1979 survey it had risen to +1.3 ppm, at which value it has remained until

the time of writing.

The major limitation on the frequency calibration is that itcannot be

used with the znekometer set at long range. The reason for this is that on

long range the beat signals displayed on the oscilloscope have a frequency

of about 15 kRz, and so on the 40 us pulse only 0.6 of a cycle is displayed.

This is not enough for the operator to be able to accurately match the two

beat frequencies. The implications of this on the Imperial Valley survey,

in which most of the measurements are on long range, are two-fold: firstly

it is not possible to directly adapt this method to a field portable system

to measure the frequency simultaneously with distance, and secondly the
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calibrations cannot be directly applied to correct the distance

measurements because there is generally a difference between the frequency

on long and short range. The latter problem is overcome by the 'range

comparison test', described in section 3.6.

3.5 Measurement of cavity air temperature and pressure

It is not possible to directly measure the temperature and pressure of

the air in the reference cavity, since any probe inserted into the cavity

would radically alter its resonant frequency. In principle the temperature

and pressure of the cavity air should adapt to match the external

atmospheric conditions, so that it should be unnecessary to measure them

separately. The matching of the pressure with atmospheric, accomplished by

a small leak in the cavity, is unlikely to produce any error. The only

mechanisms which could cause a difference between internal and external

pressure would be a blocked or partially blocked leak. Meier-Hirmer (1978)

and Green (1978) report that the production mekometer does successfully

equalise pressure, with the reservation that if the external pressure

changes dramatically (if for example the tnekometer is moved between stations

of different elevation) then the acclimatisation may take up to half an

hour. In this work a measurement of the external air pressure has been

considered as representing the air pressure in the cavity.

The air in the reference cavity cannot be expected to match the

local atmospheric temperature because

- the mekometer must be placed over the survey station, which may not

be the ideal place to sample representative air.

- the mekometer and reference cavity will have a thermal inertia, and

so will tend to average out fluctuations in atmospheric

temperature, and may also absorb radiant heat.

- the mekometer may generate heat itself (it has a power consumption

of about 30 Watts).

In 1978 a temperature probe was constructed to attempt to measure the

cavity temperature more directly. The design of the probe is described in

Crook (1982). The temperature sensor is a small glass bead thermistor,

chosen because

- its small size allows it to be easily placed near the reference

cavity
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- it has a very low thermal inertia, and so will follow changes in

temperature

- it has a negligable self-heating effect, and so does not need to be

placed in a free flow of air.

This probe is placed in one arm of a voltage bridge, and the resistances of

the bridge are chosen so that a digital volt meter across the bridge gives a

direct reading in Centigrade. In fact the readings obtained must be

corrected slightly to give the actual temperature; this correction has been

determined by laboratory calibration. The thermistor is taped to the

outside wall of the reference cavity, the tape serving both to fix it and to

insulate it from the surrounding air.

3.6 The range ccmiparison test

The principal shortcoming of the frequency calibration is that it can

only be carried out on the short range setting of the mekometer, whereas

most of the measurements in the Imperial Valley survey are made on the long

range setting. This problem is overcome by the 'range comparison test', in

which a line is measured on long and short range to determine the

proportional correction required to long range readings. It is assumed that

the different ranges do not introduce a constant error.

The range comparison test will usually be performed at a time when

atmospheric conditions are stable, and measuring conditions good. In the

Imperial Valley this is usually about one hour before dusk. The procedure

that has been adopted is as follows. A reflector is set up about 500 meters

from the mekometer. One full mekometer distance measurement is made to

determine the length of the line. This is followed by a series of 20 fine

readings, alternately using the inekometer on systems forward and reverse.

The first and last five readings are with the mekometer on one range

setting, and the middle ten with it on the other. The atmospheric and

cavity temperatures are noted at intervals during the test, and the

atmospheric pressure noted at the beginning and end of the sequence.

The results of this test are used to calculate the proportional

error of a long range reading relative to an equivalent short range

reading. If the mean of the short range readings is 	 the mean of the

long range readings is	 and the length of the line is D, then the
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correction to a long range distance measurement is

6
CR = (rLrS)/D .10	 ppm.

The correction may be calculated in a slightly more sophisticated fashion by

first correcting the readings for the difference between cavity and

atmospheric temperature, but this will not generally make a significant

difference, since the experiment is designed to eliminate the effect of

linear variations of these parameters with time.

This calibration is quite critical to the survey, since it defines the

absolute scale of long range measurements. However the resolution of the

mekometer display is only 0.1 mm, so that on a 500 m line the standard error

of the calibration must be at least 0.2 ppm. This problem cannot be

overcome by carrying out the exercise using a longer line because the

accuracy of the short range readings would decrease.

During the surveys before 1982 the importance of the range comparison

test was not fully appreciated, since it was understood that the difference

between long and short range could not alter and would remain at the value

specified when the equipment was supplied. The test was only carried out

infrequently during these surveys as the opportunity presented itself.

Detailed analysis of the results of the 1978 survey, described in chapter 5,

suggested that the difference between long and short range may have

significantly altered during this survey. In the light of this discovery

range comparison tests were performed during most days of the 1982 survey.

3.7 The system constant calibration

It has been stated in section 3.3 that each combination of mekometer,

yoke, and reflector will give rise to a constant error in a distance

measurement, resulting from the offset of the reflector from its vertical

axis and the offset of the point to which the mekorneter references distance

measurements from the vertical axis of its yoke. In fact this correction

may depend on the steepness of the line being measured if the trunion axes

of the yoke and the reflectors do not intersect their vertical axes of

rotation. However this is not an important consideration in the Imperial

Valley, where few lines diverge from horizontal by more than 10.
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The simplest means of determining the system constant correction is to

measure the distances between three colinear survey stations A, B, and C.

Let the actual distance between A and B be denoted by AB and the measured

distance be denoted by AS. If the system constant correction to be applied

to a measured distance is k, then AB AS + k. Similar results will apply

for the lengths AC and BC. Since the stations are colinear, it follows that

AC = AS -f BC, and substituting the measured lengths into this identity gives

k = AC - AS - BC

Generally each of the three lines will be measured with each combination of

mekometer, yoke, and reflector being tested in each direction. The set of

measurements can then be analysed by a least squares technique to obtain the

lengths of the various lines, and the system constant corrections for each

set of equipment (remembering that the number of independent system constant

corrections will be two less than the total number of mekometers, yokes, and

reflectors). Obviously this method can be used to calculate the correction

from any set of measurements in which there is redundancy, but three

colinear stations at about 50 m spacing provides the most accurate

calibration with the minimum number of measurements.

Before and after each survey a system constant calibration has been

performed at the Building Research Station baseline at Garston

(Hertfordshire). The baseline consists of three permanent monuments which

are colinear, 50 m apart, and at the same height to within a few

centimeters. The monuments are fitted with Kern baseplates onto which the

yoke and reflector are mounted directly. This allows a reliable calibration

of the equipment.

The system constant calibration measurement was occasionally carried

out in California using tripods in place of monuments. Many of the

haystacks in the Imperial Valley are over 100 m long, and while they are

generally a nuisance to the surveyor, they do allow a 100 m line to be set

up in the shade for these calibrations. Three tripods are set up firmly in

the road. The tripod heads can generally be aligned by eye to within a few

centimeters. In addition to the usual system constant calibration

measurements the horizontal and vertical angles to the end stations are

measured from the central station. This data is used to apply the small
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geometric corrections to compensate for the misalignment of the stations,

and the different heights of the equipment.

The system constant calibration is quite time-consuming; it usually

takes about half a day. During the Imperial Valley surveys two reflectors

were used. A useful quick check against a change in the component of

corrections corresponding to the reflectors was to measure a single line of

30 to 50 in with each reflector. If there was a significant difference

between the measurements after applying the system constant corrections, it

suggested that one of the constants had changed. This procedure does not

test whether the component of the constant arising in the mekometer and yoke

has changed.

The system constant corrections have not generally been found to

change without cause. During the 1978 survey the constants with each

reflector were changed when the mekometer was dismantled, and the constant

for one reflector changed twice, once when the reflector was stolen and once

when it was blown into a drainage ditch and had to be dismantled to dry.
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CHAPTER FOUR: SURVEY PROCEDURES

4.1 The typical pattern of a survey.

The mekometer is usually obtained about one week before departure to

California, to allow it and the associated equipment to be checked and

calibrated. If no problems arise, the field crew of two or three people

will fly to California, and rent transport and accommodation, and check the

equipment once more.

The days during the survey are mainly occupied with either locating

stations and replacing those missing, or with distance measurements.

A typical day of distance measurements will begin with a frequency

calibration of the mekometer, followed by the measurement of a baseline.

The daily measurement of the baseline provides a check on the calibration

of the mekometer. J39-1c39 has been used as a baseline f or all the surveys

since 1975 except that in spring 1979, when S29-S30 was used.

After these calibration exercises, distance measurements are made from

a number of stations. Distances are measured from each station the

mekometer occupies to all available neighbouring stations. Driving to a

mekonieter station and setting up the instrument requires between half and

one hour, and each measurement of a line from that station takes about

quarter of an hour. In a good days work three mekometer stations will be

occupied from which a total of about twenty lines will be measured.

The most common cause of delay in a days work arises through attempting

to measure lines for which the line of sight is obstructed. Some obstacles, '

such as vegetation, may be cleared from the line of sight. Others may be

bypassed by special measurement techniques discussed in section 4.5. These

techniques require considerably more time than conventional measurements,

and so are generally put off until time is available, rather than

interrupting the days work.

In the evening the data recorded at the reflector stations is

transferred to the mekometer booking forms, and all the data is summarised

on abstract forms. A preliminary reduction of the data is performed to
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check for any gross errors and to give some idea of the ground deformation

that has occurred since the last survey.

Periodically days are put aside to clean, repair, and calibrate

equipment. If extra time becomes available (due to equipment failure, for

example), it will be spent in adding new stations to the network, or in

measuring vertical angles to calculate station elevations.

In the course of the survey the mekometer will occupy every station, so

that every line is measured twice.

4.2 The distance measurement procedure 	 -

During most of the surveys there were two field operators. One person,

the 'mekometer man', would be making the distance measurements, while the

'reflector man' moved reflectors and made meteorological measurements at the

reflector station. If a third person was available they would be employed

making the meteorological measurements and recording the data at the

inekometer station.

Upon arriving at the mekometer station the mekometer is switched on so

that it can begin to acclimatize. Meanwhile the mekometer tripod is

centred. The mekometer is placed on its tripod, and the reflector man

leaves for his first station. Thereafter the reflector man will be

setting up one of the two reflectors, while the mekometer man measures to

the other.

The procedure for the mekometer man during a measurement is as

follows:

- check the progress of the reflector person, and when the reflector is

nearly set up, proceed to..

- head up a booking form

- check the levelling of the mekometer yoke, and the centring (in 1978

the eccentric correction, described below, was measured at this

point)

- measure and record the pressure, and wet and dry bulb temperatures.

By this time the reflector man should be making corresponding

measurements.



57

- make one full distance measurement (i.e. measure sequence positions 1

to 5) on systems Fort,ard

- make eight fine readings (i.e. measure sequence position 1 only)

alternately on systems Forward and reverse. During these

readings about four measurements of atmospheric and cavity

temperature are made.

- make one full reading on systems reverse

- measure wet and dry bulb temperatures and pressure.

The corresponding procedure for the reflector person is:

- locate the next station, and check the line of sight to the inekometer

- set up and centre the tripod

- mount and level the reflector

- check the progress of the mekometer person, and measure the wet and

dry bulb temperatures and pressure at approximately the same time
as he does

- drive to the previous station, check that the reflector is still

centred over the station, and then pack up the reflector and

tripod, and move on to the next station.

The mekometer man records data directly onto booking forms (fig. 4.1)

whereas the reflector man notes his measurements in a survey notebook, the

data being copied onto the booking forms each evening.

4.3 Centring equipDent over stations

The first step in making accurate survey measurements from tripods is

to ensure that the instruments are accurately centred over the stations.

Kern 'self-centring' tripods have been used in the Imperial Valley surveys.

The 'self-centring' system gives an accuracy of about 1 mm. This is

improved by using an optical plummet to relocate the equipment.

The Kern 'self-centring' system is a mechanism which allows the tripod

head to be rapidly centred and levelled over the station. A 12 mm boss on

the base of the tribrachs of the survey instruments fits into the head of

the tripod, locating the instrument vertical axis with a nominal accuracy of

0.03 mm. The head of the tripod rotates on a ball and socket joint, which

in turn slides on a flat plate joining the tripod legs. The rotating and

sliding motions are restrained by a single clamp. The centring and

levelling is achieved by using a telescopic 'centring pole', one end of
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which screws into the tripod head, and the other end of which is pointed and

rests on the survey mark. A bulls-eye bubble is attached to the lower

portion of the pole, which is free to rotate about its axis. If the bubble

is level then the pole must be vertical, so that the centre of the tripod

head is directly over the station, and the top of the head, being

- perpendicular to the centring pole, is level. The initial centring is

achieved by adjusting the lengths of the tripod legs, and this is then

improved by sliding the tripod head on the flat plate.

An optical plummet is essentially a downward looking telescope and a

level bubble on a rotating platform, which may be levelled by a tribrach.

The axis of rotation of the platform is set to the vertical using the bubble

and tribrach. When the plummet is centred its vertical rotation axis will

pass through the station, and so the image of the station seen through the

telescope will not wove in the field of view as the platform is rotated.

The procedure for improving the centring using an optical plummet is

to level the plummet, sight the station, estimate the offset of the tripod

head, and then release the tripod head clamp and move the head to its

correct position. Usually when the head is moved the level of the plummet

will be disturbed. This may be because the head is free to tilt, as the

ball and socket joint used to level the tripod head is released by the same

clamp that releases the lateral movement, or because the tripod head is

rotated while being moved, which will change its level if the flat plate on

which it slides is not itself level. The centring becomes an iterat4ve

process, moving progressively closer to the correct position.

The niekometer yoke and reflectors each have built-in optical plummets,

which it was originally intended to use for centring. However the yoke

plummet soon proved impractical for this purpose because the weight of the

yoke tended to tip the tripod head when the clamp was released to wove it.

Because of this problem a different procedure was adopted during the 1978

survey, in which instead of accurately plumbing the mekometer, the yoke

plummet was used to estimate the offset of the instrument from the station.

For each line an eccentric correction was recorded, this being the

correction to the measured length needed to obtain the value that would have

been measured had the mekometer been correctly centred over the station.
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Towards the end of the spring 1979 survey the small networks around the

creepmeters were to be measured. The centring was much more critical for

these shorter lines. At this time the bubble in the mekometer yoke was

behaving erratically, and so it was decided to use a reflector to centre the

tripod before putting the mekometer on it, and only use the yoke plummet to

check the centring. Following the success of this arrangement a purpose

designed plummet was purchased for the autumn 1979 and subsequent surveys.

This instrument had the advantages of being lighter, and of providing a

magnified image of the stations.

4 • 4 Meteorological measurements

The correction of mekometer distance measurements requires knowledge of

the mean atmospheric temperature, pressure, and partial pressure of water

vapour along the line of sight. It is not possible to measure the mean

parameters; in surveying the Imperial Valley network it is only practical to

make measurements at the mekometer and reflector stations. The average of

these two measurements is assumed to be representative of the mean

conditions along the line. This is not as unreasonable as it might seem,

since the area is flat, and most lines are at an approximately constant

height above the ground surface.

The dry bulb temperature is defined as being that temperature indicated

by a thermometer the bulb of which is exposed to the atmosphere, but

sheltered from excessive radiation. Various devices have been used to make

this measurement in the course of the Imperial Valley surveys.

The simplest apparatus is a Cassella hand-held whirling hygrometer.

This consists of a dry and wet bulb mercury-in-glass thermometer held in a

frame which is whirled by the operator, ensuring a fldw of air across the

thermometer bulbs. The thermometers have resolution 0.5°C, but can be

estimated to 0.1°C without difficulty. The principal problem in using these

hygrometers, apart from arm ache, is that the thermometers are not shielded

from radiation. The thermometers have a short response time so that while

being whirled the rapid air flow will minimize the error due to radiation,

but by the same token when the operator stops the hygrometer to take a

reading it rapidly changes from its correct value. This problem can be

alleviated somewhat if a shady spot can be found for the measurement. These



bi

hygrometers have been used at the reflector station during all the surveys

before 1982, and they have always provided a reliable back up should the

more sophisticated devices fail.

At the commencement of the 1978 survey the dry bulb temperature at the

inekometer station was measured with a small glass bead thermistor in a

radiation shield designed by Mr P. Jarvis. The thermistor probe is the same

as was used to measure the mekometer cavity temperature (section 3.5). The

radiation shield consisted of a 15 cm diameter spherical shell of fibre-

glass lined with aluminium foil on the outside, and painted white on the

inside. A band of width 4 cm was removed from the equator, and replaced

with an equivalent band of a concentric sphere of diameter 10 cm. This

allowed a free flow of air, while blocking radiation to the centre from any

direction. The design was effective except in still air, in which the air

flow across the thermistor was small, and the air in the shield could be

heated by radiation, On 29 October a different shield was implemented.

This was concocted from an old Coors can, silver foil, foam rubber, and an

electric motor. In this design a small fan drew air across the thermistor,

which was housed in a cylindrical radiation shield.

For the spring 1979 survey a Cassella aspirated hygrometer was

purchased. This contains dry and wet bulb mercury-in-glass thermometers of

resolution 0.1°C. The bulbs of the thermometers lie within two concentric

chromed metal tubes, through which air is drawn by a clockwork motor. The

principal source of radiation to the bulbs is from the inner tube, which is

itself in a free flow of air and shielded from external radiation by the

outer tube. This has proved very satisfactory except for the clockwork

motor, the brass components of which frequently seized up in the hot, dusty

atmosphere of the Imperial Valley. In autumn 1979 this motor was replaced

with an electric motor powered by the same 12V motor as the mekometer. In

1982 the electric motor started introducing' random errors in thd mekometer.

reading, probably due to spark emmissions from worn brushes affecting the

computer circuitry. The hygrometer was therefore banished to the reflector

station.

For the 1982 suvey a smaller and lighter dry bulb thermometer was

constructed by Mr A. Pullen on a similar design to the Cassella aspirated

hygrometer, but adapted to hold an electronic temperature probe. This was

used at the mekometer station with whichever of several electronic
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temperature probes was working. The main problem with this equipment was

that the thermistor probes used were very reponsive to changing temperature,

and followed the high frequency random fluctuations of the air temperature.

Care was required to obtain a reasonable average temperature.

To summarize these experiences, the most suitable device for measuring

the dry bulb temperature is a probe of sufficiently long time constant to

average out short time fluctuations of the air temperature, placed within a

reflective, double-walled, aspirated radiation shield, in which the inner

wall acquires atmospheric temperature.

The wet bulb temperature is defined as the temperature indicated by a

thermometer having its bulb covered by a thin wet muslin or cotton wick,

exposed to an air velocity of at least 3 ms 1 , and shielded from radiation

exchange with bodies at temperatures different from the dry bulb temperature.

The wet bulb temperatures have been measured with the hygrometers

described above.

Barenburg (1955) provides an empirical formula by which the partial

pressure of water vapour may be calculated from measurements of the wet and

dry bulb temperatures, and the total air pressure. If the wet bulb

temperature is T, then the saturated vapour pressure at this temperature

is:

( 17.27Te	 = 0.6105. exp	 aw	 mB
SW	 I 237.3 + T

i	 aw

If the dry bulb temperature is Ta°C and the pressure is P mB, the partial

pressure of water vapour is

e .(371.4+O.24T -0.6T ) - 0.24(T-T ).Pe = sw	 a	 aw	 aw	 niB.
371.4 + 0.04T - 0.4T

a	 aw

Bomford (1971) quotes a simpler formula for the partial pressure

e = e - C.(T -T ).P/1006 mE
sw	 a aw

where the constant C is 0.5 for measurements over water, and 0.43 if the wet

bulb is iced. This does not differ from Barenburg's formula by more than
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in section 3.2 that this corresponds to an error of less than 0.1 ppm in

distance, so that the simpler formula is quite valid for correcting the

data.

It may be seen by differentiating this formula with respect to T,

and remembering that 1 mB error in e leads to 0.04 ppm error in correction

to the measured distance, that even if T is as high as 40°C then an erroraw
of 1°C in its measurement will only cause an error of 0.18 ppm in the

corrected distance.

The air pressure during all the surveys has been measured with Negretti

and Zambra M1975 precision aneroid barometers. In these instruments the

size of an aneroid chamber is measured by moving a spring loaded electrical

contact away from it until it breaks contact. The position at which it does

so is recorded by a dial which gives a direct reading in millibars. These

instruments can be read with a resolution of 0.05 mB, although the mechanism

of the barometer rarely allows this to be achieved with confidence. When

reset by the manufacturers the error over the range of pressures experienced

during these surveys is less than 0.2 mB, but the barometers occasionally

developed an offset from the true value. This has been detected by

intercalibrating the instruments.

4.5 Special distance measurement procedures

Occasionally distances in the Imperial Valley network cannot be

measured directly because an obstacle blocks the direct line of sight

between the stations. Commonly these will be small obstacles such as power

poles (which have been positioned on lines with uncanny accuracy on several

occasions), haystacks, or fertilizer tanks which feed into the irrigation

canals. Two special techniques have been developed to bypass these

obstacles. These are the 'split line' and 'perpendicular offset'

techniques. In both methods the mekometer is placed on a tripod offset from

the line between the two stations and from which both are visible. Distance

and angle measurements are made to the two stations, which are used to

calculate the distance that would have been obtained from a direct

measurement of the line.
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any tripod position to two stations are sufficient to determine the distance

between the stations, but the accuracy of this determination will generally

be less than that of a normal distance measurement because of the errors of

the angle measurementê. Generally a theodolite of nominal single second

accuracy has been used in these surveys, and the measurements may quite

readily have errors of a few seconds of arc because the atmospheric

conditions are rarely suitable for angle measurements, and also because most

of the surveyors have not been practised in using the instrument. This is

an error of about 1 part in i0, ten times greater than that of distance

measurements.

The split line and perpendicular offset techniques are two methods of

using an offset tripod in such a way that the calculated distance between

the two stations is insensitive to the errors of the angles measurements.

In the split line technique the offset tripod is placed as near as possible

to the direct line between the stations. If the tripod is near the centre

of the line between the stations, the angle subtended will be close to 180°,

and a small error in the angle will not affect the calculated distance

between the stations significantly. If the tripod is near one of the

stations, the computed distance will not be sensitive to the angle because

one of the measured distances is short. In the perpendicular offset

technique the mekometer tripod is placed a few metres from one of the

stations, such that the angle subtended by the two stations at the mekometer

is very close to 900. The distance to the near station is measured with a

tape measure (since it will be too short to use the mekometer); this is

sufficiently accurate because the distance being measured is approximately

perpendicular to the line between the stations. The vertical angles need

not be measured; instead the height of the tripod above the near station is

determined by using the theodolite as a level. The conditions under which

the two methods may be used are considered in the following error analysis.

Figure 4.2 illustrates the general case of a measurement between

stations Si and S2 using an offset station 0. Si, S2, and 0 in this context

are taken to represent the instruments rather than the actual survey marks.

Typically Si and S2 will be reflectors, and once the distance between them

has established, it is a simple matter to correct this to the distance

between the survey marks themselves. Measurements are made of the lengths
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Figure 4.2: Notation used in the discussion of the 'split line'
measurement technique.
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D 1 and D2 and the vertical angles p1 and	 of the lines from 0 to Si and

S2, and the horizontal angle 
°h 

subtended at 0.

It is assumed that vertical angles have been corrected for the radius

of curvature of the earth (see next section) so that the analysis can be

considered in plane geometry. Refraction corrections are not usually made

because these are generally small and unpredictable, but the angles may need

corrections to account for the difference in the heights of the theodolite

and the mekometer. If the theodolite is of height i, and the mekometer is

of height	 then the vertical angles that would have been measured by a

theodolite of height i are, to first order, PCCm)CO5i)1i

The distance between the two stations may be evaluated from the cosine

rule as

D 2 =	 +	 - 2.D1.D2.cos(0)

where 8 is the angle subtended by Si and S2 at 0, given by

cos(8)	 cos(e).cos(cp1).cos(q2) + sin(cp1).sin(cp2)

This equation is differentiated to give the change in the calculated length

resulting from small changes in the measured lengths. For simplicity two

approximations are made; firstly that the horizontal distance Dh between Si

and S2 is approximately equal to the slope length (i.e. Dh/Dl). and

secondly that 0, the height above 0 of the nearest point on the line

between Si and S2, is approximately equal to (Hl.D2h + H2.Dlh)/Dh, where Dib
and D2h are the horizontal distances from 0 to Si and S2. The change in D

from a small change in the measured parameters is then

= iSD1 + D2 + 0h68h +(12h 	 -

D	
VJ.&Pi

+[

li2DlhEc0s(8h)+h] -

D	
Vj.&P2

The first two terms in this equation are simply the errors in the

measured distances. The individual errors of these measurements will be

slightly less than the error of a normal measurement of the same line, since

there are no centring errors at the mekometer station. It would not be
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unreasonable to suppose that the sum of the variances of the two halves of

the line would be no more than the variance of a normal line of equivalent

length. The remaining terms of this equation are concerned with errors in

the angle measurements. The equations assume that the incremental angles

(eh. etc.) are measured in radians, so that the typical error will be of
-5	 -5 -

the order of 10 for the horizontal angle, and up to 5.10 for the

vertical angle, which is more susceptible to errors from refraction effects.

The error in a normal distance measurement of an 800 m line will be about

1 mm. If the errors introduced into the split line distance by each angle

measurement are constrained to be less than 0.5 mm, then the total error of

the calculated length will be just over 1.2 mm, assuming all the errors to

be statistically independent. These conditions can be met by requiring that

the horizontal offset of the intermediate station, 
°h' 

be less than 50 in,

and the vertical offset, 0 • be less than 5 in.
V

The requirements of the perpendicular offset technique can be evaluated

in a similar way. In this case the horizontal distance to the near station

Si is measured with a tape measure as T, and no vertical angle is measured

to the station as Si is defined to be at the same height as 0. The cosine

rule is again differentiated, this time using approximations D/Dfi

D2Tcos (eh) D2 , cos	 ) 1, and sin (Oh)h. to give

6D = 5D2 + [T/D_cos(eh )].6T + Teh + T.cos(9).sin(cp2).&p2

The first term in this expression, 6D 2 , will have a slightly lower variance

than a normal direct measurement of the line from Si to 82, since there are

no centring errors at the inekometer station. As in the split line

analysis, it will be required that the individual variance of each of the

remaining terms be less than 0.5 mm.

The second term relates to the error of the taped measurement. A taut

nylon tape measure is used for these measurements, giving a probable error

of 10 to 20 mm. Assuming a 20 mm error, we require that IT/D_cos(eh)I<o.o25

to ensure that the variance of this term is less than 0.5 mm. By choosing

êh appropriately this term will be zero (this occurs when the triangle

Si,S2,0 is isoceles). The tolerance t8 with which 	 must be set is given

by Icos(e)t<o.02s; that is, IAeI<1 •50• Thus the tripod at 0 must be very

carefully sited to obtain the required accuracy in the perpendicular offset.
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The third term, TSGhD can be expanded to H&x + T6e, where N is the

height of the theodolite above the near station mark which is being sighted,

6ct is the error of levelling the theodolite, and 60m is the error of

measuring the horizontal angle. This takes account of errors in measuring

the horizontal angle on a steep line (to the near station) which may result

• from the error of levelling the theodolite. Typically &z will be of the

order of 3.10 radians, so that the error from this component will be less

than 0.5 mm provided B is less than 17 m. This is not a practical

restriction. Similarly errors of about	 radians in	 are acceptable

provided T is less than 50 m, and again this does not restrict the method.

The final term is T.cos(Ei).sin(cp2 ).5q 2 . In the Imperial Valley

network no line is steeper than 2°, so that sin(p2 )<0.035. The expression

cos(eh) has already been restricted to be less than 0.025. Generally the

offset from the station will be no more than 5 in, so that to ensure that the

variance of this term is less than 0.5 mm we require that 	 is 1ss than

0.11 radians (about 6°). The implication of this is that it will usually

be possible to disregard this vertical angle altogether, as the error in

calling it zero will be insignificant.

The perpendicular offset technique is found to be a valid technique for

bypassing a small obstacle, provided that the mekometer tripod is positioned

very carefully. The offset distance T is limited more by practical than

theoretical considerations. Principal among these are the needs to be able

to accurately sight onto the top of the near survey station, and to be able

to measure the short distance with sufficient accuracy. In this method the

theodolite can almost be thought of as a sideways-looking optical plummet.

4.6 Angle easuriients

The Imperial Valley network is primarily a trilateration network,

surveyed by distance measurement. The principal requirement for angle

measurements is to determine the elevations of the survey stations, so that

the measured distances between stations can be corrected for the different

heights of the stations and so that slope distances can be reduced to

horizontal distances for calculating station coordinates. The elevations

are calculated from vertical angle measurements between stations of the

network. These measurements are not sufficiently accurate to detect



vertical ground deformation.

The accuracy required of the station elevations can be estimated in the

following manner. Suppose that De is the measured distance between a

mekorneter and reflector at heights 
m 
and i above their respective

stations, D is the slope distance between the stations at elevations z and

z , and D is the horizontal distance. Let H be difference in the
r	 h	 e

equipment heights (ir_im) and H be the difference in station elevations

(ZrZm)• The slope and horizontal distances are then defined by

D 2 = D2-(H1H)2+H2
s.	 e	 e

D2 = D2-H2
h	 s

Differentiating these to estimate the errors of D 5 and Dh gives (to first

order)

= 6D -H.&I-(H+H).6fl
s	 e	 e	 e	 e

D	 DS	 S

= 6D -H.&3
h	 s

LIh

These results will be considered for a typical line in the Imperial Valley

network for which D = 800 m and H = 2 m, and for a worst case in whichS
D8 = 400 m and H = 8 in. As in the analysis of the split-line and

perpendicular offset techniques, a reasonable requirement on the correction

for equipment height and the slope to horizontal correction is that they do

not introduce errors of more than 0.5 mm to the readings.

The difference in heights of the mekometer and reflector over their

stations, He will rarely exceed 0.5 in, for which the corection to the

measured length to obtain the station-station slope distance is 1.4 nun

typically, and 10.3 mm in the worst case. The error in measuring the

equipment heights will be of the order of 10 mm, giving rise to 0.2 nun error

in the correction in the worst case. The acceptable error in the elevation

difference between the stations to maintain the required accuracy is 0.4 in.

This is not a stringent condition, it is equivalent to an angular error of 3

minutes of arc.
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The slope to horizontal correction is -2.5 mm for a typical line, and

-80.0 mm in the worst instance. The tolerances in the station elevations

are 0.2 m and 0.025 in respectively, corresponding to angular accuracies of 1

minute of arc, and 13 seconds of arc.

The required angular aôcuracies can be achieved easily in vertical

angle measurements, especially if simultaneous observations were made at

each end of the line to reduce refraction effects. Unfortunately the

measurements in the Imperial Valley are rarely made under favourable

conditions. Bad shimmer and mirage conditions are not uncommon, and most of

the lines are close to the ground and subject to large and erratic

refraction effects. The target may often be seen to 'move' 5 cm in the

theodolite field of view. These shortcomings partially arise because

vertical angle measurements have been made in an opportunistic fashion,

filling in time when the mekometer was not working. Despite these problems,

the elevations calculated from the measurements are of a quality adequate to

correct all the measured distances to station to station distances, and most

of the slope distances to horizontal distances, without incurring

significant errors.

All vertical angle measurements consisted of one or two sets of 'face

left' and 'face right' readings.

On arrival in California at the beginning of the 1978 survey the

mekometer failed to give consistent distance readings, and was returned to

England for repair. In the time that became available sufficient vertical

angles were measured to enable the elevations of most of the stations to be

computed. In view of the limitations on the accuracy imposed by the

atmospheric conditions a rapid survey procedure was adopted. A target was

constructed from a board of flourescent red cardboard taped onto a centring

pole. The theodolite was set up on its station at the same height as the

target, after which the target was taken to each station visible from the

theodolite. For speed the target stations were not uncovered; the

measurement being made to the surface of the ground instead.

Subsequent vertical angle measurements were made with a smaller and

more precise target, and digging up the target stations. It is interesting

to note that the accuracy was not much improved by these more rigorous

procedures, except for stations at an atypical depth below ground level.
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There has been very little need to measure horizontal angles during

these surveys, except that in 1978 a line of stations (L39, N39, P39) was

constructed the positions of which cannot be determined by distance

measurements alone. All measurements of the horizontal angles between these

stations have been made with two ormore sets of 'face left' and 'face

right' readings.

4.7 Field correction and checking of the data

The distance measurements are reduced as far as possible while in

California in order that errors may be detected and corrected, and to allow

an early interpretation of the ground deformation. The corrections that are

made to data in the field are:

- The system constant correction.

- The range correction (for distances measured on long range)

- The frequency error. A mean of the frequency errors measured in the

daily calibrations is adopted to correct the data. This is

updated when a frequency drift is observed in the calibrations.

- The frequency correction based on the temperatures and pressures

measured for the atmosphere and for the mekometer reference

cavity, as discussed in chapter 3, section 3.

Usually corrections have not been made for different equipment heights,

since the correction is rarely significant.

The data is checked for consistency in the baseline measurements, and

by comparing distance measurements of each line with other measurements of

the same line from the current or previous surveys. When a new part of the

network is being measured for the first time, the measurements are checked

by using any redundancy that exists ir the network. The simplest figure

that may be checked in this way is the doubly-braced quadrilateral, for

which any one of the six lengths can be calculated from the other five. If

the calculated length differs from the measured length of the line, then an

error must be suspected in one of the measurements.

Crook (1982a) provides listings of calculator programs which facilitate

the correction and checking of the data.
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CHAPTER 5: AN ANALYSIS OF SYST4ATIC ERRORS IN MEKC4ETER DATA

5.1 Randan survey errors -

The random errors which may be expected in a survey are summarized in

Table 5.1. In this table it is assumed that all survey and meteorological

equipments have no calibration errors and that the average temperatures

measured at each end of the line is within 0.5°C of the mean temperature

along the line. The error of the plumbing over a station is estimated from

the redundancy in estimates of eccentric corrections of several lines from a

single station during the 1978 survey, and the accuracy of obtaining a null

on the MEASURE meter of the mekometer is obtained from the repeatability of

the individual nulls. It is seen that the minimum error that can be

expected is about 0.6 ppm ± 0.5 mm.

The calibration errors of the various equipnents will add to this

error. The thermistor temperature probes have been calibrated against a

platinum resistance thermometer over a wide range of temperatures in a

constant temperature water bath. Calibrations have given consistent results

over a number of years, and after correcting for calibration these probes

are believed to be accurate to their reading resolution of 0.1°C. The

mercury-in-glass thermometers have been calibrated against each other on

several occassions, and (with one known exception) these have been

consistent to 0.1°C. The thermometers will therefore not contribute

significantly to the error.

The aneroid barometers have been calibrated by the manufacturers

(Negretti and Zambra Aviation Ltd.), and also intercalibrated. The

manufacturers calibration lists maximum errors of 0.2 mB at 20°C, and they

quote tIe maximum change in reading for a 15°C change in temperature as

0.7 niB. The greatest error that can be expected from this source is

therefore about 1 mB, or about 0.3 ppm.

The accuracy of the mekometer is determined by the system constant

calibrations, the frequency calibrations, and the range comparison tests.

The error of corrections based on these calibrations will each contribute to

the final accuracy of the measurement.
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Table 5.1: Expected random survey errors.

The errors listed in this table take no account of possible
calibration errors in the mekonieter or meteorological equipments.

Source	 ppm	 imi

Centring:
Levelling of the plumet (±15" x 1.5m)	 0.1 x2
Sighting of the centre mark	 0.2 x2
Replacing equipment on the tripod 	 0.03 x2

Mekometer
Tuning	 0.1
Setting measure null	 0.3

Meteorology
Cavity temperature (±0.2°C)	 0.2
Atmospheric temperature (±0.5°C)	 0.5
Pressure (±0.5 mB)	 0.15
Humidity (Worst case, wet bulb ±1°C,	 0.02

wet bulb temperature = 35°C)

Error of station elevations in correction	 0.1
for equipment heights.

Total (root sum of squares)	 0.57	 0.45

Expected error on an 800 m line = 0.64 mm = 0.80 ppm
Expected error on an 1100 m line 0.77 mm = 0.70 ppm
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The error of a system constant calibration is of the order of 0.1 mm,

and may be ignored. The system constant correction has generally been found

to be constant except when equipment has been known to have been disturbed

(for example when a reflector was blown into an irrigation canal).

The minimum error that can be expected of a range comparison test is

0.2 ppm, due to the 0.1 ppm resolution of the mekometer. During the spring

1982 survey 32 range comparison tests were conducted, which were sufficient

to allow a statistical analysis of the results (Crook, 1982b). The standard

error of a single calibration was found to be 0.27 ppm. The correction was

compare.d with the date, and with the length of the line. There was found

to be no significant correlation with date, so that for this survey at least

the correction was constant. However the correction was correlated with the

length of the line (at the 97.5% confidence level). The correction was

found to be 0.4 mm - 1.94 ppm. The correlation with distance is

surprising, as it is difficult to devise a physical mechanism which could

account for this. One possibility is that the shape of the modulating

waveform is altered whilst travelling to and from the reflector, leading to

a different response as the return signal is 4eznodulated. The data of the

1982 survey was corrected assuming a constant error of 1.25 ppm. The error

of this correction, being the mean of 32 measurements, is of the order of

0.05 ppm. However if the correction does depend on length the error may

amount to as much as 0.4 mm on some lines of the survey.

In the previous surveys there were fewer calibrations and the

uncertainty in the correction is correspondingly greater. If the correction

is assumed to be constant, and there are n calibrations during a survey,

then the error of the mean correction will be about 0.27/i/n ppm.

Unfortunately there are very few calibrations for the 1978 survey, and for

this survey there is strong evidence (presented below) that the correction

varied by up to 11 ppm. Also the correction varied significantly between

the 1978 and spring 1979 surveys, and between the 1979 and 1980 surveys.

The remaining calibration of the mekometer is the frequency calibration

which determines the difference between the actual resonance frequency of

the reference cavity, and the value required to produce a modulation

wavelength of 0.6 m. This has been discussed in sections 3.3 and 3.4, in

which the frequency error c(T,D) was defined. Prior to the 1978 survey it

had been intended to assume that the error was independent of the cavity



temperature Tr and to use a running average of the results of daily

frequency calibrations to determine the variations of C with time. However

after correcting the 100 measurements of the 1978 baseline (J39-1c39) there

were still large systematic errors in the data (fig. 5.1).

Most of the variation in the baseline could be explained interms of

two changes in the range correction, but even allowing for this the standard

error of the measurements was 2.5 ppm. This is considerably greater than

the estimated random errors. In view of this observation the data from this

and subsequent surveys has been analysed to determine whether the error can

be explained by any systematic effects, in particular those which may arise

from the frequency error function C(TD).

5.2 Method of analysis of systematic errors

Systematic errors are defined for the purpose of this thesis as those

errors arising from the survey procedures or the equipment which may cause a

bias in the resulting data. The approach which is used to attempt to

correct for such errors is to correlate the data with measured parameters,

such as temperature: if a correlation exists the data may then be corrected

to remove it. Obviously there may be systematic errors present in the data

which do not correlate with any measured parameters, for which no correction

can be made. For example, if the mekometer doubled every distance

measurement this could not be detected unless the measurements were compared with

measurements from another distance measuring equipment.

The distance measurements are assumed to be subject to systematic

errors proportional to the length of the line which are correlated with the

temperature, pressure, and time. Suppose that a line of true length L is

measured, and after applying the corrections described above the measured

length is L. The systematic error in the data is assumed to be E(D,T,P,H)

parts per million, that is

= (1 + 10 6.E(D,T,P,H)).L + C

where C is a random error.
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The systematic error is ascribed four parameters which are:-

D - The date and time of the measurement in days

T - The mean cavity temperature during the measurement in °C

P - The mean cavity pressure during the measurement in mB

H - The time of day of the measurement, in hours.

These are the quantities that are recorded for each measurement and which

may be correlated with the corrected length. Other parameters that could

have been used are the atmospheric temperature and pressure, but these are

strongly correlated with the cavity conditions and cannot provide any

additional information on the systematic errors. Unfortunately the error

cannot be obtained directly by comparing Lc with L, since the true length L

is not known. However most lines are measured twice during a survey, and

the baseline is measured many times. If two measurements of a line give

values L and L , then the difference between the two measurements will beic	 2c
given by

EL 1 - L2 ]	 [E(D1,T1,P1,RJ) - E(D21T2,P2,H2)J.106.L

L in this expression can be replaced with the mean of the corrected lengths

with little loss of accuracy, so that

EE(D 1 ,T 1 ,P 1 ,H 1 ) - E(D2,T2,P2,H2)1 = 2.1O6.[Li - L2 l?hic + L21

This expression gives information on the systematic error E without knowing

the true length of the line. The method that is used to estimate the error

function E is to propose a parametric mrdel of the function, that is, to

assume that the error belongs to a class of possible functions which is

defined in terms of a finite number of parameters. The parameters which

define the estimate of the error function are found by a least squares

minimization over the class of possible functions to best fit the measured

data, using the equation above, and an equivalent equation for the baseline

data. Essentially this will be equivalent to correlating the systematic

error with the date, temperature, pressure, and hour of the measurement.

The frequency error function e(T,D), which is required to calculate

the corrected lengths by the formula of section 3.3, has not yet been

defined. Although the frequency calibrations provide a direct measure of

C(T,D), they do not encompass the range of temperatures and pressures in

which the distances are measured. In the analysis of systematic errors the
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measured lengths have been corrected assuming that the frequency error is

identically zero, and so £(T,D) will contribute to the estimated systematic

error function E. In fact the unknown frequency error is probably the

largest source of systematic error in the data. In view of this the

frequency calibration data is included in the systematic error analysis, but

it is noted that the frequency calibrations need not be subject to the same

errors as distance measurements. A second reason for incorporating

frequency calibration data into the analysis is that this is the only data

which can define the absolute value of the error function: the analysis of

the survey data uses only the difference between two values of the error

function and so cannot detect a constant error.

5.3 The model of systematic errors

The systematic error function E(D,T,P,H) must be parameterized in order

to apply the least squares method. This involves making further assumptions

about the nature of the error function. It will be assumed that components

of the error due to date, temperature, pressure, and time are independent,

and that each component is a continuous piecewise-linear function.

To say that the components of the error function due to date,

temperature, pressure, and time are independent is to say that E may be

written as

E(D,T,P,H)	 E(D) + ET(T) + E(P) + EH(H) + E.

The final term in this equation, E, is a constant error; the significance

of this will become apparent below. The remaining four components are

assumed to be continuous piecewise-linear functions of their dependent

variables, which means that plot of for example ET(T) against T would

appear as a series of connecting straight line segments (see fig. 5.2). The

points at which the individual straight line segments join are termed the

endpoints, and the values of these points completely define the function.

Thus if there are NT endpoints t 1 , t2 , .., at which ET(T) has values eTl

eT2 l .. , then the error at a temperature t such that t 1<t<t 1 is obtained

by linear interpolation as

ET (t)	 eT..(t.+lt) + e	 .(t-t.)	 ppm.Ti+1	 1
t. -t.i+1 1
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Figure 5.2: Example of a piecewise-linear function having endpoints
t, t2 , t3 , and t4.
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In the following analysis the endpoints will be set at prescribed values of

the dependent variable (that is, t 1 , t2 , etc are preset), and the values of

the error function (eTl ..) are determined by the least squares analysis.

The complete systematic error function is thus determined by

N=ND+NT+Np+NH+l parameters x., where

and	 is E. The systematic error at any time, temperature, and pressure

can be written as a linear function of the endpoint values x. as

N
E(D,T,P,H) = Z C.(DT,P,H).x. ppm,

ii

where the C. are the coefficients used to interpolate between the endpoints

as illustrated above.

The piecewise linear function is perhaps not the most appropriate class

of function to model the error. A polynomial may be more suitable for the

temperature and pressure components, and a combination of sinusoids would be

more appropriate for the time of day variations. The advantages of the

piecewise linear function are that it can approximate any other function,

and it can readily incorporate the more erratic variations of the date

component of the error function. Also discontinuities may be simulated by

placing two endpoints close together. Using the piecewise linear function

allows the analysis to be incorporated into a relatively simple computional

form suitable for programming.

The parameters x. which define the systematic error function are to be

determined by least squares analysis. The method of least squares analysis,

which is sununarized in Appendix A, deals with the problem of estimating



unknown parameters x. from a number of observations y, where

	

y.	 =	 La..x. + C.

	

3	 311	 3

In this equation, called the observation equation, a.. are known

coefficients, and 	 are random errors. The observations that will be used

in the analysis of the systematic errors are

1) The differences between repeated measurements of survey lines

2) The variations of the baseline measurements

3) The frequency calibration data.

The observation equation for the difference between two measurements of a

line is obtained by putting

y	 =	 2.106 .[L1 - I,2 )/[L1 + L2]

and

a. =	 C. CD1 ,T 1 ,P1 PHi) - C. (D2,T2,P2,H2)
1	 1

Note that CN = 1, since the constant error E is present in all

measurements, so that aN will be zero. This demonstrates that the analysis

of repeated survey measurements cannot provide information about the

absolute scale of the survey.

To analyse the baseline data a value Lb must be assumed for the length

of the baseline. The error of this length from the actual true length, EbI

will be determined as part of the least squares analysis. If XN+a 3S

defined as E1, , then the observation equations for the baseline data are

y = L

and

a. = C.(D,T,P,H)	 aN+l = 11.	 1

The baseline data does not provide information on the constant error

since it cannot be distinguished from Eb.

The observation equations for the frequency calibration data may be

written

y = C	 (defined in section 3.4)
mt

and
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a. = C.(D,T,PH).

The least squares problem that has been defined is underdetermined. If

1 ppm were added to the temperature component, and subtracted from the

pressure component, the total error would be unchanged. To avoid this

ambiguity constraints must be applied to the solution. Those used are

Ze. = 0
Di

ET(25.0) = 0

E(1013.25) = 0

EH(l2.0) = 0

The only further information required for the least squares analysis is

the expected magnitudes of the random errors e in the observations. For a

single survey measurement the error is of the order of 1 ppm, so that the

error of the difference of two survey measurements is /2 ppm (assuming the

errors of the two measurements to be statistically independent). The error

of a frequency calibration is taken as 0.5 ppm. The least squares analysis

will generate new estimates of these errors, but these will remain in the

proportion of the original estimates (i.e 0.5:1:12).

5.4 Statistical tests of the model

Having solved the minimization problem and obtained estimates of the

parameters x. which define the error function, there are several questions

which must be answered, such as

- are there any detectable systematic errors?

- is the model adequate to explain the data?

- is there any significant error associated with each of the variables

being tested (i.e. date, temperature, pressure, time)?

The approach that will usually be used to answer these questions is to

compare different models of the systematic error function. For example

models with and without a temperature dependent term are compared to test

whether there is a significant temperature dependent error.



The most useful quantity for evaluating a model is the sum of squared

residuals. This is the value

SSR =	 [y. - Za..x.12

which is minimized in the least squires procedure. This follows a a2x

distribution, where a is the standard error of unit weight (the amount by

which the initial estimates of the standard error must be multiplied to

obtain the revised estimates), and d is the number of degrees of freedom,

which is the number of observations minus the number of independent

parameters calculated. a is estimated as p/(SSR/d).

Two models may be compared using the methods of hypothesis testing and

analysis of variance (see for example Silvey, 1975). To illustrate the

method, the following example tests whether there are significant

temperature dependent errors. If there are not significant temperature

dependent errors then the fit of the model of systematic errors to the data

will not be worsened by setting ET = 0. Suppose that fitting the model

subject to the null hypothesis (ET = 0) gives a sum of squared residuals

with dH degrees of freedom, and fitting subject to the alternative

hypothesis (ET $ 0) gives a sum of squared residuals SA with dA degrees of

freedom. If the random errors of the measurements are assumed to be

normally distributed random variables of zero mean and equal variance, then

a suitable statistic to test the null hypothesis is

=	 dA (SHSA)

(dH dA) SA

If the null hypothesis is true, this will follow Fishers F distribution

with degrees of freedom dfldA and dA, and the statistic will tend to be

small. The probability of its being greater than its actual value in this

case can be calculated as p, and the null hypothesis can be rejected at the

lOO(l-p)% confidence level.

One assumption that has been made in this method is that the random

errors are normally distributed. For each observation contributing to the

model the residual error c can be calculated after the model has been

fitted. The distribution of these residuals can be compared with a normal

distribution using the Kolmogorov-Smirnov test, which compares the

cumulative distribution function of the residuals with that of a normal
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dit'ibution of the same variance (strictly the conditions of the test are

not met, since the residuals are not statistically independent random

variables). This test will determine the confidence with which the

distribution can be said to be non-Normal. Apart from justifying the use of

the F-test, this test of the residuals also indicates whether there may be

further systematic errors in the data, since random errors are generally

normally distributed.

5.5 Discussion of the results

The analysis of systematic errors described above has been applied to

the results of the surveys in 1978, spring and autumn 1979 (denoted 1979A

and 1979B), 1980, and spring 1982 (1982A). Mekometer serial number 218 020

was used in all the surveys except the 1982A survey, for which 218 065 was

rented. During the 1979B survey, which was immediately after the October

15, 1979, earthquake, there is no information available from baselines or

repeated survey measurements, since the region of the network was undergoing

continual deformation. The data available for the systematic error analysis

is summarised in Table 5.2. Dates are expressed as days after 31 May 1978.

Thus midday on 2nd June 1978 would be day 2.5.

Table 5.3 summarizes the standard errors of the frequency calibration,

baseline, and repeated survey measurement data, for three possible models of

the systematic error function. The first model assumes that there is no

error. The second assumes that the error is a simple frequency drift which

is calculated from the frequency calibration data. In the third model the

systematic error function depends on the four parameters discussed above,

and is calculated as the best fit to the three sources of data. This table

also indicates the significance of the four parameters in the systematic

error function, and the consistency of the errors determined from each of

the possible sources of data.

The results of the systematic error analysis may be summarised as

follows:

- There are significant systematic errors in the data, which cannot be

adequately corrected as a simple frequency drift on the basis of the



Table 5.2: Suninary of the data used in the systematic error analysis

The frequency calibration (FC), baseline (BS) and repeated survey
measurement (RM) data pertaining to the systematic error analysis for
each survey is summarised below. Dates are expressed as days after 31
May, 1978. Cavity temperatures are in °C. Pressures are in milliBar.

Survey Data	 n	 Date	 Cay.. temp	 Pressure

	

mm	 max	 mm	 max	 mm	 max

1978	 FC	 114	 4	 198	 18.9 37.9	 1004.5 1037.8

	

BS	 100	 6	 198	 5.8 49.8	 1007.0 1037.3

	

2W	 400	 5	 198	 3.9 48.3	 1003.7 1038.3

	

1979A FC	 43	 306	 344	 21.7 29.2	 1006.9 1022.8

	

BS	 29	 308	 344	 19.9 32.9	 1007.9 1017.6

	

2W	 128	 308 344	 19.9 40:0	 1004.9 1018.3

1979B	 FC	 42	 507 543	 18.3 28.8	 1007.4 1031.0

1980	 FC	 12	 698	 730	 26.1 36.0	 1008.6 1017.2

	

BS	 25	 696	 730	 16.2 30.3	 1009.1 1018.0

	

2W	 136	 697	 730	 17.0 39.5	 1005.6 1020.1

1982A	 FC	 117	 1400 1485	 21.5 34.9	 1004.9 1022.7

	

BS	 66	 1400 1484	 15.3 38.2	 1005.8 1023.0

	

2W	 412	 1401 1484	 18.0 41.5	 1000.9 1019.5



FC,Model 1
Model2
Model3

BS,Model 1
Model2
Model3

RM,Model 1
Model2
Model3

Sb

Table 5.3: Sumary of the results of the systematic error analysis.

A) Standard error of residuals for three models of the systematic error.
The models are 1) no systematic error, 2) the systematic error consists
of a long term frequency drift calculated from the frequency
calibration data, 3) the systematic error depends on the date, time,
temperature, and pressure of the measurement, and is calculated as the
best fit to all the data. .For .-each survey the standard errors of the
residuals of the frequency calibrations, baseline measurements, and
repeated measurements are presented independently. For the 1978 data
a relative error of long range measurements is assumed which changes in
the course of the survey (see section 5.6).

1978	 1979A	 1979B	 1980	 1982A

	

7.19	 0.85	 1.47	 0.74	 1.27

	

0.95	 0.84'	 1.27	 0.61	 0.42

	

0.99	 0.50	 0.99	 0.50	 0.39

	

4.47	 1.57	 -	 0.94	 1.67

	

2.48	 1.58	 -	 0.80	 0.95

	

1.57	 1.02	 -	 0.71	 0.87

	

2.86	 2.60	 -	 1.76	 1.58

	

3.05	 2.61	 -	 1.70	 1.14

	

2.21	 1.59	 -	 1.49	 1.06

B) The significance of parameters of the systematic errors. The four
parameters (date, temperature, pressure, and time) are by comparing
the SSR of models without each parameter with a model including all
parameters. The table lists the per cent confidence with which the
simpler model may be rejected, calculated using the F test (i.e. a
high value implies that the parameter is significant)

1978	 1979A	 1979A	 1980	 1982A

Date	 100.00
	

99.24
	

99.63
	

100.00
	

100.00
Temperature 100.00
	

100.00
	

99.99
	

99.91
	

100.00
Pressure	 37.35
	

75.35
	

99.06
	

92.50
	

99.30
Time	 100.00
	

99.94
	

85.68
	

99.96
	

97.80

C) Mutual consistency of the three data sets. In the following table the
F test is used to compare models in which a separate systematic error
is calculated for each data set (frequency calibration, baseline, and
repeated measurements) with a model in which the same systematic
error is assumed for all three. The table lists the per cent
confidence with which the simpler model can be rejected (i.e. a low
value implies that the data sets are mutually consistent).

1978	 1979A	 1979B	 1980	 1982A

Inconsistency 100.0	 51.7	 -	 90.3	 100.0



frequency calibration data.

- There is consistency in systematic errors determined from repeated

survey measurements and baseline measurements, and generally these

results are also consistent with the frequency calibration data.

- There is a significant long term frequency drift in all the surveys.

- There is a significant temperature dependent error with mekometer

218 020, which may affect results by as much as -0.5 ppm/°C, and which

is apparently not constant between surveys. The temperature dependence

in the 1982A survey (with mekometer 218 065) is much smaller, and

serves to compensate for the difference between the temperature

dependences of the refractive indices of microwaves and light.

- The systmatic error does not depend significantly on pressure, except

for the 1982A survey.

- For all the surveys except the 1982A survey the systematic error is

correlated with the time of day of the measurement. This is seen as a

2 to 3 ppm drop in the systematic error developing in the mid-

afternoon.

- The systematic error determined from frequency calibrations during 1978

differs from that calculated from survey and baseline measurements.

This can largely be explained by large changes in the difference

between long and short range measurements (of the order of 5 ppm)

occuring at times when the mekometer was returned to England for

servicing.

- There has been a steady increase in the accuracy of the surveys from

year to year, which probably reflects improvements in centring the

equipment over the stations, and in the measurment of atmospheric

temperature.

- Mekometer 218 065 corresponds better to its specifications than

mekometer 218 020.

These points are discussed in greater detail in the following sections.



5.6 Frequency drift and water vapour in the mekcmeter reference cavity

Figure 5.3 illustrates the long term variations of the systematic error

determined from the best fit of the systematic error to all the data sets

for each survey. The endpoints (dates) at which the error is calculated are

located subjectively. Generally an endpoint is placed before and after each

ocassion on which the mekometer was returned to England for servicing, or

the cavity dessicant was changed; this allows a discontinuity in the

systematic error function. The additional endpoints are located by

consideration of plots of frequency calibration and baseline length against

date.

A significant drift in systematic error was found in all the surveys.

This is expected, and jS believed to be largely due to variations in the

partial pressure of water vapour in the mekometer reference cavity.

Increasing the pressure of water vapour in the cavity by 1 mB causes its

resonance frequency to drop by about 4 ppm at 25°C. Water vapour enters the

cavity with air which is sucked in to maintain an equal pressure between

internal and external pressure. In summer in the Imperial Valley the

temperature may readily change by as much as 20°C in the course of a day,

which will replace about 6% of the cavity air with external air. With a

typical partial pressure of 15 mB of water vapour in the atmosphere, this

mechanism may readily introduce 1 mB of water vapour into the cavity per

day. If the dessicant fails to remove all of this, there will be a steady

decrease in the systematic error. Under much less severe climatic

conditions, and with a mekometer modified to minimize the exchange of cavity

and atmospheric air, Green (1978) has observed that the cavity frequency

starts to drop a month or so after refreshing the dessicant, and may

decrease by as much as 10 ppm in 6 months. Towards the end of the 1978

survey the frequency of the rnekometer was decreasing by about 4 ppm per

month.

The drift during the 1978 survey is considerably more complicated than

that found for the other surveys. This survey may be divided into four

periods between which the mekometer was returned to England for servicing.

These periods are 6 June - 12 July (days 6 - 42), 29 July - 19 August (days

59 - 80), 26 September - 28 September (days 118 - 120) and 10 October - 15

December (days 132 - 198). Within each period the systematic error varies

relatively smoothly. There are gross changes between each period in both
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the systematic error and the relative error of long range measurements.

The latter may be seen on fig. 5.3 as the difference between the drift

calculated from the frequency calibration data, and that from the baseline

and survey measurements. It can be seen that the range error undergoes two

main changes, which are between periods 1 and 2, and between periods 2 and

3. The systematic errors have been recalculated with two additional

parameters, which are the range error for period 2, and the range error for

periods 3 and 4. The range error for period 1 is determined from 7 range

comparison tests (two in England by ComRad, and five in California) as

3.4±0.23 ppm. The best fit then gives the error for period 2 as

8.1±0.50 ppm, and for periods 3 and 4 as -3.3±0.66 ppm. There are only two

measurements which corroborate these results; on 11 September ComRad

measured the range error as -3.3 ppm, and on 12 November the range error was

measured in the Imperial Valley as -7.8 ppm. Little confidence is attached

to the latter result, which was obtained incidentally during a split line

measurement rather than from a controlled range comparison test.

One curious and disturbing feature of the 1978 frequency drift is the

4 ppm per day variation between 26 and 28 September. This is undoubtedly a

genuine shift in frequency as it is observed in all three data sets. The

explanation is probably related to the subsequent breakdown of the

inekometer, which was caused by short-circuiting in the plugs on the

mekometer power cable.

The drift in systematic error during the surveys after 1978 is

relatively uncomplicated. The drift during the 1980 survey and the latter

half of the 1982A survey results illustrates the effect of renewing the

silica gel dessicant: immediately after the dessicant is replaced the error

rises as the cavity air dries. The frequency then stabilizes. The abrupt

change in frequency during the 1982A survey occurred when the dessicant was

changed as a result of incorrectly replacing the lid of the dessicant I

chamber, which as a result put pressure on the cavity tuning screw.

5.7 Temperature dependent systematic errors

Figure 5.4 illustrates the temperature dependent errors calculated

during each survey. It has been seen in Chapter 3 that the cavity is

designed to partially compensate for the different temperature dependence of
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light and microwaves by changing the cavity geometry. Since the systematic

error is calculated assuming the geometry is not affected, the temperature

dependent error that would be found with an ideal mekometer is +0.07 ppm/°C.

It can be seen the error calculated for the 1982A survey corresponds closely

to this specification. It may be concluded from this that mekometer 218 065

accurately compensates for local atmospheric temperature for temperatures in

the range 15 - 45°C.

The temperature dependent errors for the surveys with mekometer 218 020

do not match the specifications of an ideal mekometer. This may be due to

shortcomings of the mekometer itself, or to the different procedures and

equipment employed during these surveys, or to a combination of these

factors. The error calculated for the 1978 survey is particularly complex.

For this survey the temperature dependent error calculated from the

frequency calibrations is significantly different to that from the survey

measurements, suggesting that the error includes factors arising in the

survey or frequency calibration procedures. This is not implied by the

analysis of the subsequent surveys, for which the temperature dependence of

systematic errors of frequency calibration and survey data can be

reconciled. The cause of the difference in the 1978 data cannot be

determined retrospectively; there are many possible sources in both the

distance measurements and the calibrations. The consequence of this

difference is that the absolute scale of the survey is poorly defined. The

absolute scale is determined by the frequency calibrations. Since there is

a systematic difference between this data and the survey measurements, the

scale error determined from frequency calibrations cannot be directly

applied to the survey measurements. The uncertainty in the scale amounts to

at least 4 ppm, which is the range of differences between the two

temperature dependent errors, and could be more.

The temperature dependent error calculated for the 1979A, 1979B,t and

1980 surveys is relatively simple. In each case the error decreases with

increasing temperature by as much as -0.5 ppm/°C. The error is not constant

between surveys. Similar temperature dependent errors have been found in

laboratory calibration tests on a mekometer by Meier-Hirmer (1978) who

reports an error of -0.16 ppm/°C for a particular mekometer. Marchesini

(pers. comm.) has also noted significant temperature dependent errors on

tests on a number of mekometers in tunnels under the Alps.
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5.8 Pressure dependent errors

Only the 1982 survey gives rise to significant pressure dependent

errors. The pressure dependence calculated for this survey is

-0.036 ppm/mB. There is no obvious mechanism through which this dependence

could arise, and it is believed that the error may depend on a different

physical cause which is correlated with pressure.

5.9 Time dependent errors

The time of day parameter was introduced into the analysis as a control

on the method. It was thought that no error could depend on the time of

day, and that the analysis would find the time dependent error to be

insignificant. This was not the case. The time dependent error was

significant in all except the 1982A surveys. The form of this error is

illustrated for each survey in fig. 5.5. Generally the error drops by 2 to

3 ppm between 1600 and 2000 hrs.

In attempting to ascertain the mechanism of this error it must first be

decided whether it arises in the mekometer or through the environment and

survey procedures. The simplest test of this would be to compare the time

dependent error deduced from frequency calibrations with that from survey

measurements. If the error arose in the mekometer, then it would equally

affect the two types of data, whereas if it was a result of the environment

or survey procedures it would not be present in the calibration data.

Unfortunately this test cannot be made satisfactorily because the

calibration data is not well distributed in time; most of the calibrations

are carried out at about the same time of day. Two observations do suggest

that the error arises within the mekometer. Firstly towards the end of the

1979B survey frequency calibrations were twice performed at the beginning

and end of the days work. On 24 November a drop of 1.8 ppm was observed

between the two measurements, and on 25 November the drop was 2.3 ppm. This

is a similar time dependent error to that determined from survey

measurements during the other surveys. Secondly the time dependent error is

not observed with mekometer 218 065 in 1982A, which implies that the error

arises in mekometer 218 020, and is specific to that mekometer.
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One mechanism which may give rise to this error is the response of the

cavity to changes in temperature. The measurement of the cavity air

temperature is one of the least satisfactory measurements in the procedure.

since the thermistor probe used does not lie in the air. Also when the

temperature is changing the cavity will not change temperature uniformly,

and temperture gradients will form within the cavity.

The effect of changing temperature on the cavity is difficult to

predict. Meier-Hirmer (1978) discusses an experiment in which a mekometer

is calibrated in a temperature controlled environment, the temperature being

steadily increased and then decreased in steps of 3°C. It is found that if

temperature is increased 'instantaneously', then the resonance frequency of

the reference cavity approaches its new value exponentially. This would be

expected if the rate of temperature adjustment of the cavity depended on the

difference between cavity and ambient temperature. Meier-Hirmer found the

time constant of the exponential approach to be about 44 minutes.

Similar, but cruder, experiments have been carried out in the Imperial

Valley on 6 August 1978 and 29 April 1979. In each case mekometer 218 020

has been allowed to acclimatize while running in an air conditioned room.

It has then been moved out of the building into air about 10°C hotter. The

frequency and cavity temperature are repeatedly measured as the mekometer

acclimatizes to the new conditions. Ideally the mekometer would then have

been returned to the lower temperature environment to test the effects of

cycling the temperature. This was not done because operating the mekometer

outdoors allowed the warmer air to enter the room, so that it was no longer

at its original cooler temperature.

The results of these experiments are illustrated in figs. 5.6. The

temperatures have been fitted with an exponential function of time

-t/kT(t) =	 T0 + (T1 -T0 )(1-e	 )

where k is the time constant. For the 1978 experiment the error of the

measured temperatures about this fit was 0.4°C, and the time constant was

23.8±2.1 minutes. For the 1979 survey the standard error was 0.04°C, and

the time constant was 24.0±0.3 minutes. A similar function was fitted to

the frequencies measured during the experiments. The 1978 experiment gave

an error of 8 Hz (about 0.5 ppm) and a time constant of 12.1±1.5 minutes.
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The 1979 experiment gave an error of 3 Hz and a time constant of

13.9±2.0 mins. To fit the exponential function to the 1979 experiment

frequency data it was necessary to reject the last two observations (at 69

and 72 minutes after the mekometer had been placed outside).

The curious conclusion from the above experiments is that the cavity

frequency adjusts more rapidly to changing temperature than a thermistor

probe attached to the outside of the cavity. This sounds unlikely, and in

any case the time constant for the acclimatization of the cavity frequency

is much less than Meier-Hirmer's value of 44 mins. One possible explanation

for obtaining a short time constant is that the frequency is not responding

linearly to changing temperature. This may arise because the components of

the cavity are not all at the same temperature. In this case the last two

measurements of the frequency during the 1979 experiment could be

interpreted as the frequency continuing to adjust after the temperature has

stabilized.

If the cavity appears to respond more rapidly to a temperature change

than the measured cavity temperature, then as the external temperature

decreases the measured cavity temperature will lag behind the response of

the cavity frequency. That is, the cavity will have a frequency

corresponding to a lower temperature than that measured. This will have the

effect of causing a negative error when the temperature is dropping, which

corresponds to the observed decrease in systematic error between 1600 and

2000 hrs, when the atmospheric temperature begins to drop in the later half

of the afternoon.

The above observations may help to explain the difference between the

temperature dependent errors of the frequency calibration data and the

survey data. In fig. 5.7 the temperatures of the frequency calibrations are

plotted against date for the 1978 survey. It can be seen that in the second

half of the survey the temperature of the calibrations is well correlated

with date, and so cannot provide independent information about the

temperature and drift component of systematic error. The calculated

temperature error of the frequency calibrations is therefore controlled by

the calibrations of the first half of the survey. These were carried out in

the early afternoon just after lunch. The mekometer was generally quite hot

after having been left in a vehicle in the sun during lunch, and so had

cooled rapidly prior to the calibration. Although the mekometer was allowed
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as long as possible prior to the calibration, the temperature was usually

still falling. It is possible that the temperature was falling more rapidly

during the calibrations at higher temperatures, so that the frequency error

would be lower.

In view of these hypotheses a new model of the systematic error was

tested, in which the rate of change of cavity temperature was included as a

parameter in the model. The rate of change was computed by comparing the

cavity temperature of each measurement with that of the previous

measurement. The first measurement at each mekometer station was not

included in the analysis, since no reliable estimate could be made of the

rate of change of temperature. Unfortunately the systematic error was

better correlated with the time of day than with the estimated rate of

change of temperature.

An alternative mechanism which could account for the time-dependent

systematic error is the amount of water vapour in the cavity. As the cavity

cools in the afternoon it will suck in air, and with it water vapour. At

lunch time the mekometer will either be left in a vehicle in the sun, or put

in an air conditioned room. In either case there will probably be a large

temperature change, and at some point air will be drawn into the cavity. If

this is not immediately dried by the dessicant the error will drop, as

observed. It is not possible to test this hypothesis directly; the data

required to estimate the influx of water vapour has not been measured.

To conclude, there is a systematic error observed in mekometer 218 020,

which depends on the time of day. It is seen as a negative error developing

in the mid to late afternoon. The error is believed to lie in the

interaction of the mnekometer with its environment rather than in the effect

of the environment on the light path, or on the meteorological measurements

or equipment. Two possible mechanisms are suggested. Firstly the dropping

temperature in afternoon may cause temperature gradients in the mekometer

reference cavity, and secondly water vapour may be drawn into the cavity as

the temperature changes through the day. The effect is not observed in

mekometer 218 065 which favours the former explanation, as the mekometers

are known to differ in their responses to temperature.
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5.10 Absolute scale errors in the surveys

The above analysis has been based entirely on the internal consistency

of each survey. The only control on the absolute scale comes from the

frequency calibration data, and as seen in section 5.7 there are systematic

differences between the errors determined in the frequency calibrations and

those observed in the distance measurements. For the 1978 survey at least

there could be a scale error of up to 5 ppm.

The only check on absolute scale of the surveys comes from comparing

line lengths measured in different surveys. Unfortunately the Imperial

Valley is a tectonically active area; the purpose of the surveys is to

detect change between the surveys. Although a change in scale between

surveys may arise from systematic measurement errors, it could equally have

a tectonic origin.

The scale change between surveys has been calculated as the mean part

per million change in the lengths of lines between surveys. Lines with

extreme differences have been removed from the comparison.

The scale changes between the 1971, 1973, and 1975 surveys are of the

order of 1 ppm, and so are well within the possible errors of the

measurements. Although the changes in in the intervals 1971-1973, and 1973-

1975 are both positive this is not necessarily significant, since there is a

1 in 2 chance of the changes being in the same direction if the errors are

random.

Te mean scale change between 1975 and 1978 is -5.6 ppm. In view of

the cosunents above this might lead one to suspect the 1978 data. However

the change between 1978 and the spring 1979 survey is -3.0, and it is

unlikely that there is a 9 ppm error between the 1975 and 1979 surveys. The

trend becomes more pronounced when it is noted that the mean change between

1975 and 1983 is -16 ppm. Admittedly this interval includes the 1979

earthquake, and the scatter of length changes between 1975 and 1983 is

great. Rejecting the extreme lengths the mean change can be reduced to

-12 ppm. The mean change between 1980 and 1982 is about -2.0 ppm, and again

there is a wide scatter in the variations in lengths. These results suggest

that there may have been a general compression in the region of the survey,

beginning in 1975. The strongest evidence against such a compression is the
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earthquake, since a uniform compressional strain will tend to inhibit strike

slip faulting. The earthquake originated some 15 km SE of the network, so

that it need not be within the influence of the observed compression. The

strain changes between surveys are discussed in greater detail in chapter 7.

5.11 Conclusions and recomendations

After applying the corrections for systematic errors, the remaining

random errors in distance measurements are of the order of 1.6, 1.1, 1.0,

and 0.8 ppm in the 1978, 1979A, 1980, and 1982A surveys respectively (based

on the results in table 5.3). However it must be remembered that the

corrections are based on the distance measurements, and so will include

random errors themselves. These have been evaluated for the 1978 and 1982A

surveys, which represent the extremes in the quality of the data.

Histograms of the magnitudes of the corrections and their expected standard

errors for these two surveys are plotted in fig. 5.8. For the 1978 survey

the error of the corrections is generally about 0.45 ppm. If the

corrections were statistically independent of the random errors of the

measurement the expected error of a corrected measurement would be

1(1.6 2 +0.45 2 ) = 1.66 ppm. As the two errors are correlated, the

total error may be between 1.15 and 2.05 ppm. The error of the correction

will not be strongly correlated with an individual measurement, and the

correlation will tend to be negative (as the correction is calculated to

reduce the error), so that the expected error of a corrected 1978 measurement

will tend to be lower than 1.66 ppm. Similarly the error of a corrected

measurement from the 1982A survey will be of the order of 1(0.82+0.152)

0.81 ppm.

One consequence of this method of correcting the data is that the

corrected data are not statistically independent. However the original

measurements contain systematic errors which may be strongly correlated, so

that the corrections will tend to reduce the overall correlation of the

measurements. The covariance of two measurements will be of similar

magnitude to the errors of the corrections (because it is only the

corrections which are correlated, not the random errors of the measurement).

Thus the correlation of two corrected measurements in the 1978 survey is of

the order of 0.45 2/1.6 = 0.13, and in the 1982 survey is 0.152/0.8 0.03.

Much of the following analysis of the data to compute station coordinates
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and deformation of the network assumes that the measurements are

independent.

The retrospective analysis of systematic errors is in many ways

unsatisfactory. It is subjective in the class of models which are

considered and the endpoints used in. the fitting, and it does not provide

any information on the mechanism by which errors are introduced. Despite

these objections the modelled error will at least be correlated with actual

systematic errors present in the data, and corrections based on the model

will generally improve the accuracy of the data rather than worsen it. The

method could be applied to the results of any trilateration survey in which

there is a significant amount of redundancy of measurements. The feature of

the Californian survey data which makes it amenable to this treatment is

that most lines have been measured twice. The comparison of these pairs of

distance measurements provides a direct estimate of the error at exactly the

time and conditions relevant to the survey.

It would have been preferable to make extensive laboratory studies of

the behaviour of the mekometer, to determine the exact response of the

frequency to the changing environment. Even when this has been done there

may remain systematic errors related to the conditions in the Imperial.

Valley, the light path of the carrier beam, and the meteorological

equipment. The following suggestions could be adopted to reduce systematic

errors in future surveys:

- Test the mekometer over the range of conditions to be met in the field.

This testing should include frequency calibrations and (almost)

simultaneous baseline measurements for a range of temperatures and

pressures, and also while the temperature is changing.

- Conduct frequent range comparison tests to minimize the ucertainty in

the long range scale error, and to detect any variations in this error

with time.

- Ensure that the silica gel dessicant is fresh.

- Replace the small leak which allows the cavity pressure to equalize

with the ambient temperature with a small bellows arrangement so that

air is not exchanged with the atmosphere (as in the prototype
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mekometer, and also described by Green (1978)).

- Improve the quality of the measurements of the cavity air temperature.

A better estimate of the air temperature may be made by placing a

thermistor in the portion of the cavity which contains the dessicant,

rather than taping it to the outside of the cavity.

- Replace the cavity with art ovened quartz crystal oscillator. This is a

major modification, but would greatly improve the performance of the

mekometer as a high accuracy geodetic equipment, and would perhaps

remove many of the systematic errors detected in the surveys.
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CHAPTER SIX: ANALYSIS AND CCIIPARISON OF SURVEY DATA

6.1 Introduction

The aim of a survey is to define the position of each of the stations

within some frame of reference. Generally stations are located on a three

dimensional coordinate system, one coordinate defining its elevation, and

two defining its horizontal position.

In this work the elevations are defined by vertical angle measurements

and horizontal positions are obtained from the distance measurements. In

principal all these measurements could be combined into a single set of

equations which would be solved to obtain the horizontal and vertical

coordinates of each station. This is not done for two reasons. Firstly the

Imperial Valley is a very flat area, so that generally the vertical angles

do not greatly influence the horizontal coordinates, and the distance

measurements do not provide constraints on the elevations. The additional

work of solving for horizontal and vertical coordinates simultaneously

instead of independently is not justified. Secondly, and more importantly,

the vertical angles have only been measured once, and are not even

sufficient to define the elevations of all the stations on this survey. In

analysing and comparing data from several surveys it must be assumed that

vertical movements of stations have not been sufficient to affect the

distance measurements. This approximation is partially justified by the

observation in chapter seven that a levelling traverse through the centre of

the network detected a maximum of 0.1 m vertical displacement as a result of

the 1979 earthquake. The assumption would be invalid if the network were

extended further to the north, where the style of faulting on the Imperial

fault changes from strike-slip to normal faulting.

The following two sections of this chapter discuss the calculation of

station elevations and horizontal coordinates. The remainder of the chapter

describes some methods in which data from different surveys can be compared to

summarize the ground deformation that has occurred.
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6.2 Station elevations

The vertical angles that have been measured are summarized in Appendix

D. The heights of the majority of stations (other than those on the 'limbs'

of the netiork) can be calculated from these measurements. These

measurements determine the difference in height of a pair of stations. The

actual elevations of the stations are computed by a least squares fit to the

elevation differences. The elevation difference between two stations is

given by

L.sin(p) - (i 2-i 1 ) + EL.cos(cp)]2
2R

where

z 1 ,z2	are the elevations of stations 1 and 2,

are the heights of the theodolite and target over their

stations,

L	 is the slope distance between the stations,

cp	 is the vertical angle measured from 1 to 2,

R	 is the radius of the earth.

This expression takes into account the radius of curvature of the earth, but

not curvature of the optical path from the theodolite to the reflector,

since the latter is generally small, and is very unpredictable in the

conditions in which the measurements were made. The radius of curvature of

the lAG recommended reference ellipsoid (Cooper, 1974, p.69) at the latitude

of the network (32° 45' N) is 6,378,000 in along the meridian, and

6,378,202 in across it. For the purpose of this work a mean value of

6,378,100 in is adopted.

Elevations of the stations for which angles have been measured are

readily obtained by the least squares method. The height of one station

must be fixed to provide a constraint on the solution, since all the 1

observations are of elevation differences. For this purpose the elevation

of station N29 has been estimated from a 1:25000 topographic map as -7.62 in.

The error of the calculated elevation differences has been assumed to be

proportional to the slope length of the line between the stations, which is

equivalent to assuming a constant angular error in the measurements. The

error of the observations calculated from the residuals after computing the

best fit elevations is 25" of arc, or about 0.12 m in 1 km.
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Unfortunately the vertical angle measurements are not sufficient to

define the elevations of all the stations. For the remaining stations

elevations are estimated from a 1:25000 topographic map. The procedure that

has been used is as follows. About 8 stations are selected	 for which

the elevation has been calculated, and which are near the station for which

he elevation is to be estimated. The elevations of these stations and the

unknown station are estimated from the map, and then corrected for any

remembered details of their situation (depth of burial, located on a bank,

etc.). The mean error of the estimated elevations of the 8 nearby stations

is used to correct the estimated elevation of the unknown station. When it

has been expedient vertical angles to nearby stations have been measured on

subsequent surveys. The heights of the following stations have been

estimated in this way:-

F31	 K38	 L34A N31A Q32	 R36	 S32	 X33	 X36

F30	 L29A M28A P31A Q32A R36T S33US X33US X38US

G33A L31B N2904 P32	 R3OA R37A

The crude estimation of elevations from a map is acceptable because the

topography of the area is very flat, so that lines are insensitive o 5tatOfl

elevations. When station coordinates were calculated for the 1982A survey

significant errors were found in steep lines to stations N2904, N31A, and

P33A. This suggested that the elevations were not sufficiently accurate,

and so the heights of these stations was re-estimated using the horizontal

distance measurements. The procedure was as follows. The horizontal

coordinates were recalculated with lines to the suspect stations given a

very low weighting. The horizontal and vertical coordinates of each suspect

station were then calculated by a three dimensional least squares method,

assuming that the previously calculated coordinates of the neighbouring

stations were exactly correct. In each case this analysis found the

estimated elevation to be in error by about 0.5 in.

6.3 Calculation of station cuordinates

The most natural coordinate system for describing the position of a

point on the surface of the earth is a spherical coordinate system; that is

the system of latitude, longitude, and elevation. This system has

disadvantages in that expressions for distances and bearings of lines are

relatively complicated. On the scale of the Imperial Valley network a
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simpler rectangular cartesian coordinate system may be used. Following

conventional practice the approximately ellipsoidal surface of the earth is

projected onto a flat plane. The Transverse Mercator projection is very

suitable for this purpose, since it is orthomorphic (it preserves shape

locally). The correction of a measured distance between two points on the

ellipsoid to the distance between two equivalent points on the projection is

described in, for example, Cooper (1974).

The chains of quadrilaterals forming the 'limbs' of the network are not

sufficiently well constrained to allow the calculation of coordinates, so

this analysis is confined the the region between the '42' line of stations

in the west and the '24' line of stations in the east. A Mercator

projection has therefore been defined with its central meridian running

north-south through Q33, which is central to the region under study. A line

length L measured between stations 1 and 2 of elevations z 1 and z2 may be

corrected to the distance between the projections of the stations in the

following stages:

- Correction from slope distance to horizontal distance. The length of

the line that would have been measured had each station been at the

mean elevation of the line (z 1 +z2 )/2 is

Lh =	 - (z1-z2)2}

- Correction to mean sea level chord distance. The length of the line

that would have been measured had both stations been at sea level is

L =	 R	 .Lhm
R + (z1+z2)/2

where R is the radius of curvature of the Earth (taken as 6,378,100 m).

This correction ranges from +4.3 to -1.3 ppm in the Imperial Valley

network

- Correction to sea level arc distance. This is an insignificant

correction which in principal corrects from the straight line distance

between two points to the shortest distance between them along the

surface of the ellipsoid. For lines of the order of 3 km long this

is less than 0.03 mm, and it depends on the cube of the distance.

- Correction to the projection. To project a spheroid onto a plane

requires some distortion of the surface. For the Transverse Mercator
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projection this occurs as a scaling factor which depends on the

distance of a region from the central meridian of the projection. This

scaling factor is equal to the secant of the angle subtended by the

normal to the spheroid at the point with the plane of the meridian.

The scaling factor will obviously vary along the length of the line,

but for this work it is sufficiently accurate to use the factor

appropriate to the middle of the line. For a line with midpoint at

distance D from the meridian, the correction may be written

L = (1 + D2/2R2).L
p	 in

This correction is not more than 0.7 ppm for any point within the

region of study, which extends to 7 km from the meridian.

Once the distances between the projections of the stations have been

calculated it is a relatively simple matter to obtain coordinates. The

method used is that of adjustment of coordinates (e.g. Bomford 1971). This

uses the least squares method, which can solve linear systems of equations.

Unfortunately the calculation of coordinates from lengths is not a linear

problem. In the method of adjustment of coordinates it is assumed that the

coordinates of the stations are approximately known. The best fit

coordinates are obtained by small adjustments of the approximate

coordinates; the lengths of the lines may be expressed to first order as a

linear function of these adjustments. The conditions for applying the least

squares method are thus fulfilled. The observation equations for the least

squares fit are obtained as follows.

Suppose that a line measured between stations i and j has length

The approximate coordinates of station i, defined to be (x1 ,y1 ), are to be

adjusted to new values (x. + x.,y.+6y.). The coordinates of station j are

similarly defined. If the random error of the measurement is C, then

'/{(xi+5xj_xj_ 5xj ) 2 + (Y1+'SY_Y_Y)2} + c

If the distance between the approximate coordinates is 	 then this

equation can be written to first order as

= (x.-x1).6x. + (x.-x.).6x. + (y.-y 1 ).y. + (y-y.).6y + c

D.	 D..	 D..	 D.
i i	 1]	 1)	 ii

This expresses the observed quantity	 as a linear function of the

unknown parameters óx. and 6y.. The adjustments to the coordinates must be
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constrained to ensure a unique solution, since the adjusted coordinates may

be arbitrarily translated or rotated without affecting the distances between

the stations. The constraints applied are that one station is fixed, and

that the azimuth of the line from this station to one other is fixed. The

errors of the observations are assumed to be proportional to the length of

the line CL. .).
1]

Coordinates have been calculated for stations in this fashion for the

stations in the central region of the network for all surveys from 1975 to

1982. One significant error was detected by this procedure. The published

length of the line M30 to N29 for the 1975 survey (Mason, 1976) is

1129.3794 in, which is about 0.05 in longer than calculated from the other

lengths. This appeared particularly significant, since this line crosses

the Imperial Fault at a shallow angle and is particularly sensitive to

displacements on the fault. However on referring to the original field

notebooks it was found that the system constant correction of -0.0438 in had

not been applied to this measurement, and that the individual inekometer

readings had been averaged incorrectly. The corrected length of 1129.3336 in

is consistent with the other measurements during this survey.

Additionaly coordinates have been calculated using the combined data of

the 1978 and 1979A surveys, and the 1982A and 1982B surveys. To ensure

that the 1978 and 1979A data were compatible, the 1979A data was corrected

for the -3.0 ppm change noted between the two surveys (section 5.10), and

for 6 nun creep that had occurred on the Imperial Fault.

Table 6.1 lists the standard errors of distance measurements for each

survey estimated using the redundancy in calculating coordinates. Two

estimates of the error are listed. In the first the coordinates have been

calculated using each measurement individually, and in the second the

coordinates have been computed from the means of repeated measurements o a

survey line. The two estimates will be about the same if there are no

significant errors in station elevations, whereas if there are errors in

elevations, or regional systematic errors in the data, the latter estimate

of standard error will be higher. As was seen in the modelling of

systematic errors of the measurements, the accuracy is improving from survey

to survey.
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Tab'e 6.1: The errors of measurements computed from redundancies in the
network.

The following table lists the errors of distance measurements
found for each survey while computing the coordinates of the stations.
These coordinates have been calculated twice, once using all the
measurements individually, giving S.E.(1), and once using the mean of
repeated survey measurements (weighted appropriately) giving S.E.(2).

Survey	 S.E.(1)	 S.E.(2)	 Connients

	

ppm	 ppm
1975	 1.66	 -

1978	 1.60	 1.65

1979A	 1.23	 1.42

	

1978/79A 1.62	 -	 1979A data scaled up by 3.0 ppm, and

1979B	 -	 -

1980	 1.06	 1.04

1982	 0.86	 1.00

	

1982A/B 0.87	 -

fault offset by O.006mto be compatible
with 1978 data.

Solution for coordinates not possible.

Repeated measurements of fault crossing
lines are not included in the
calculation of coordinates.

Combined 1982A and 1982B survey data.



6.4 Displacement vectors

The ground deformation between two surveys may be most simply expressed

by listing the movements, or displacements, of the each station. In the

analysis of the Imperial Valley network the elevations of the stations is

assumed to remain unchanged, so that t displacement is a two dimensional

horizontal vector.

Unfortunately displacement vectors are not uniquely defined, since the

coordinates are not calculated within an absolute frame of reference. A

translation or rotation of the network does not affect the lengths of any of

the lines, and so coordinates from two surveys may differ by an arbitrary

translation or rotation. One possible means of overcoming this ambiguity is

to extend the network to a tectonically stable area in which no

displacements are expected. However the accumulation of survey errors in

transferring this reference back to the area of interest may readily result

in errors greater than the expected displacements. More commonly the

coordinates from on survey will be rotated and translated to obtain a

'reasonable' set of displacements according to some criteria.

Brunner (1979) describes the method of 'inner coordinates'. In this

method the coordinates of one survey are rotated and translated with respect

to those of another to minimize the sum of squared lengths of the

displacement vectors. This has the effect of simultaneously minimizing the

sum of squared expected errors of the displacements.

The displacements obtained by the method of . 'inner coordinates' are not

always the most reasonable, since in regions of faulting there may often be

a dominant direction of movement (for example in a region of strike-slip

faulting one might expect the displacements to be parallel to the fault,

although this was not the case in the 1979 Imperial Valley earthquake).

Prescott (1981) describes an alternative method of computing displacements

which, for no obvious reason, he calls the method of 'outer coordinates'.

In this method the ground movement is assumed to have a dominant direction,

and displacements are calculated to minimize their component perpendicular

to this direction. Prescott compares the 'inner' and 'outer coordinate'

displacements for a repeated survey of a network spanning the San Andreas

fault. The 'inner coordinate' solution applied a small rotation to the

network which cancelled the shear strain accumulating across the fault, so
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that the net displacement of opposite ends of the network was found to be

1 mm/yr. Using the 'outer coordinate' solution the displacement becomes

36 nun/yr. Darby (1982) provides a statistical analysis of the method, which

allows the hypothesis of zero displacement perpendicular to the chosen

direction to be tested. He also indicates how the method may be extended to

other expected displacement fields, such as those calculated for the end of

a strike-slip fault.

The calculation of the rotation and translation to obtain the 'inner'

or 'outer coordinate' solution is relatively simple. Suppose that a network

of N stations has been surveyed twice. The coordinates of the stations

calculated from the first survey are (xivyi) and those calculated for the

second survey are ( x2 .,y2 .). The coordinates of the second survey are to

be translated and rotated so that the difference between the coordinates of

the first survey and the modified coordinates of the second survey are the

'inner' or 'outer' coordinate displacement solutions. The translation

required in each case is that which brings the mean of the coordinates to

the same point for each survey. The mean of the coordinates are (x1My1M)
and (x2My2M) where

x	 lZx.	 etc.
iN	 -	 ii

Ni

The translation is thus (xT,yT) where XT = X 1 M - X2M and T	 IM	 2M
If the rotation is defined to be 	 radians about the mean of the

coordinates of the second survey, then the displacement of the station i

after the second coordinates have been translated and rotated is (u.,v.)1 1
where to first order

U.	 X2 +	 - X1 - 2i'2M
v:_ '2i + 'T - li + (x2i_x2M).6&

The 'inner coordinate' displacements are obtained by choosing 63 to minimize

+ v 2 ). The rotation is thus

63 =
[Cx .-x .-x	 2M2i + (y1_y2cyT)(c2cc2M)]ii 2i T

1[(x.-x1	 2i 21.4

For the 'outer coordinate' solution the displacements are expected to be

along a chosen azimuth, say 4,. The displacements are thus minimized normal

to this direction. If l=cos (4') and m=sin(4,), then the required rotation is
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= Z [(zn{x2 .+x -x .}-l{y .+yT ii	 2i. T
1 I(l{x .-x }+m{y2.-y2J)2J1	 2x 2)4

Once displacements have been calculated it is useful to know the

expected errors of the displacements, so that it can be decided which

displacement vectors are significant, and which may be ascribed to random

survey error. The methods for achieving this are described in Brunner

(1979), Prescott (1981), and Darby (1982). The inverse matrices of the

normal equations used to compute the coordinates for the two surveys are

required in this analysis. For the Imperial Valley network these matrices

contain more than 90,000 elements each, and the estimation of the errors

of the displacements has not been attempted because of the computational

problems that arise.

6.5 Calculation of strain parameters of ground deformation

The ambiguity inherent in representing the ground deformation as

displacements may be removed by differentiating the displacements, so that

constant translations of the network are lost. The differentials of the

displacements are the components of strain,

C
xx
C =C
xy yx

C	 =
yy

and the rotation

du/dx

(du/dy+dv/dx)

dy/dy

W	 (dv/dx-du/dy).

Strain is a tensor field; in the two dimensional case it has four components

at every point. In analysing ground deformation in terms of strain

components two assumptions will be made. The first is that the strain is

infinitesimal, so that second order terms in the strain components may be
ignored. The largest strains that have been observed in the Imperial Valley

are of the order of 200 ppm, so that second order terms are less than

0.04 ppm and can be safely ignored. The theory of two-dimensional
infinitesimal strain is described in, for example, Jaegar (1969). The

second assumption that must be made is that the strain is uniform over a

small region.
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The strain parameters may be computed from the displacement vectors, or

from the original survey measurements. The choice of which method is used

will depend on the data available; if the two surveys include many common

lines, but there are not sufficient measurements to determine station

coordinates then the parameters are best calculated from the original data.

If the two surveys use different lines to measure a common set of stations,

then the comparison will be using station coordinates. The calculation of

parameters from coordinates is described by Brunner (1979). A primitive

form of this analysis has been used in chapter 2 to estimate the stability

of the survey stations. This is the more complex of the two methods since

the displacement vectors are themselves statistically correlated, and this

must be taken into account in computing the strain parameters. The

calculation of the parameters directly from the survey data is described

below.

Frank (1966) described the calculation of strain parameters from the

measurement of three angles of a triangle in a triangulation network on two

surveys. The changes of the angles provide three measures of shear strain,

which may be solved to obtain the strain parameters excluding rotation.

Prescott (1976) extended this method to deal with a collection of angles

from a network using a least squares technique. The method is very readily

adapted to deal with trilateration data, and indeed the computations are

simpler.

The method considers each line of the network to be equivalent to a

strainmeter. Between the surveys the length of the line will change from

to L2 , so that the strain change will be

e()	 CL2 - L1)/L1,106

where & is the azimuth of -the line. In a regime of uniform infinitesimal

strain the theoretical strain in a line on azimuth & is

c(8)	 C .cos 2 (9) + [ C 	 + £ ] . cos(8).sin(8) + C .sin3(8)xx	 xy yx	 yy
4[ y 1 .cos(2) + y2 .siri(2) + ]

where

y = (E	 -c ),and
1	 xx	 yy

y = (c + c ) are the shear components of strain, and
2	 xy	 yx
A = (c + c ) is the dilatation.

xx yy
The measured strain e() will differ from the expected value as a

consequence of survey errors, and deviations from the assumed uniform strain

field. If the errors are assumed to be due only to survey errors, then the
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strain measurements on lines on three or more different bearings may be used

to estimate the strain parameters y1,, 2' and L using a least squares

technique. Crook (1982a) lists a program for calculating strain parameters

using a HP41C programmable calculator. Note that the rotation

is not estimated in this procedure, since the length of a line is

independent of the rotation.

This analysis can be applied to any sufficient subset of lines of the

network, so that the variation in the strain parameters across the network

can be estimated. The residual errors in the measured extensions may be

may be used to test whether the uniform strain model is applicable. If the

error of a distance measurement is 01 ppm in the first survey and 	 in the

second survey, then the expected error of e(8) is 0e !/(Oi + a2 ). If n

lines are used to estimate the three strain parameters, then the sum of

squared residuals Z[e(8)-C(8)]2 can be tested against a 0e2•X_3

distribution.

The physical meaning of the three parameters of strain is illustrated

in figure 6.1. The dilatation is the change in area per unit area as a

result of the deformation.	 and 
2 
may be thought of as shear strains

across axes at 45° to the x and y axes, and across the x and y axis. These

may alternatively represent extensions or compressions on axes rotated by

450 The physical difference between these interpretations is a small

rotation.

There are several ways in which the strain parameters can be

represented. Two are listed above; these are as C , C , C , and as y
xx xy yy

t. If new coordinate axes Ox' and Oy'are defined which are rotated

with respect to Ox and Oy, then the strain parameters calculated on the new

axes will be

y1 .cos(29) + y2.sin(29)

= -y1 .sr2) + y2.cos2

The dilatation is invariant under rotation of the axes. A second invariant

quantity is the total shear

=	 +
The axes on which = y and = 0 are termed the principal axes of the

strain. These axes are defined by

=	 .tan1(y2/y1)
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Figure 6.1: Possible physical interpretations of the shear parameters
of strain.
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The shear strains C' and C' calculated on these axes are zero, and the
xy	 yx

extensional strains are

=	 =

C	 = C2 =

The quantities C. and £2 are termed the principal strains. The strain field

may thus be summarized in terms of uio quantities .	 and Y(or

ande2) which are independent of the coordinate axes, and the orientation of

the principal axes, 8.

The uniform strain parameters may be represented graphically as the

arrows of length proportional to C and £2 aligned with the principal axes,

or as a line of length proportional to the total shear oriented in the

direction of vertical planes across which the shear strain is maximized,

which are termed • right lateral shear axes' in this thesis. Examples of

these representations can be found in the following chapter.

6.6 Estimation of fault displacement

A model of uniform infinitesimal strain will not generally be valid if

some of the lines are crossing the fault. The displacement of the fault

between two surveys can be estimated directly from the survey data using a

procedure ana].gous to the calculation of strain parameters described above.

One side of the fault is defined to be the 'fixed' side of the fault, and

the other side is the 'dynamic' side. The analysis will determine the

displacement of the dynamic side relative to the fixed side. The

displacement between two surveys may be represented as a vector (FF). If

a line crosses from the fixed side to the dynamic side on a bearing , then

the expected change in the length of the line is to first order

tiL = F .cos() + F .sin()x	 y
If such changes are measured on two or more lines of different bearings, F

and F can be estimated using a least squares procedure to minimize the

differences between the expected and measured length changes. This method

of estimating fault displacements does not make any assumptions about the

direction of the fault displacement. Where faulting and strain deformation

are both significant processes, the strain parameters and fault displacement

can be calculated simultaneously.



CHAPTER SEVEN: GROUND DEFORMATION ASSOCIATED WITH THE IMPERIAL FAULT

7.1 Reintroduction to the Imperial fault

The Imperial fault is a relatively straight feature trending about
N35°W except for the 15 kin north of the junction with the N-S trending
Brawley fault zone (fig 7.1). In the USGS professional paper on the 1979
earthquake positions on the fault are referenced by their distance from the

southern end of the 1979 surface trace. It could be argued that this is not
a natural choice, since the reference point is not the southern limit of
known movements on the fault. However the convention of the professional
paper will be used in this thesis for ease of comparison. Road names are
often used to indicate locations, and table 7.1 lists the positions at which
the roads most commonly referred to cross the fault. Locations on the
Brawley fault are similarly defined by their distance north of the junction

with the Imperial fault. The notation 1=5 km will be used to denote a
location on the imperial fault 5 kin north west of the southern limit of the
1979 fault trace, and B=5 km will denote a location on the Brawley fault
5 km north of the junction with the Imperial fault (taken to be at 1=15 kin).

The Imperial fault was first recognised following the May 18, 1940,
earthquake (Ulrich 1941, Richter 1958, Trifunac and Brune 1970). The
epicentre of the magnitude 6.4 mainshock was located on the fault trace at
approximately the southern end of the 1979 fault trace (fig. 7.2). A series
of aftershocks with magnitudes up to 5.8 propagating to the south east

rapidly followed the mainshock. Little seismic activity occurred to the
north west until a magnitude 5.5 shock 1 hr 17 mins after the mainshock
occurred near Brawley, causing more damage there than the original
earthquake.

The earthquake ruptured a 60 km long section of the Imperial fault,

with maximum right lateral displacements of 4 m near the US/Mexico border.
The movement was predominantly right-lateral displacement, although vertical
movements (downthrow to the east) were observed at the northern end of the
fault trace (1>15 kin). These vertical movements correspond to a pre-

existing fault scarp, which suggests that a similar pattern of displacement
has occurred consistently in recent times.
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Figure 1.1: Nap of the surface rupture on the Imperial and Brawley faults
following the 1979 Imperial Valley earthquake. The locations
of alignment arrays, 'nail files', and creepmeters maintained
by the California Institute of Technology are shown.
(KR-Keystone Road, HA=Harris Road, WRworthington Road,
fl8O=Highway eo, RR=Ross Road, AR=Anderholt Road, HR=Heber Road,
TR=Tuttle Ranch, A-All American Canal)



-2.4
2.5
3.7
5.6
7.7
8.6
9.5
12.5
14.9
17.1
19.0
23.9
27.2

Location

-2.5
2.5
6.5
9.5

10.1
14.7
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Table 7.1: Locations of comonly used cultural references.

Locations along the Imperial fault are cortinonly indicated by the names
of roads. This table relates these and other features to the distance along
the fault measured in kilometres north east of the south west limit of the
1979 fault trace.

A) Roads:

N arne
	

Location

Highway 98
Heber Road
Anderholt Road
McCabe Road
Chick Road
Interstate 8
Ross Road
Highway 80
McConnell Road
Highway 111
Worthington Road
Harris Road
Keystone Road

B) Survey stations

Name

120
V24
R27
N29
M2955
H33

C) Earthquake features.

1940 epicentre	 5
1940 southern limit of rupture -35 (?)
1940 northern limit of rupture	 30

1979 epicentre	 -10
1979 southern limit of rupture	 0
1979 northern limit of rupture	 30
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The fault trace was relatively straight and smooth except for the

northern 15 km on which the vertical movements were observed. Here the

trace deviated to the west, before terminating in a number of north east

tending splay faults. These have been mapped by Sharp (1977) using aerial

photography and unpublished field notes of the 1940 event.

The location of the change of fault style from strike slip to dip slip

motion coincides with the southern end of the north trending Brawley fault.

A major earthquake swarm occurred on this fault in 1975 (Johnson and Hadley

1976, Sharp 1976). The focal mechanisms of the majority of events were

consistent with right lateral displacement on the Brawley fault, although

only normal faulting (downthrow to the west) was observed at the surface.

This complements the normal faulting on the northern section of the Imperial

fault and between the faults a topographic depression known as the Mesquite

lake has formed.

The Imperial fault is connected to the San Andreas fault (on the north

shore of the Salton Sea) by a 10 km wide by 80 kin long region of abnormally

high seismicity, termed the Brawley seismic zone by Johnson (1979). Johnson

has made an extensive study of the earthquake swarms within this region.

He finds that each swarm consists of one or more clusters which originate

progressively along the Imperial or Brawley fault trend. Each cluster is

seen as the propagation of a rupture on a conjugate structure of a north to

north easterly trend. The clusters are apparently initiated by aseismic

creep events on the main fault which propagate with velocities between 1

and 10 km/day.

By plotting the hypocentres of the initial events of clusters, Johnson

finds that the northern section of the Imperial fault at depths of 4 to 6 km

is straight, in contrast with the irregular surface trace. It appears that

the northern end of the Imperial fault is 'bent over' to the west near the

surface.

Johnson also notes that the Imperial fault dips vertically. This is in

agreement with the analyses by Kasahara (1958) and Scholz and Fitch (1969)

of triangulation surveys across the Imperial Valley before and after the

1940 earthquake. The symmetry of the observed displacements about the fault

implies that it is approximately vertical. Further evidence comes from an

analysis of strong motion data from the 1979 earthquake, from which Hartzell



and Heaton (1983) infer a dip of 900 ± 5°. However a seismic refraction

survey of the valley (Fuis et a!., 1982) located a 0.5 to 1 km high scarp

aligned with the Imperial fault in the 6 km deep basement of the valley.

The position of this scarp implies a dip of 70° to the north east at the

US/Mexico border (I=-5 km), increasing to 78° at about Worthington Road

(1=20 kin).

The hypocentre of the magnitude 6.6 October 15, 1979 earthquake was

located about 5 kin south of the border at a depth of 8 km (Archu].eta, 1982).

Curiously, surface rupture was not observed within 10 km of the mainshock

location; it was entirely on the northern 30 km of the Imperial fault. The

fine details of the fault trace and the style and magnitude of the fault

displacements matched the 1940 earthquake very closely over this length

(Sharp 1982a).

No significant aftershock activity was observed between the hypocentre

of the mainshock and the southern limit of the fault trace, at which a smll

cluster of events was observed commencing 18 hours after the mainshock

(fig 7.2, and Johnson and Hutton, 1982). Aftershock activity was largely

concentrated in the Braw].ey region starting half an hour after the

mainshock. The largest aftershock was a magnitude 5.8 event 74 hours later,

which initiated a NE trending line of epicentres consistent with its left-

lateral fault plane solution.

Hartzell and Heaton (1983) find that the strong motion data from the

earthquake is consistent with a magnitude 5 initial event which grew into or

triggered a magnitude 6 earthquake north of the border.

The section of the fault between the southern end of the 1979 fault

trace (close to the 1940 epicentre) and the 1979 epicentre is shown have

been seismically quiet during the period in which microearthquake activity

has been monitored in the Imperial Valley (Johnson and Hutton, 1982). The

1940 event initiated at the north end of this section and propagated south,

whereas the 1979 event commenced at the south end and propagated north.

It is suggested that this is a locked section of fault, and that stress

concentration at the ends of the section initiates the rupture.

One very encouraging result for earthquake prediction is the

observation that the seismicity along the entire length of the Brawley
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seismic zone was 40% less than normal during the 15 weeks beore. the 1979

earthquake (Johnson and Hutton, 1982).

7.2 Fault displacements before the 1979 earthquake

The right lateral fault displacements observed after the 1940

earthquake are plotted as a function of distance along the fault in figure

7.3. It is apparent that displacements to the south east of the mainshock

are considerably greater than those to the north west. This led Richter

(1958) and Trifunac and Brune (1970) to suggest that the original rupture

propagated southwards only, and that the displacements north of the

mainshock are associated with the large aftershock near Brawley. This

interpretation has recently been queried by Johnson and Hutton (1982), who

find that a similar large aftershock of the 1979 earthquake is better

interpreted as the initiation of left-lateral slip on a conjugate fault at

Brawley than as right lateral slip on the Imperial fault.

Brune and Allen (1967) observed a 10 km long rupture on the Imperial

fault trace with displacements up to 15 mm following a magnitude 3.6

earthquake in 1966. This length of surface rupture was unprecedented for

such a small earthquake. It was also noted that the offsets of cultural

features near Highway 80 had increased from 450 mm shortly after the 1940

earthquake to about 800 mm prior to the 1966 event, although Allen had

inspected the fault in 1964 and failed to find any evidence of active creep.

Following the 1966 event alignment arrays were constructed by the

California Institute of Technology to span the Imperial fault at Harris Road

(1=24 kin), Worthington Road (1=19 km), Highway 80 (1=12.5 kin), and at the

All American canal (I=-5 km)(see fig 7.1 for the locations). These small

geodetic networks consist of a line of stations set into the road, which are

surveyed about twice a year from a central theodolite station to determine

the movement of the stations parallel to the fault. The span of the arrays

is of the order of 75 m. In 1975 creepmeters were installed at three sites,

Ross Road (1=9.5 km), Heber Road (1=2.5 kin), and Tuttle Ranch (I=-2.5 kin),

providing a continuous record of fault displacement (Goulty et al, 1978).

The coverage of the fault was further increased in 1977 by 'nail files' at

Worthington Road (1=19 kin) and Anderholt Road (1 =3.5 kin): a 'nail file' is a

small alignment array with a total span of about 30 m, which is relatively
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quick and cheap to survey.

This monitoring of the fault detected episodic creep prior to the 1979

earthquake occurring at approximately three year intervals (fig 7.4).

Individual events result in between 5 and 25 mm right lateral offset. The

creepmeter records show that the offset at a single point on the fault

consists of several hours of accelerating creep, 1 or 2 hours of fast creep

(accounting for 75% of the total offset), followed by up to 1 day of

exponentially decelerating offset. The events do not occur simultaneously

at all sites. For example a creep event recorded at Ross Road in April 1977

was registered 5 days later at Heber Road 6 km to the SE (Goulty et al.,

1978). This event was not observed on the Tuttle Ranch creepmeter 5 km SE

of Heber Road, nor on the alignment array across Highway 10 3 km NW of Ross

Road. Although earthquake swarms were frequent on the Brawley and Imperial

faults, none corresponds in time and location to the creep event. It can be

seen in fig. 7.4 that creep events measured at Worthington Road and Highway

80 do not correspond to those measured south of and including Ross Road.

This might be taken to suggest an asperity on the fault between these two

sites. No creep event was detected south of the 1940 epicentre and the

southern end of the 1979 fault trace, although Goulty et al. (1978) suggest

that there was a gradual slip at the All American canal, where the data was

described as being noisy.

Fault creep after 1971 can be estimated from the surveys of the

mekometer network. Before 1975 the network consisted of a chain of

quadrilaterals crossing the Imperial fault at a single point just south of

Highway 80 (fig 7.5). Following the method of section 6.6 the changes in

the lengths of the four lines crossing the fault between 1971 and 1973 are

found to be consistent with a fault displacement of 15 ± 4 nun on a fault of

bearing N35°W ± 8°. The bearing corresponds exactly with the strike of the

fault, and the displacement corresponds with that measured less than 1 km

away at the Highway 80 alignment array between 8 June and 13 October 1971

(Goulty et al., 1978). Unfortunately between 1973 and 1975 the key station,

L31, was shifted by road grading machinery, leaving only one fault-crossing

line. This line, L30-K31, is insensitive to fault movements. By

considering stations coordinates Mason et al. (1979) estimated that the

displacement between 1971 and 1975 was of the order of 30 mm. Again this

closely matches measured displacement on the alignment array.
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The period 1975 to 1978 is the first for which measurements of a

substantial block of stations around the fault can be compared. The

estimated displacements of stations common to the 1975 and 1978 survey are

illustrated in figure 7.6. The displacements have been calculated to

minimize the components perpendicular to the trend of the Imperial fault,

allowing the scale of the 1978 measurements to be freely adjusted (in view

of the scale uncertainties of the 1978 survey). The coordinates of the 1978

survey are scaled up by 6.3 ppm.

Looking at figure 7.6 it is seen that the general trend of the

displacement vectors is a right-lateral displacement on the Imperial fault.

It might be suggested that this pattern is an artefact of the method of

calculating displacements. However the right lateral trend is unambiguous

in the data. Superimposed on this trend are a number of anomalous

displacements.

Regions A and B on fig 7.6 enclose stations for which the 1975

coordinates are particularly poorly defined, due to lack of redundancy in

the measured lengths (the lines measured in 1975 are illustrated in appendix

B, figure B.3). The anomalous eastwards displacements in region B are

easily explained by the 1975 measurement of the line M28-N27 being about

1 cm too short.

By contrast the displacements in region C cannot be explained simply in

terms of errors in the data. The stations of this region (H32, J31, R30,

1(31) apparently form a rigid block which lies between, and is moving

independently of, the two sides of the Imperial fault.

Estimating fault creep from fault crossing lines gives values of

19 ± 3 mm near H33 (I15 km), 18 ± 3 mm at Highway 80 (1 =12.5 km), and

35 ± 3 mm near Ross Road (1=9.5 1cm). The bearings of the displacements are

calculated as N19°W ± 6°, N28°W ± 6°, and N22°W ± 5° respectively. These

bearings are all more nearly north-south than the strike of the fault

(N35°W). This may be partly due to the scale change between the 1975 and

1978 surveys: scaling up the 1978 survey data has the effect of rotating the

apparent direction of the displacement towards E-W. However the above

results are calculated having scaled the 1978 data by 5 ppm, and any

residual scale error is likely to be small.



1975-1978

:

1 31

Figure 7.6: Displacements of stations between the 1975 and 1978 surveys.
Coordinates of the 1978 survey have been scaled up by 6.3 ppm
to align displacements with the Imperial fault. Regions A, B,
and C are blocks of stations referred to in section 7.2.
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The alignment array at Highway 80 did not detect any creep between 1975

and 1978. Apparently 18 nun of sup has missed the array. There is also a

disparity between the 15 mm creep measured at Ross Road creeprneter and the

35 mm determined from the network. If bearing of the displacement obtained

from the surveys is correct it implies a closing of the fault, which would

register on the E-W oriented creepmeter as left-lateral creep. The 35 mm

displacement would be interpreted as only 23 mm. However a more likely

cause of the discrepancy is simply that a creep event occurred between the

end of the 1975 survey in March, and the construction of the creepmeters in

September 1975.

The Brawley fault zone was the site of a major earthquake swarm in

January 1975 (Johnson and Hadley 1976, Sharp 1976). Johnson and Hadley

found that the epicenters propagated northwards and southwards from a point

about 13 km north of the junction of the Brawley fault zone and the Imperial

fault. No events were located on a section between 1 and 10 km north of the

junction; it was on this section that Sharp observed surface evidence of

faulting, suggesting that aseismic slip occurred. The short gap between the

southern end of this section and the Imperial fault was filled by four

small earthquakes occuring seven days after the beginning of the swarm.

These events lie in or close to region C. Fault mechanisms calculated for

some of the larger events of the swarm were generally consistent with right

lateral strike slip movement on the fault. Although there was no measurable

horizontal offset across the fault, Sharp notes that the left stepping en

echelon form of the fault trace is consistent with right lateral movement.

It would seem quite plausible that the creep event inferred between

March and September of 1975 represents the delayed propagation of fault slip

from the Brawley fault to the Imperial fault. The slip may not have been

registered at the Highway 80 alignment array either because it occurred at

depth, or because it passed to the east of this array. It is tempting to

take this argument further, and to suggest that the displacement has a

north-south component because it originates on the nearly north-south

trending Brawley fault, and that the anomalous displacement vectors of

regions A and C in fig. 7.6 can be explained by the creep propagating along

a fault on the east edge of these regions. Unfortunately the latter

argument is not consistent with the displacement inferred on the Imperial

fault at H33, unless this is attributed to the April 1977 creep event, which

also failed to register on the Highway 80 alignment array.
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15 mm creep was detected between 15 June and 27 November 1978 at

Highway 80 (Cohn et al., 1982), during the 1978 survey. However this does

not correspond to the estimated creep at Highway 80 between 1975 and 1978 as

many of the measurements in this region were completed before 15 June and

all before 10 July. No evidence of fault creep is found in any of the

repeat measurements of lines crossing the fault during this period.

Furthermore it is seen below that this creep is observed between the 1978

and spring 1979 surveys.

-

	

	 The 1978 and 1979A surveys have few lines in common, as the 1979A

survey was intended to continue the measurements of the 1978 survey rather

than to be compared with it. There are three locations at which the fault

displacement can be estimated. From north to south these are

- lines from H33 (1=15 kin) to G32, G33, and H32 were measured on about 10

July 1978 and 10 May 1979. The fault displacement estimated from these

lines is 15.5 ± 1.7 mm on a bearing of N34°W ± 4°.

- lines from N29 (1=9.5 kin) to M30 and N30 measured on about 3 December

1978 and 21 April 1979 (N29-M30 was also measured on 13 June 1978, but

no fault movement was apparent between this and the December

measurement). The fault displacement is estimated as 2.8 mm on a

bearing of N50°E.

- lines from P28 (1=8.5 kin) to Q28 and Q29 measured on 14 December 1978

and 20 April 1979, which give a displacement of 5.3 mm on a bearing of

N92 °E.

The fact that the direction of displacements at the last two sites is not

parallel to the Imperial fault may be due to a scale error between the

surveys as suggested for displacements between 1975 and 1978. A relative

error of -2.5 ppm is estimated from the lines which do not cross the fault.

If an appropriate correction is applied to the 1979 data and the four lines

from N29 and P28 are combined, the recalculated displacement vectors become

15.1 ± 1.7 nun on N46°W ± 5° 	 at H33

0.9 ± 1.5 mm on N34°W ± 90° at N29 and P28.

The 15 nun creep at H33 corresponds well with that observed at the

Highway 80 alignment array between 15 June and 27 November 1978. The lack

of slip at N29 also agrees with the creepmeter data, although creep was

detected shortly after this period; 13 nun at Ross Road on 23 May, and -1 mm

on 27 May and 5 mm on 2 August at Heber Road. Cohn et al. (1982) suggest
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that the apparent left lateral event at the Heber site may in fact be a

compressive strain due to the proximity of the termination of the creep

event seen at Ross Road, although an extensive strain would seem more

likely.

It may be concluded from these observations that prior to the 1979

earthquake the Imperial fault was exhibiting episodic right lateral creep.

There is evidence of a discontinuity in the fault between Highway 80 and

Ross Road, which may be related to the transfer of right lateral slip to the

Brawley fault zone. The differential slip along the length of the fault was

largely taken up on the east side of the Imperial fault. The mean slip at

Highway 80 over the IZ ye&rs b oethe earthquake was about 6 mm/yr.

Although creep events occurred within 6 months of the earthquake, these

are consistent with the pattern over the previous 12 or more years and, as

pointed out by Cohn et al., cannot be interpreted as a precursor to the

earthquake. For 'precursors of the first type' (those which occur more than

a few hours before the earthquake) Rikitake (1981) gives an empirical

relationship between the magnitude of an earthquake and the expected

precursor time. For a magnitude 6.6 earthquake the lead time would be about

24 years. Thus it is unlikely that the entire 12 year record of creep

represents a precursor.

7.3 Pre-earthquake strain accuaulation

The fault creep observed prior to 1979 could have been taken to.:

indicate that the fault was 'safe'. Since stress was being relieved by

creep a major earthquake was unlikely to occur. Obviously (with hindsight)

the stress release was incompiete. In order to assess the rate of stress

accumulation measurements at distance from the fault need to be considered.

The Imperial Valley is spanned by a first order triangulation network

set up by the U.S. Coast and Geodetic Survey in 1934. Surveys in 1934,

1941, 1956 and 1967 provide broad scale information on the co- and post-

earthquake deformation associated with the 1940 earthquake, and many authors

have presented analyses of this data (for example Whitten 1956, Kasahara

1958, Scholz and Fitch 1969 (criticized by Savage and Burford, 1971), Savage
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and Burford 1970, Thatcher 1979, Snay et al. 1982).

Thatcher (1979) considers the three periods 1934-1941, 1941-1954, and

1954-1967. Subsections of the network are analysed to obtain strain

parameters by a method analogous to that described in section 6.5. For the

co-earthquake period 1934-1941 he finds thatthe strain is consistent with

right lateral shear parallel to the Imperial fault for polygons which cross

the fault, and left lateral shear (strain release) for adjacent polygons.

This is 'just the pattern expected to arise from shallow slip on the

Imperial fault'. For the initial post-earthquake period 1941-1954 there is

consistent right lateral shear across the entire network. The mean shear

rate is about 0.4 ppm/yr on an axis of N42°W, equivalent to 82 mm/yr across

the valley. The observations can be explained by several meters of buried

slip on the San Andreas, Brawley, and Imperial faults, but not by modest

amounts of surface creep on the Brawley and Imperial faults. Post-seismic

relaxation of a visco-elastic asthenosphere may also account for some of the

shear. Thatcher does not find a consistent pattern in the strain changes

for the period 1954-1967.

Taking advantage of the accuracy of modern electro-optical distance

measuring equipment to obtain useful information on a short time scale,

Savage et al. (1979) have surveyed a portion of the network at the south end

of the Salton Sea 5 times between 1973 and 1977. Over this period an

approximately constant strain rate of 0.3 ppm/yr unilateral N-S compression

was measured. This compression is also observed on six other networks

covering most of southern California (Savage et al., 1978). Modelling the

strain changes by dislocations on the San Andreas, San Jacinto, Elsinore,

Brawley, and Imperial faults they estimated displacements of 47 ± 21 mm/yr

on the Imperial fault, and 17 ± 16 mm/yr on the Brawley fault.

Snay et al. (1982) discuss the results of partial resurveys of the

USCGS network in 1979 (prior to the earthquake) and 1980. Modelling length

changes between 1967 and 1979 by slip on a number of faults, the mean slip

rate on the Imperial fault above 10 km depth is estimated as 32 ± 5 mm/yr.

No significant slip is detected on the Brawley fault. The difference

between this and Savage's value is within the quoted errors of the

estimates, and is not surprising in view of the different model geometries,

time periods, and data sets used. The displacement estimated by Snay et al.

may be more reliable for the Imperial fault, since the stations used are
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closer to the fault, and the data spans a longer time period.

In both of these models the displacement estimated on the Imperial

fault is much greater than the 6 mm/yr fault creep measured at the surface.

A possible explanation for this discrepancy is that the fault slip at depth

is greater than that at the surface, in which case stress is accumulating,

and an earthquake can be expected. Alternatively the stress may be relieved

at the surface by a number of faults parallel to the Imperial fault or by

plastic flow over a broad region, so that the measurements across the

Imperial fault underestimate the total slip. The mekometer network can help

to distinguish these possibilities, since it is intermediate in scale

between the USCGS triangulation network and the very local alignment arrays

and creepmeters.

Mason et al. (1979) have analysed length changes between the 1971,

1973, and 1975 surveys. Rejecting those lines for which significant changes

at the 95% confidence level (i.e. greater than 7 ppm) are not found in each

period 1971-1973 and 1973-1975, and those lines in which changes are not of

the same sign for each period, significant changes remain in 7 areas (fig.

7.7). The easternniost area (A of figure 7.7) is tentatively associated with

the geophysically inferred Calipatria fault (Elders et al., 1972), and

regions B and C are suggested as the Brawley fault. In fact all these areas

are more than 5 km to the east of the Brawley seismic zone and the 1975

surface rupture of the Brawley fault. Johnson (1979) notes that the Brawley

seismic zone marks the eastern limit of significant microearthquake

activity. If the inferred faults to the east of this are active, the fault

slip must be aseismic. The length changes in area D correspond to the

Imperial fault. It is noted that region E lies on a south-eastwards

extrapolation of the Superstition Mountain fault, although no surface 	 -

slip or seismicity has been observed nearer than 20 km to the north west.

Region F is close to the Heber geothermal region, and it is suggested that

the changes may be related to this.

The uniform strain analysis (section 6.5) has been applied to length

changes for the periods 1971-1975, 1975-1978, and 1978-1979A. For each pair

of surveys the set of lines measured in both surveys (for which length

changes are available) has been geographically divided into groups on which

the uniform strain analysis is applied. The principal strain axes deduced

by this procedure are summarised in table 7.2 and illustrated in figs 7.8 to
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Figure 7.7: Places where significant movements occurred consistently
between 1971 and 1975. Firm lines in insets show directions
of maximum extension, broken lines, directions of maximum
riht lateral shear. The positive and negative signs indicate
positive and negative dilatation. After Mason et al. (1979).
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7.12. In the following discussion each strain calculated is referenced by a

number; locations corresponding to these numbers are illustrated in figures

7.8 to 7.12.

The length changes between 1971 and 1975 are not well modelled by

uniform strain; standard errors of the measured length changes about those

calculated from the best fit strain parameters are typically about 5 ppm

(table 7.2). While this may be partly due to errors incurred in using

the prototype mekometer in the earlier survey, the large standard errors

mainly arise from the non-uniformity of the strain field, as illustrated by

the lack of consistency between different sites (fig 7.8).

The 'right lateral shear axes' are illustrated in figure 7.9. The

well defined axes within 10 km of the Imperial fault are approximately

parallel to the fault, indicating accumulation of right lateral shear

strain. Two of the axes further from the fault, at sites 1 and 8, are

perpendicular to the fault, and indicate strain release. At site 9,

furthest from the fault, the shear strain parallel to the fault is

insignificant.

The maximum shear strain of 14 ppm is at site 7, in the Heber

geothermal area. As mentioned above this lies close to the extrapolation of

the Superstition Hills and Superstition Mountain faults. However if the

shear at site 7 was due to buried slip on a continuation of these faults, it

is unlikely that site 8 would not also show right lateral shear parallel to

the fault (although if the slip were very close to the surface it could

result in strain release at site 8). It seems more likely that these

strains are of a local origin.

Length changes between the 1975 and 1978 surveys are much more

consistent with a uniform strain interpretation: standard errors of the

measured changes about the calculated changes are mostly less than 3 ppm.

Mason et a].. (1979) quote a standard error 2.1 mm for 46 measurements of a

786 m baseline during the 1975 survey, equivalent to 2.5 ppm. The error

determined from the redundancies in the network when calculating coordinates

for this survey was 1.7 ppm (table 6.1). During the 1978 survey each line

was measured twice, and the standard error of the mean of two measurements

is about 1 .1 ppm. The expected error of the measured change in line length

is thus between 2.0 and 2.7 ppm. The standard errors estimated from the



Ref

1
2
3
4
5
6
7
8
9

all

10
11
12
13
14
15
16
17

all

n

25
16
9
8

11
25
10
18
17

157

13
29
4

21
11
3
5

19
160

a

4.6
3.9
5.8
7.2
3.0
5.3
3.8
5.4
3.6
5.4

3.6
6.1
0.3
2.5
2.7

1.8
2.7
5.4

1975-1978

1978-1979A	 18	 5
	

1.9

	

19	 15
	

1.8

	

20	 20
	

1.9

	

all	 52
	

2.0

Period

1971-1975
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Table 7.2: Pre-earthquake strain changes calculated for subsets of the

mekometer network.

Uniform strain parameters are presented below for the three intervals 1971-

1975, 1975-1978, and 1978-1979A (the last interval is approximately four

months duration). Each-set of parameters is given a reference number, and

the approximate locations to which they correspond are shown in figures 7.8

to 7.12.

The table lists the number of lines used in each calculation (n), and the

standard error of the length changes calculated with the best fit uniform

strain parameters about the measured changes (a). The strain parameters

are presented as the two principal strains (E and £2) and the azimuth of

the least compressive strain axis ( .9). Strains and errors are in ppm,

azimuths are degrees east of north. Errors quoted are 68% confidence

limits. Note that if the error of the angle is greater than 450, then the

orientation of the axes is unspecified at the 95% confidence level.

£1

4.6 ± 2.0
3.6 ± 2.3
0.5 ± 3.5
3.1 ± 4.6
4.7 ± 1.6
0.0 ± 1.9
8.7 ± 2.2
4.1 ± 2.3
1.3 ± 1.4
1.9 ± 0.8

-3.8 ± 1.7
-0.9 ± 2.0
-0.3 ± 0.2
-2.1 ± 1.0
-2.4 ± 1.5
-2.3	 -
-2.9 ± 1.6
-6.9 ± 1.0
-4.1 ± 0.7

0.9 ± 1.6
-2.0 ± 1.1
-1.8 ± 0.7
-2.5 ± 0.5

£2

1.4 ± 1.6
-0.3 ± 2.2
-0.9 ± 4.4
-3.4 ± 5.5
1.0 ± 1.3

-3.5 ± 1.6
-5.3 ± 2.2
-1.5 ± 2.3
-1.8 ± 1.9
0.0 ± 0.8

-12.3 ± 1.7
-7.4 ± 1.9
-8.6 ± 0.4
-8.2 ± 1.1
-8.6 ± 1.6
-9.9	 -
-7.0 ± 1.5
-8.5 ± 1.0
-7.2 ± 0.7

-6.1 ± 1.3
-3.5 ± 0.7
-2.6 ± 0.7
-2.6 ± 0.5

29 ± 23
132 ± 18
43 ± 99
131 ± 30
83 ± 22
95 ± 28
74 ± 6
26 ± 18
142 ± 23
66 ± 19

86 ± 11
93 ± 15
102 ± 2
117 ± 7
128 ± 10
84 -
44 ± 15
8 ± 39
98 ± 12

124 ± 11
63 ± 26
26 ± 44
4 ±334
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uniform strain analysis are close to that expected from random survey

errors, indicating that the assumption of locally uniform strain is valid

for this interval.

The 1975 to 1978 strain changes (figure 7.10) are dominated by

compressive strain, particularly inthe north-south direction. This can be

interpreted as an accumulation of right lateral shear parallel to the fault

(fig. 7.11) superimposed on a negative dilatation of about -10 ppm (i.e.

-5 ppm linear strain). Comparing figures 7.9 and 7.11 it is apparent that

the accumulation of right lateral shear near the fault is about twice as

great n the3 year interval after 1975 as in the previous 4 years. The

negative dilatation is possibly an instrumental effect as discussed in

section 5.10. However as will be seen below, there is a general trend of

compression persisting over many of the surveys after 1975.

The strain parameters have also been calculated from the common lines

of the 1978 and spring 1979 surveys (fig 7.12). The interval between

remeasurements of lines varies between four and eight months. Between these

surveys the length changes are generally consistent with a -5 ppm areal

dilatation. If the dilatations are assumed to be of tectonic rather than

instrumental origin, the nett dilatation rate between 1975 and 1979 is just

under -4 ppm/yr. Comparing the two intervals there is an apparent increase

in the rate after 1978. However in view of the possible scale errors of the

surveys a linear rate could be consistent with the data, and in any case

there is no reason to assume that the compression started at the time of the

1975 survey.

It can be concluded that the strain field prior to the earthquake is

dominated by the accumulation of right lateral shear parallel to the

Imperial fault zone. The two exceptions to this are sites 1 and 8 at which

left lateral shear parallel to the fault is seen between 1971 and 1975.

This may represent release of previously accumulated strain by slip on the

Imperial fault at depth (say greater than 5 3cm), or possibly by slip on the

Brawley fault associated with the 1975 earthquake swarm. However no

specific model has been found to explain these strains.

Within 5 km of the fault the accumulation of right lateral shear has

amounted to about 3.0 ppm (engineering shear strain) for the interval of

1971 to 1975 and 6.5 ppm for 1975 to 1978. Over the seven years 1971 to
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1978 this is equivalent to 13 mm/yr slip over this region, which is about

twice the estimated slip rate due to fault creep. The total slip over the

10 km wide zone is thus of the order of 20 mm/yr. This is less than the

32 mm/yr estimated by Snay et al. (1982), although if the zone of shear

accumulation were wider than 10 km the difference would be less. The

consistent accumulation of right lateral sheaf strain near the Imperial

fault thus accounts for most of the difference between the observed creep

and the fault slip estimated from measurements of the broad scale USCGS

network. This accumulation of strain could have been taken as a warning of

the risk of an earthquake on the Imperial fault.

The apparent doubling of the rate of strain accumulation after the 1975

survey might be taken as precursory to the 1979 earthquake. However the

pre-earthquake records are too short to establish the normal variations in

the rate of strain accumulation, so that the possibility of precursory

strain cannot be objectively evaluated.

7.4 Predominantly co-earthquake deformation.

The rapid rate of fault creep and associated deformation observed after

the earthquake prohibited a complete remeasurement of the network in 1979.

The 1982 and 1983 surveys represent the first complete reineasurement. The

deformation between these surveys and those of 1978 and 1979A is thought to

be dominated by strain changes occurring at the time of the earthquake,

rather than by the post-earthquake strains. Justification of this

assumption is presented in following sections. This section describes the

strain changes which occurred during this interval, illustrated in figures

7.13 to 7.24.

The stations more than 6 km south west of the fault (in the 'Heber

block') have moved as a rigid block, and are taken as providing a reference

against which the extreme deformation near the fault can be measured. It

is assumed that the movements of this block are parallel to the fault.

Unfortunately the network does not reach a similar region on the east of the

network except on the limbs, on which coordinates cannot be calculated.

Displacements are illustrated in figure 7.13. These were calculated to

minimize the components of displacement perpendicular to the fault. A small
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translation was then added to the displacements to align those in the Heber

block with the fault.

The components of displacement parallel and perpendicular to the fault

are contoured in figures 7.14 and 7.16, and plotted against distance from

the fault in figures 7.15 and 1.17. The method of contouring is as follows.

Displacements on each side of the fault have been contoured independently by

interpolating the measured values onto a regular grid, and then linearly

interpolating grid values to mechanically plot contours which have then beert.

smoothed by hand. The displacement field in the vicinity of each grid point

is modelled by a cubic function of position. Taking the grid point to be

the origin of the coordinate system, the displacement (u,v) at a point (x,y)

is expressed as

u(x,y) = U0 + £. 1 x + C12y + Ax 2 + Bxy + Cy 2 + Dx 3 + Ex 2 y + Fxy 2 + Gy3

v(x,y) = v0 + £21 x + E22y + ix 2 + Ixy + 3y 2 + Kx 3 + Lx 2y + Mxy 2 + Ny3

The constants in these expressions are determined by a weighted least

squares fit to the displacements of stations on the same side of the fault

as and within four kilometers of the grid point. If less than sixteen such

stations are found the displacement at the grid point is deemed to be

undefined. In fact displacements of only ten stations are needed to

calculate the constants. Insisting on sixteen stations ensures that they

are not unduly influenced by non-tectonic movements of one or two stations.

The least squares fitting determines the displacement (u 0 ,v0 ) and the strain

parameters	 C12 £21 and £22 at the grid point.

Figures 7.18 to 7.20 illustrate the strain field of the deformation.

The strain axes in figure 7.19 are those calculated at the contouring grid

points. For comparison figure 7.18 shows strain parameters computed from

length changes of lines in individual quadrilaterals of the network. On the

whole there is good agreement between the two sets of strain parameters.

Strain parameters calculated on two of the quadrilaterals (sites A and B on

figure 7.18) are abnormally large. At site A the parameters are calculated

from the four sides of the quadrilateral only. The determination of strain

parameters is ill-conditioned, since there are no constraints on strains in

the directions of the diagonals. Strain parameters at site B are influenced

by local movements of station 1(26 (fig. 7.13); this station is close to the
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edge of a 4 m high earth bank which slumped to the west during the

earthquake. The strain parameters computed from displacements (fig 7.19)

are the better representation of the data because they are less influenced

by such local movements, and because the strain parameters can be

interpolated into areas where stations have been lost between surveys. The

large extensions on the eastedeoF Ihe network in figure 7.19 are believed to

be exaggerated as a result of the contouring method. Figure 7.20

illustrates the 'right lateral shear axes' calculated at the contouring grid

points.

Figures 7.21 and 7.22 show the principal strain and right lateral shear

axes computed from length changes in the limbs of the network (at distances

of more than 10 km) from the fault. Most of these parameters are obtained

by comparing the 1975 and 1983 surveys. The 1975 survey data has been

scaled down by 5 ppm to reduce the effect of the scale change between the

1975 and 1978 surveys.

The mekoineter network does not provide any constraints on vertical

displacements associated with the earthquake. However a first order

levelling traverse does run through the centre of the network (fig. 7.23).

Preliminary data relating to surveys conducted in early 1977 and between 20

December 1979 and 24 April 1980 has been made available to the author by the

Imperial County Assistant County Surveyor, Mr. Bob Estes. The elevation

changes of the benchmarks are illustrated in figure 7.24. The final

reduction of the data by the National Geodetic Survey is not expected to

significantly alter the pattern of displacements, although a constant

vertical offset may be added to all the elevation changes. The principal

vertical movement is seen to be a drop of 0.1 in in the three stations

immediately east of the Imperial fault. The eastern edge of this depression

coincides with the east edge of region C of figure 7.6, on which fault

movement was proposed between 1975 and 1978.

Additional vertical information comes from measurements of the vertical

offsets of cultural features immediately after the earthquake (Sharp et al.,

1982). These local estimates of vertical fault displacement are plotted

against distance along the fault in figure 7.25. There is good agreement

with the levelling traverse at the point where it crosses the fault

(1=12.5 kin).
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Contoured at 100 mm intervals.
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Figure 7.18: Principal strain axes calculated from changes in the lengths
of lines in quadrilaterals between 1978 and 1982.
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1978-1982

Figure 7.19: Principal strain axes calculated from changes in coordinates
between 1978 and 1982.
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1978-1982

Figure 7.20: Right lateral shear axes calculated from changes in coordinates
between 1978 and 1982. The orientation of the axes shows the
orientation of planes across which right lateral shear is
maximum, and the length is proportional to the total shear.



C

III	 C	 —I
III	 0	 U)

III	 U)

Iii	 U)	 0.1

C	 (-I

0.1	 0.
.1-i	 E

151

a.'
1

I....

0

C

C
ia >w

.0.-1
In	 .0
N Oifø
o•.	 .iJ

a) a) •-1

L)4
CU)
a)	 Ij
WCa)

0)
.0	 4-1

14

C	 0)
..-I	 i 1.1

W 14 U)

014
UI

U)

4-IN
C

C'-
C

r-4W0

4J E U
00

C I4
...I %II

0)4-I I
DI 4.)
C
I	 '

o •
U) N

E	 as
00).-
"4140)

'j U)4.J

a)
4m.c

C
iC0
UU3

—4
U) C4 14
a)	 l
xa. Q.

CU U
.-I .0
I4.) Ii
14 0)
.1104)
U) C4i

4.)
0)

a)
Ua) 4i

--I 14 ,-4 a)
14 i.-l.0

(a 0)4-I

S.

I-

a)
Ii



0.
I-

130

(-4
CU

D r
U)

III	 4
III	 CU
III	 s-iHa)-4-,

(U

E

0
4.)

'-4
N (0
a- 0s.4 0
'-4-' 00

-.4

0 L0 1. 14
10 0 •-4 0 (0

4-I Q0)
mm (0 0.0
N	 4)1.40)
0 i0 04
'-.010	 .-4

--4 In '0

.00	 0.-4
4.)	 0)4)10

VWW :-
010.0 X'd 10
10.-I 4-) (0 0.-I
10(0	 (0

4)
4) 0) -.4 .0 0 r.)
10	 4)00

00)	 --410
a) Wq.4.l)

U) 10 X 0 (0--I
10.010	 4)11-i
0	 .000

--4 Ci) 41 4) 10 0
'-4 (0.0	 -.4 0

.04)0 1.i
'4-I	 WOdD
0i'4-1..4	 Lfl

100	 Is-Ia
(n	 100

140.0 4)
4) 1 04-a (fl.c

)U)-1	 4)4)
0	 4-I'd--I
Wit) (00 E4)
'-I N 4) (0 --4 (0

O0	 ,-4
10-_a)' V
.0	 •.IEWW
4)W1400

.0 0 E 0
04-)	 •.-iCijIs.i
4 WXVW

E .0 (0--i V
U) OE-4 E'i- 0
1014
D"I-4	 0)0
0
(0(0(0	 •-4
.04)4-) 1.IdP
C) (0 (0 (0	 0

V a)(.o 0
E	 .0	 --4
0	 U)W4)
1.1 •N	 .010
1.-I U) a. ,-4 4) 4.)

0
Va)	 144)10
10 - 10 10 0 --4
4)14.04)0)14
40	 4J 40 (nO
.-iw	 -40j

.0 1410
o t' 4.) 4) Qi.0
'-I	 -4.0 0) 4.)

0 .-	 --I	 .iI
014- (0

U)VO 03.0
10 0 0) 0) O'4-
X (0-.-4.0 0
(0

e• (0	 W
1iO4.0- •-4
10aE0	 14-1

W-O-4	 --4
.0	 0.0.0
0)10	 14t7l

.014	 (0--i
r-I4-) ()) U) 00)
(0
14'd4 0(1)10
10001-I	 0
.1I (0.0 0 -4 --4
10	 (0(0.-I

4-I
i	 0)00

4-I a) 	104)10
.000	 .
b14.-I (0100

-'-I	 '-I .-ic I-i
Cl) (0 Qm4).0

S.
(1

('.4

N



A

Figure 7.23: Showing the location of the levelling traverse through the
network (triangles), and the line defining the NW and SE halve
of the network as referred to in figures 7.15, 7.17, and 7.35.
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Local maxima and minima of the displacement parallel to the fault occur

about 3 kin to either side of the fault at the north end of the network

(figs. 7.14, 7.15). The relative displacement of these points is about

1.3 in, although the slip measured on the fault trace between them is only

about 0.6 in. The difference arises partially because the 1.3 m displacement

is anomalously high, and partially because of a 1 km wide zone of intense

right lateral shear on the west side of the fault. The location of the

maxima of displacement corresponds to the junction of the Brawley and

Imperial fault zones, and to the possible asperity noted in section 7.2

across which creep events did not propagate. It will be seen that the large

displacements may result from a local maximum of slip on the fault at depth,

possibly due to releasing a previously locked section of fault. The lack of

aftershock activity in this region (fig. 7.2) argues against this

suggestion.

The zone of right lateral shear is most clearly seen in fig. 7.14.

This shear may be caused by the shape of the fault trace. The shear zone is

in a slight projection of the west side of the fault into an indentation in

the east side. This could result in partial locking of the fault trace, so

that some of the relative movement of the two sides of the fault is

accommodated by shear rather than by slip on the fault. Since the

projection on the west side of the fault is mechanically weak, it is on this

side that shear occurs. The shear could be seen as elastic or plastic

strain, or as slip on near surface faults parallel to and west of the

Imperial fault.

Although there was generally little surface evidence of faulting in

this zone, one fault trace was observed (by the author and P.R. Wood, 13

November 1979) approximately 400 in west of the Imperial fault. The location

of this fault is shown on fig. 7.14. The trace was noticed by a 20 cm scarp

(downthrow to the east) in an east-west dirt road parallel to a deep unlined

drainage channel (on fig. 7.14 this road coincides with the edge of the

network spanned by the fault). The trace could not be traced far through

rough ground and dense vegetation north of the road, where it appeared as a

series of left-stepping en echelon open north-south fractures with widths up

to 30 mm. There was no evidence of vertical movement north of the road.

To the south the trace was followed more than 100 in into a field until it

was lost under fresh ploughing. A 10 cm downthrow to the east persisted

into the field. The initial bearing of slightly east of south was tending
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to a more easterly direction, this being accommodated by an increase in the

number of left steps in the trace. The trace was not found south of the

field.

The form and location of this fault trace are consistent with the model

of a westwards offset of right lateral displacement from the Imperial fault

into the zone of shear. Sharp et al. (1982) have estimated the right

lateral slip on this trace to be about 0.3 in.

Perhaps one of the most surprising and puzzling features of the co-

earthquake deformation is the magnitude and asymmetry of movements

perpendicular to the strike-slip fault (figs 7.16, 7.17). Indeed south of

the junction with the Brawley fault the strain field is dominated by

unilateral extension and compression perpendicular to the fault (fig 7.19).

The displacements perpendicular to the fault very roughly follow a

periodic function of distance from the fault, with a period of about 5 to

6 km. The maxima of displacement are again located opposite the junction of

the Brawley and Imperial faults. The greatest perpendicular displacement is

a 0.5 in south-westwards movement of the north east corner of the network.

This coincides with a gap in the network associated with the Alamo river.

Apart from the narrow river valley, the topography here 	 consists of a 3

in 1000 dip north west into the Mesquite Lake. The displacement is not

consistent with large-scale slumping into the Alamo river or any other form

of gravitational slip. It seems likely that the displacements are of

tectonic origin, although it is possible that the river valley may be

focussing the displacements. The south westwards displacement is the

opposite to that expected from the observed normal faulting on the Brawley

fault zone.	 -

The zone of intense deformation is bounded to the north east by

measurements on the limbs of the network. Uniform strain parameters

calculated on the limbs are illustrated in figures 7.21 and 7.22, and

summarised in table 7.3. The strain at site 22 (fig 7.21) is computed using

lines as close as 8 km from the fault on the north east- side, on which all

observed strain changes are less than 20 ppm.

Generally release of right lateral shear strain parallel to the fault

is observed in the co-earthquake strain parameters calculated on the limbs
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Table 7.3: Co-earthquake strain changes calculated for subsets of the

mekometer network.

Uniform strain parameters are presented below for the co-earthquake interval

1975 to 1982. The 1975 lengths have been scaled down by 5 ppm corresponding

to the scale change between 1975 -and 1978. Each set of parameters is given

a reference number, and the approximate locations to which they correspond

are shown in figures 7.21 and 7.22.

The table lists the number of lines used in each calculation (n), and the

standard error of the length changes calculated with the best fit uniform

strain parameters about the measured changes (a). The strain parameters

are presented as the two principal strains (c. and £2) and the azimuth of

the least compressive strain axis (). Strains and errors are in ppm,

azimuths are degrees east of north. Errors quoted are 68% confidence

limits. Note that if the error of the angle is greater than 450, then the

orientation of the axes is unspecified at the 95% confidence level.

Ref	 n

21	 8
22	 18
23	 15
24	 33
25	 4
26	 10

£1

8.3 ± 2.9
5.6 ± 2.0
-2.1 ± 3.7
0.0 ± 1.3
1.0 ± 5.1

-6.6 ± 1.4

C2

-.7.1 ± 2.2
-8.0 ± 1.6
-12.4 ± 4.2
-6.5 ± 1.3
-8.4 ± 3.3
-8.9 ± 3.0

175 ± 13
18 ± 6

129 ± 14
26 ± 9
2 ± 34

140 ± 39
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of the network. The exceptions to this are at site 23, where strain is

accumulating, and site 26, where shear strain is poorly defined.

Compression (negative dilatation) is seen in all the sites on the east of

the fault despite having scaled down the 1975 data by 5 ppm.

It is interesting to compare the co-earthquake strains of figures 7.21

and 7.22 with the 1971-1975 strains in figures 7.8 and 7.9. There are five

pairs of parameters which are geographically comparable; these are 1 and 21,

2 and 22, 7 and 24, 8 and 25, and 9 and 26. Shear strains at three of the

locations (1 & 21, 8 & 25, 9 & 26) are very similar, although a negative

dilatation is superimposed on the co-earthquake strains. Shear strain at

site 2 is poorly defined for the 1971-1975 period. Site 7 was the location

of unexplained very large shear in this period, which was not observed in

the co-earthquake data. This supports the conclusion that the pre-

earthquake shear is not due to buried slip on a fault, since it is likely

that such a fault would have been activated by the earthquake, and large

strains would be seen in the co-earthquake data.

The general similarity of pre- and co-earthquake strain changes at

distance from the fault is rather surprising, and is contrary to the theory

of elastic rebound, which requires pre-earthquake strain accumulation,

followed by co-earthquake strain release. As suggested above a possible

explanation for the pre-earthquake strain is buried slip on the Imperial or

Brawley faults in the 1971-1975 period appearing as strain release at

distance from the fault, in which case the similarity s

less surprising.

The large deformations near the Imperial fault make it difficult to

obtain a representative estimate of the relative movement of the two sides

of the fault during the earthquake, even if such a figure were meaningful.

Although the Heber block provides good control on the movement of the SW

side of the fault, this is lacking in the NE side. The furthest station

from the fault on this side for which a displacement can be obtained is

station E24, 7 km from the fault. This must lie close to the edge of the

zone of intense deformation, and in this respect it is encouraging that its

displacement perpendicular to the fault relative to the Heber block is

small (0.1 in). The right lateral movement of this station relative to the

Heber block is about 0.8 in, although this estimate is susceptible to errors

due to rotating the network. This is somewhat larger than estimates of
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0.41 ± .06 in and 0.52 ± 0.06 in of right-lateral displacements on the

Imperial fault obtained by Snay et al. (1982) by modelling the deformation

of the USCGS triangulation network between 1979 and 1980. The estimated

displacements of points distant from the fault is not considered

particularly meaningful, and in chapter 8 it will be seen that the actual

displacements vary considerably over the plane of the Imperial fault.

7.5 Co- and post-earthquake fault displacements

Following the 1979 earthquake a high rate of creep was observed on the

Imperial fault. The policy adopted for the 19798 survey was therefore to

repeatedly measure simple figures, generally radial sets of lines from a

single mekometer station, rather than attempt a broader survey of the

network Cf ig 7.26). Three such 'stars', those based on stations 833, M2955,

and R27, spanned the fault. A further four (D21, E30, Q33, W41) were

measured to estimated the post-earthquake strain adjustments away from the

fault. Towards the end of the survey three chains of triangles were

measured to provide better spatial continuity in estimates of strain changes

and fault displacements. These were termed the north, south, and fault

chains.

During the 1979B survey emphasis was placed on remeasuririg fault

crossing lines, some of which were surveyed seven times. Figure 7.27

illustrates the post-earthquake fault displacement as a function of time

determined from measurements of lines at four locations along the length of

the fault. Using a logarithmic time axis the plotted displacements for each

location lie on a straight line. The displacement D(t) at time t is thus

well described by the funtion

0(t) = a + b.1og10(t)

where the values of a and b may vary along the length of the fault. Sharp

and Lienkaemper (1982) observe a similar result for vertical displacements

on the fault. A logarithmic rate of afterslip is not unusual, having been

observed after the 1966 Parkfield earthquake (Smith and Wyss, 1968) and the

1968 Borrego Mountain earthquake (Burford, 1972). Burford notes that

significant afterslip occurs only on one of the two surface ruptures

associated with the Borrego Mountain earthquake, and attributes this to
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Figure 7.26: Map showing the portions of the network measured during the
1979B survey. Two types of sub-network were measured.
'Stars', consisting of lines radiating from a single station,
were measured several times. 'Chains' were measured once.
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delayed propagation of instantaneous slip in the basement through the much

greater thickness (3 kin) of sediments at this site. There is thick

sedimentary cover at Parkfield and in the Imperial Valley. However McGarr

and Green (1978) have observed a logarithmic time dependence in afterslip of

microtremor sequences 3 km underground in a south African gold mine,

suggesting that the sedimentary cover is not necessary for the phenomenon.

The creepmeter records of the afterslip of the Imperial Valley

earthquake show that at the surface at least the slip occurs as a series of

discrete creep events of identical character to pre-earthquake creep events.

At Ross Road these have magnitudes 10 ± 5 mm, and at Heber Road magnitudes

are 5 ± 3 mm (Cohn et al., 1982). Events are more frequent at Heber Road.

The different magnitudes and frequencies at the two sites suggests that the

episodic behaviour of the creep may be a very local surface response to more

continuous creep at depth.

The logarithmic creep rate has been calculated separately for each line

crossing the fault. The measured changes in lengths are resolved onto an

assumed fault strike of N35°W. Co-earthquake changes are estimated as the

difference between the last pre-earthquake measurement of a line and the

extrapolation of post-earthquake measurements to one day after the 1979

event. The estimated co-earthquake slip and rate of post-earthquake slip

are listed in table 7.4 and plotted against distance along the fault in

figure 7.28 Only the lines intersecting the fault at less than 600 (i.e.

sensitive to fault movement) have been included. Also plotted in

figure 7.28 are displacements estimated from the offsets of cultural

features (Sharp et al., 1982), and from alignment arrays set up immediately

after the earthquake by Harsh (1982).

It is apparent that the co-earthquake displacements vary much more

erratically along the fault than the post-earthquake slip rates. This is

largely due to the intense deformation on either side of the fault

affecting the lengths of fault crossing lines, and in particular from the

misinterpretation of movement perpendicular to the fault as fault slip. The

smooth form of the post-earthquake slip rate is broken only by the two

points corresponding to lines P28-P29 and K31-L31A. Station P29 was found

to have moved non-tectonically during the interval 1980-1982 in chapter 2,

and the lengthening of the line to P28 results from this.
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Table 7.4: Pre-, co- and post-earthquake changes in fault crossing lines.

The fault-crossing lines listed below are located by their distance from the
SW end of the 1979 surface fault trace. The changes in line lengths are
resolved to determine the fault displacement, assumed parallel to the N35°W
strike of the Imperial fault, that would cause them. The pre-earthquake
displacements are given for the interval 1975-1978. There is evidence of a
further approximately 6 tmi displacement between 1978 and the earthquake in
1979. The displacements after the earthquake follow a logarithmic law, so
that the total displacement D at time t after the earthquake is given by
D = a + b.log(t). The constants a (the displacement up to 1 day after the
earthquake) and b (the displacement between days 1 and 10, 10 and 100, and
so on) provide measures of the co- and post-earthquake displacements. n
is the number of measurements used in the fit, cc is the correlation
coefficient, and a is the standard error of the measured lengths about
the values computed from the best fit.

Li ne
	

Location	 Displacement (nm) 	 n	 cc	 a
Pre-eq	 a	 b

	

380.8	 76.6	 5	 0.99 4.3

	

355.3	 90.1	 12 -1.00 3.3

	

422.4	 102.1	 3 -0.99 1.8

	

95.2	 102.6	 6	 0.99 3.8

	

200.2	 109.8	 5	 1.00 4.4

	

273.9	 109.8	 5	 1.00 2.0

	

503.3	 80.4	 3	 1.00 2.5

	

480.4	 103.2	 5 -1.00 4.7

	

339.3	 104.7	 6	 1.00 3.2

	

445.5	 107.2	 14 -1.00 2.8

G33-G34
H33-G33
J32-H32
J32-J31
J32-K31

K32-K31
L31A-K31
M30-L30
M30-M29A
M2955-M2905

M30-N29
M2955-N29
N30-N29
P29.4429
P29-P28

Q28-P28
Q28-Q27
Q28-R27
R28-R27
S27-R27

S27-S26
V2405-V24
V2450-V24

	

16.04	 49.9

	

15.08	 13.4

	

13.92	 83.2

	

13.79	 4.6

	

13.45	 8.6

	

12.80	 9.2

	

12.38	 30.7

	

11.00	 39.0
10.69
10.28

	

10.13	 30.2
10.01

	

9.74	 37.4
9.55
8.75

8.03
7.85
7.42
6.85
6.51

5.87
2.86
2.53

419.8	 110.4
413.1	 106.3
391.9	 112.1
591.6	 101.6
360.1	 146.9

610.5	 95.1
166.9	 92.5
467.7'.	 93.3
384.8	 95.0
540.0	 89.8

526.0	 90.7
599.5	 74.6
595.1	 70.0

	

7	 1.00 4.7

	

17	 1.00 3.1

	

6	 1.00 2.9
6 -1.00 4.4

	

5	 1.00 0.5

5 -0.99 5.7

	

5	 1.00 2.2

	

11	 1.00 2.6

	

9	 1.00 2.4
9 -1.00 3.7

	

4	 1.00 1.8

	

10	 1.00 1.8
14 -1.00 3.9
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Generally measurements of fault slip from cultural features are less

than surveyed co-earthquake fault slip, and greater than the post-earthquake

slip rate. The difference in the co-earthquake period is not surprising.

The difference is most pronounced between 10 and 15 km along the fault,

where the survey stations away from the fault are offset by the zone of

right lateral shear in addition to slip on the fault. The difference in the

post-earthquake period is harder to explain. The slip rate from the

mekometer surveys is in excellent agreement with values obtained by

Harsh (1982) from alignment arrays. These arrays have stations at 5 - 10 m

spacings out to 50 m either side of the fault, and generally the movements

of these stations can be well fitted by block movements of either side of

the fault. It is difficult to see how the post-earthquake slip measured

from the offset of cultural features should differ from that estimated from

an alignment array with stations close to the fault.

There is a broad maximum of post-earthquake slip at about 12 km along

the fault. This is exactly where a high creep rate might be expected, since

it is here that there is the greatest disparity between the co-earthquake

fault slip and the displacements measured a short distance to each side of

the fault.

Extrapolating the logarithmic slip rate forward, the pre-earthguake

slip rate of about 6 mm/yr at Highway 80 will be restored about 8 years

after the earthquake, in 1987.

Ideally one would like to separate the co- and post- earthquake strain

changes over the entire network in the same way as has been done for the

fault crossing lines. To obtain confident estimates of the rate of length

change of lines not crossing the fault requires at least three measurements

at different times. The data set is thus restricted to the lines measured

in th4 1979B, 1980, and 1982/3 surveys. These are the lines in the north

and south chains.

It has been seen that there tend to be scale changes between surveys

which may be of instrumental or tectonic origin. Changes of the order of a

few parts per million will not significantly affect strain rates of fault

crossing lines, where length changes are relatively large. However in

extending the analysis to lines not crossing the fault these changes must be

taken into consideration. A least squares fit is made to determine the rate
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of change of each line with the logarithm of time and a constant scale error

for each survey. Two constraints are applied to the solution which are that

the scale error of the 1979B survey is zero, and that the mean strain rate

of all the lines is zero. The scale errors of the post-earthquake surveys

relative to the 1979B survey are then

1980	 +4.1 ppm

1982	 +2.4 ppm

1982B	 0.5 ppm

1983	 -1.3 ppm.

Little confidence is attached to the values for the 1982B and 1983 surveys,

since they are based on very little data (lines from M2955 only). However

there appears to be an increase in scale between the 1979B and 1980 surveys

followed by a decrease as observed generally since 1975.

The non-fault crossing lines do not fit the logarithmic function of

time as well as the fault crossing lines. The overall standard error of all

the measurements is 2.1 mm. The hypothesis of no change in length during

the post-earthquake period can be rejected with 90% confidence for only half

the lines of the survey. It will be seen in the following section that the

pattern of strain changes differs in the two post-earthquake intervals

1979B-1980 and 1980-1982.

The rates of co- and post-earthquake length changes are illustrated in

figure 7.29. The post-earthquake logarithmic strain rates have been

multiplied by three to show estimated length changes between 1 and 1000 days

after the earthquake (approximately the post-earthquake change before the

1982 survey). It appears that there is a much better correlation of co- and

post-earthquake changes for the fault-crossing lines than: for those which do

not cross the fault. However this may be misleading. If the co-earthquake

changes are regressed onto the post-earthquake changes, the scatter of the

co-earthquake changes about the regression line is 105 mm for fault crossing

lines and 98 mm for the rest.

90% of the post-earthquake changes are less than 20 mm, and all are

less than 30 mm. It was suggested that the deformation between 1978 and

1982 was dominated by co-earthquake effects. This statement can now be

qualified by noting that post-earthquake strain changes in non-fault crossing

lines will. introduce maximum strains of 30 ppm. Since the co-earthquake

strains were of the order of 100 ppm, the pattern of deformation will not be
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altered by the post-earthquake strains. On the other hand length changes in

fault crossing lines between 1978 and 1982 will generally be about 60%

greater than the co-earthquake changes.

A creep event was 'caught' between repeated measurements of stars 1133,

M2955, and R27 during the 1980 survey. The results of these remeasurements

are summarised in table 7.5. The fault slip for the 1980 creep event at the

three sites is very roughly proportional to the mean slip rate over the 3

years after the earthquake, although that at R27 falls below the value that

would be predicted from the other two sites.

The shear estimated from non-fault crossing lines in the three stars is

in each case consistent with left-lateral shear parallel to the fault. The

dilatation at H33 and R27 is negative, whereas that at M2955 is positive.

The strain at H33 is estimated from lines on the SW side of the fault, and

that at R27 is from lines on the NE side. If 1133 is near the NW end of the

fault, the SW side of the fault will be moving north westwards, and will be

converging on the stationary material on where the fault is not slipping.

This will result in compressive strains, and a clockwise rotation of the

principal strain axes, as is observed. An analagous situation could exist

on the NE side of the fault near R27 if this is assumed to tbe near the SE

end of the fault. However although the observed compressive strains at R27

are consistent with this model, the strain axes are rotated anticlockwise.

A simplistic estimate of the depth of the slipping section of fault can

be made using the observations at M2955. Chinnery (1961) describes the

displacements in a uniform elastic half space that arise from a uniform

strike slip displacement on a vertical rectangular fault. In the simple

case of a fault of depth D and infinite strike length, on which the strike

slip displacement is U, the resulting shear y at a distance x from the fault

on the surface of the half-space is given by

UD
lr(x2+D2)

At M2955 the slip is 0.011 m. The total shear strain of 3.7±1.8 .io6 is

taken to represent the shear at x=0, so that the depth to which the fault is

creeping lies between 730 and 1350 m. This is slightly deeper than values

of 30 to 510 in reported by Goulty and Gilman (1978) for the San Andreas

fault near Parkfield.
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The same analysis can be applied to the mean slip rates over the three

years after the earthquake at M2955 and R27, where depths of 7.7 and 4.1 km

are estimated. The strain calculated near ff33 is right-lateral parallel to

the fault, which is not consistent with the simple model. One possible

explanation for this would be that the lines from ff33 which do not cross the

Imperial fault span a parallel fault, such as that suspected of being active

during the earthquake. However it will be seen in the following section

that the accumulation of right lateral shear is measured to distances of

several kilometres on each side of the fault. A more likely reason is that

the surface slip is less than that at depth.

The greater depth of creep calculated from the mean strain rates

between 1979 and 1982 than calculated from the 1980 creep event can be

interpreted in several ways

- the 1980 creep event was unusually shallow

- fault slip is continuous at depth, and it is only close to the

surface where it appears episodic.

- the fault does not slip simultaneously over the depth to which it is

creeping.

Johnson's (1979) analysis of micro-earthquake swarm activity 	 before

the earthquake indicates that episodic slip is occurring at depth, but that

the slip does not correspond with creep events observed at the surface. It

is interesting to note that the range of depths typically associated with

these swarms is 4 to 6 km, which is very similar to the depth estimated from

the mean post-earthquake strain rates.

7.6 Post-earthquake strain changes

Post-earthquake strain changes can be estimated for the intervals

between the 1979B and 1980 surveys, and between the 1980 and 1982 surveys.

For each period principal strain axes have been calculated on the north and

south chains (figs 7.30 to 7.33, and table 7.6), and for the latter period

displacement vectors of stations can also be plotted (figs 7.34, 7.35).

The strain changes between the 1979B survey (using measurements from

the last few days of October, and the first few of November 1979) and the

1980 survey are dominated by 7 to 8 ppm north-south extension. This can be



Period	 Ref	 n	 a

27
28
29
30
31
32

all

33
34
35
36
37
38

all

13
7
8
7
9
5

74

20
20
14
16
7

13
199

1.7
4.4
1.4
1.6
1.3
2.5
3.2

4.2
4.2
2.4
3.0
1.3
1.7
4.3

1979B-1980

1980-1982

PlO

Table 7.6: Post-earthquake strain changes calculated for subsets of the

mekometer network.

Uniform strain parameters are presented below for the intervals 1979B-1980,

and 1980-1982. Each set of parameters is given a reference number, and the

approximate locations to which they correspond are shown in figures 7.30 to

7.33.

The table lists the number of lines used in each calculation (n), and the

standard error of the length changes calculated with the best fit uniform

strain parameters about the measured changes (a). The strain parameters

are presented as the two principal strains (c 1 and £2) and the azimuth of

the least compressive strain axis (8). Strains and errors are in ppm,

azimuths are degrees east of north. Errors quoted are 68% confidence

limits. Note that if the error of the angle is greater than 450, then the

orientation of the axes is unspecified at the 95% confidence level.

£1

8.2 ± 0.8
7.8 ± 2.8
3.2 ± 1.1
7.5 ± 1.0
7.7 ± 0.8
3.4 ± 2.5
6.1 ± 0.6

1.8 ± 1.6
-1.8 ± 1.7
1.8 ± 1.3
1.0 ± 1.2

-0.8 ± 1.0
-2.6 ± 0.9
-1.8 ± 0.6

C2

0.9 ± 0.9
-1.4 ± 2.5
0.6 ± 0.8
-3.3 ± 1.2
-0.5 ± 0.8
1.4 ± 1.8

-0.7 ± 0.7

-0.8 ± 1.6
-5.3 ± 1.6
-4.1 ± 1.0
-4.9 ± 1.3
-5.0 ± 0.8
-3.8 ± 0.8
-2.6 ± 0.6

18± 6
1 ± 20

165 ± 22
4± 5
11 ± 5

110 ± 59
11 ± 5

108 ± 31
124 ± 21
106 ± 9

5 ± 11
178 ± 9
150± 33
142 ± 31
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1979B-1980

Figure 7.30: Principal strain axes calculated from the changes in lengths of
lines between the 19798 and 1980 surveys. Location numbers are
referred to in table 7.6 and the text.



1979B-1980
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Scale - km
o	 5
I	 I	 I	 I

5 ppm right lateral shear

Figure 7.31: Right lateral shear axes calculated from the changes in the lengths
of lines between the 1979B and 1980 surveys.



1980-1982

Figure 7.32: Principal strain axes calculated from the changes in lengths of
lines between the 1980 and 1982 surveys. Location numbers are
referred to in table 7.6 and the text.



1980-1982

\33
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Figure 7.33: Right lateral shear axes calculated from the changes in lengths
of lines between the 1980 and 1982 surveys.
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Figure 7.34: Displacement vectors calculated for the period 1980-1982.
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resolved into a left lateral shear across planes parallel to the fault (i.e.

the release of accumulated right lateral shear), superimposed on 5 ppm

dilatation (2.5 ppm linear extension).

Immediately after the earthquake the U.S. Geological Survey setup a

geodetic network spanning the Imperial fault just north of the mekometer

network (Langbein et al., 1983). This was surveyed six to eight times

between late October 1979 and mid-February 1980. During these surveys

significant strains were detected only on the east side of the fault in the

region of the Mesquite Lake where an 8 ppm unilateral north-south extension

was observed, about the same as measured on the mekometer network. This

agreement indicates that the apparent scale change in the mekorneter data

between the 1979B and 1980 surveys at least is of tectonic rather than

instrumental origin.

Between 1980 and 1982 a -4 ppm compressive dilatation is observed. The

shear strains are more complex than during the previous four months.

Although strain release is continuing on the south chain, right lateral

shear strain is accumulating on the north chain. This can be seen clearly

plotting displacements parallel to the fault against distance from it

(fig. 7.35). It may be seen in figure B.7 that the measurements of the 1980

survey only weakly join the north and south belts. It would be possible for

errors in measurements to introduce a rotation of the coordinates of the

north belt relative to those of the south belt, which would result in a

pattern of displacements similar to figure 7.35. However the difference in

strains on the north and south chains suggests that in fact the

displacements are genuine. One consequence of this is that there must be a

large unobserved NW-SE compressive strain (about 10 ppm) between the north

east ends of the north and south chains, to accommodate the different

displacements parallel to the fault.

7.7 Resumé

For at least 12 years before the 1979 earthquake the northern section

of the Imperial fault (1>0) was exhibiting episodic creep every two to three

years, resulting in a mean slip rate of about 6 imil/yr at Highway 80

CI=12.5 km). A total of about 0.5 m slip occurred at this location between

measurements shortly after the 1940 earthquake and ininediately before the
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1979 earthquake. This total probably includes rapid creep following the

1940 event. In addition to fault slip, right lateral shear strain

accumulation near the fault was measured during the 8 years before the 1979

event in which the mekometer network had been surveyed. These measurements

are generally consistent with a model of continuous aseismic movement at

depth setting up shear strains near the surface which drive the creep, and

also the less frequent major earthquakes.

The ground deformation resulting from the 1979 earthquake is of

surprising complexity and intensity. The overall right lateral movement of

points 7 to 8 km either side of the fault is about 0.8 in. However within a

zone extending to about 7 km from the fault this is masked by a complex

pattern of displacements parallel and perpendicular to the fault. The

maximum right lateral displacement of 1.3 m is observed between points 3 km

either side of the Imperial fault at 1=14 km, near the junction with the

Brawley fault. Movements perpendicular to the fault are dominated by

asymmetric strains of about 200 ppm compression on the NE side and 150 ppm

extension on the SW side of the fault, resulting in relative movements of up

to 0.7 m. Strain changes measured further than 8 km from the fault are all

less than 20 ppm, and are generally consistent with the release of

previously accumulated right lateral shear strain.

South of the junction of the Imperial and Brawley faults vertical

movements are less than 0.1 in, whereas north of this point vertical

movements of up to 0.4 in have been measured on the Imperial and Brawley

faults. These movements are consistent with the continued subsidence of the

Mesquite Lake.

Both right lateral displacement on the Imperial fault and vertical

displacements on either side of the Mesquite Lake are increasing with the

logarithm of the elapsed time since the 1979 earthquake. Extrapolating the

horizontal slip rate forwards, the rate will return to its pre-earthquake

value at Highway 80 about 8 years after the earthquake, when the total post-

earthquake slip will be between 50 and 100% of the co-earthquake slip.

The post-earthquake deformation is consistent with the continued

release of right-lateral shear strain for the period 1979B to 1980, though

strain accumulation is observed in the north west of the network between

1980 and 1982.
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There is evidence in the survey data of dilatational strains occurring

between the surveys. Although it is difficult to resolve such strains from

possible instrumental effects, the magnitudes of the strains are larger than

would be expected from survey errors. Dilatational strain changes starting

after the 1975 survey are dominantly compressional, except between the 1979B

and 1980 surveys. A total change of up to 12 ppm linear compression is seen

between the 1975 and 1983 surveys.
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CHAPTER EIGHT: MODELLING AND DISCUSSION

8.1 Dislocation modelling

The measurements of horizontal ground deformation described in the

previous chapter probably represent the most detailed record ever obtained

from an earthquake on a shallow strike-slip fault. As such they provide an

unprecedented opportunity for detailed modelling of the fault mechanism.'

Unfortunately in-depth modelling is beyond the scope of this thesis.

However in this chapter some results of simplistic modelling of the observed

displacements are presented, the weaknesses of these models are noted, and

suggestions for the direction of future work are made.

Dislocation theory will be used to attempt to understand the nature of

displacements on the Imperial and Brawley faults which could give rise to

the observed surface deformations. The earth is considered as an isotropic

elastic half space. A dislocation surface is then defined in the half

space. This is a surface across which there is a discontinuity in the

displacement vector, which constitutes the mathematical model of a fault.

Based on results from Steketee (1958a, 1958b), Chinnery (1961) provides

equations for the deformation resulting from a uniform strike-slip (i.e.

horizontal) dislocation on a vertical rectangular fault plane. Press (1965)

presents similar equations for strike-slip and dip-slip motion on a vertical

fault, and Mansinha and Smylie (1971) extend the method to dipping faults.

The method has also been modified to consider more complex layered and

spherical earth models (Jovanovich et al., 1974, Ben Menahem et al., 1970),

although the emphasis in these models has been towards interpreting deep

earth structures by 'DC seismology', rather than modelling of deformations

near active faults.

The dislocation theory has been used widely in the literature to

interpret observed geodetic data in terms of displacements on a number of

known faults, and some results of such analyses have been referred to in

chapter seven (Savage et al., 1978 and Snay et al., 1982 for example). The

main shortcoming in this work is that it does not provide any direct

information on the cause of the displacements, and in fact takes no account

of the stress field. Also the model of the earth is very simplified.
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However the advantages of being able to resolve widely spaced geodetic data

into movements on a small number of well defined faults far outweigh these

limitations.

A rectangular coordinate system is defined on the half space in which

- the x and y axes are horizontal, and the z axis is downwards. The elastic

constants A and .a are assumed to be equal. The dislocation surface lies in

the y=0 plane for x=-L to x=+L, and z=d to Z=D. The dislocation on the

plane is defined to be U. Coordinates of a point on the surface of the

earth are defined by (x,y,O), and points on the dislocation surface are

(F,O,C). Chinnery (1961) introduces a notation fl, where

f(.C)II = f(L,D) - f(L,d) - f(-L,D) + f(-L,d).

The displacement (u,v,w) of the point (x,y,0) is then given by

u = ufyR.(3R+4) - 4tan( yR
Bir	 R.(R+) 2	(C(E-x)

v = ufln(R+c) +_+y2(3R+4)
8111	 R+	 R.(R+C)2

w = -	 f(R+2c
411 1R(R+)

where

= (-x) 2 + y 2 + C2

These results are used to model the displacements on the Imperial and

Brawley faults. The locations of the dislocations surfaces used in the

model are	 shown in figure 8.1. The Imperial fault is modelled to a

depth of 10 km and from 50 km SE to 30 km NW of the southern end of the 1979

rupture. The Brawley fault is modelled for 20 km northwards from the

junction to the same depth. The requirement of a constant dislocation over

the entire surface of the Imperial fault is obviously unrealistic, and this

is overcome by splitting the fault into a number of subfaults, on each of

which the dislocation is constant. The displacement at any point on the

surface is then found by summing the contributions of each subfault at that

point.

It is desirable to find the displacements on the subfaults such that

the theoretical changes in line lengths estimated from the model



190

.4.)

W Z'w

E' E.-4
.-

• D Ii

.4)

.-40E

1z Q)

>,	 .I_)
WE

.3.)
0

Ii in

'Ti 00
Ii
w4J

C.)

-.4 •.4 .
14 i-I
WWW

E 04)

44.4
W0

	

.	 .-4
4)

.4)
'-4,-I

Q4140
E

'-I
oo
1J.4J

1.4
' WV
0) PW

H.-4
0)

C)E4

	

'$4	 fI)
	Ii 	 •-I

tO 1141

C4i
o Ot

	

.-4	 I4.1
.3)11
0)
00)0)
0 0-4
lI1$

0)
-I 14 14
'0

tO
0) 0)

C'
444
o

0)0

o 4J'0

	

.14	 0)
4) tO.

000)
0.0 E
'-I tO

4,
0)

•8-4
'-I

V 0)
.4 0).

4141
04)

.	 044-4
t1.)V 0

H

I

E



191

displacements best match those measured between surveys of the network.

This is relatively simple to achieve, since the change in the length of a

line is approximately linearly related to the dislocations on each of the

subfaults. The best fitting dislocations can thus be found by standard

least squares methods. Unfortunately the problem tends to be ill-

conditioned. The instability of the inversion results in large right and

left lateral dislocations being estimated for adjacent subfaults. To

overcome this problem two constraints are applied to the solution. Firstly

the dislocations are forced to be right lateral; if a left-lateral

dislocation is determined for a subfault it is replaced by zero, and the

dislocations of the remaining subfaults are recalculated. Secondly a

smoothing constraint is applied by minimizing the differences in

dislocations of adjacent subfaults at the same time as the errors of the

theoretical lengths changes.

This method has been used to estimate displacements on the fault for

the periods 1975-1978, 1978-1982, 1979B-1980, and 1980-1982. The subfaults

used in the model and displacements computed on the Imperial fault are shown

in figure 8.2. The contours of displacement on the fault plotted in this

figure are illustrative only: the model actually has constant displacements

on each subfault.

The measured strain changes between 1975 and 1978 are not well fitted

by the dislocation model; an alternative hypothesis that the changes are

random can only just be rejected with 95% confidence. The largest

dislocations obtained are on the southern end of the Imperial fault and on

the Brawley fault, which are the fault segments furthest from the measured

data. While some movement may have occurred in these regions, it is not

felt that the computed dislocations are meaningful. A possible reason for

the poorness of fit of the model is the 5 ppm scale change between the 1975

arid 1978 surveys. However the model has been recalculated after first

scaling down the 1975 data without any improvement in the fit. Extending

the model dislocation surface to greater depths also fails to improve the

fit.

The 1978-1982 data is also poorly matched by the dislocation model.

The mean square error of the computed length changes about those measured is

75 mm. However in this case the model is a considerable improvement against

a model of no fault slip. The difference between the model co-earthquake
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1975-1978	 Contour interval 0.05 m

_	

..........

1978-1982
	

Contour interval 0.5 m

1

/

1979B-1980	 Contour interval 0.05 m

1980-1982	 Contour interval 0.025 m

SE	 0	 10	 20	 NW
Distance along the fault - km

Figure 8.2: Right lateral displacements modelled on the Imperial fault for
four time intervals. The dotted lines outline the subfaults
used in the modelling. The star indicates the tiypocentre of
the 1979 earthquake.



displacements and those actually measured is shown in figure 8.3. The most

obvious difference is the failure of the model to match the displacements

perpendicular to the fault. Possible reasons for this failure of the model

are:

- Over-simplification of the structure of the Imperial Valley. Slade,

Lyzenga, and Raef sky (pers. comm.) have developed a more realistic

finite element model of the Imperial Valley using elastic parameters

deduced from a seismic refraction survey, but their model also fails to

obtain asymmetric large displacements perpendicular to the fault.

- Urunodelled effects of other faults or of the detailed geometry of the

fault trace. It was suggested in section 7.4 that a slight bend in the

surface fault trace could be the cause of the 1 km wide zone of shear

on the SW side of the Imperial fault. It is conceivable that deeper

irregularities on the fault are the cause of the complex surface

deformation. However the dislocation model should be able to simulate	 :i

the variations of displacement on the fault arising from these

irregularities. It is possible that movement on other faults could be

invoked to explain some features of the measured displacements. There

is microseismic evidence of short N-S trending fissures which are

activated during earthquake swarm activity (Johnson, 1979) which could

be included in a more complete model.

- Unmodelled dip-slip movement on the fault. Vertical displacements can

readily be incorporated into the model using the equations of Press

(1965). A particular attraction of using vertical displacements is

that they introduce asymmetric strains perpendicular to the fault, and

in fact the sense of vertical movement on the Imperial fault (downthrow

on the NE) will result in compression on the NE side and extension on

the SW side as observed. However to obtain the magnitudes of the

observed strains on either side of the fault requires vertical

dislocations of up to 3 m which are precluded by the results of

relevelling a traverse across the network as described in section 7.4.

- Inelastic deformation. Vertical accelerations of up to 1.7 g were

measured by strong motion accelerometers sited close to the fault north

of the network. When there is a large downwards acceleration the

gravitational force bonding poorly consolidated near surface material

is lost, so that horizontal accelerations may not be transmitted
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through the temporarily weakened surface. This could result in

relative movement of the surface layers across horizontal planes or

zones of shear. Such a possibility is difficult to test quantitively.

The main feature seen in the co-earthquake dislocation model is a

maximum displacement of 3.66 ± 0.70 in displacement between 1=5 and 1=10 kin,

and between depths 4 and 7 km. In view of the poor fit of the model to the

data the significance of this maximum is questionable. However for the

purpose of discussion it will be taken as real.

The maximum displacement is slightly south of the asperity suggested in

section 7.2 on the basis of pre-earthquake creep. It might be argued that

the large displacements at this location are due to the release of a

previously locked section of the fault. However the lack of aftershock

activity at this location argues against this possibility. It is worth

noting two coincidences in the depth and magnitude of the maximum

displacement. Firstly the depth corresponds exactly to the depth range of

micro-earthquake activity in the Brawley seismic zone (Johnson, 1979).

Secondly, the magnitude of 3.6 m is very close to the difference in surface

slip observed following the 1940 earthquake between points NW and SE of the

epicentre. The 1979 event could be seen as continuing the northwards

propagation of the 1940 slip.

There is a striking similarity between the displacements on the

Imperial fault from the dislocation model, and those obtained by Hartzell

and Heaton (1983) from modelling of strong motion and teleseisinic data

(fig 8.4). The main difference is that the maximum displacement is about

twice that obtained from the seismic model, and is located slightly further

south. The seismic model has been divided into three time windows, and it

is found that the location of the maximum displacement in the last time

window is nearer the dislocation model maximum than the total displacements

over all three windows. If slip continued aseismically at this point it

could well generate the 3.6 m maximum displacement of the dislocation model.

The dislocation model fits the two post-earthquake periods (19798-1980,

and 1980-1982) somewhat better than the pre- and co-earthquake intervals. The

mean square errors of the calculated length changes about the measured

values are 5 mm and 6 mm for the two intervals. In figures 8.5 and 8.6 the

principal strain axes computed from the zndels are compared with those
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SE	 0	 10	 20	 NW
Distance along the fault - km

Figure 8.4: Co-earthquake right-lateral dislocations on the Imperial fault
calculated from strong motion and teleseismic data (after
Hartzell and Heaton, 1983). Dislocations are contoured at
0.2 m intervals. The star indicates the location of the
hypocentre of the 1979 earthquake.
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measured. The model strains for the 1979B-1980 interval are similar to

those observed. In the second interval the fit is poorer: although the

dislocation model does significantly reduce the sum of squared residuals,

this is largely due to the model successfully matching the length changes of

fault crossing lines.

The post-earthquake models present an intriguing picture of delayed

propagation of the fault slip upwards and northwards. Thus between 1979 and

1980 the fault slip appears to be concentrated within 2 km of the surface,

above and slightly to the north of the co-earthquake mxirnuxn, whereas

between between 1980 and 1982 there is far more significant slip at depth

immediately to the north of the maximum. In view of the apparently

different mechanisms of faulting in these two periods it is remarkable that

the rate of post-earthquake creep is a simple logarithmic function of

elapsed time.

These dislocation models do not satisfactorily match the observed data.

However some features of the models are probaby genuine. In particular it

seems very likely that coearthquake fault slip is maximum below about 4 km

depth and between 5 and 10 km north of the south end of the fault trace, and

that much of the post-earthquake fault creep results from the delayed

propagation of this slip to the surface. Once the co-earthquake maximum

displacement was established it is not surprising that it should continue to

propagate after the earthquake as a result of stress concentrations along

its edges. It is rather more difficult to explain why the rupture did not

propagate to the surface at the time of the earthquake, since the material

near the surface is generally weaker than that at depth. It my be

necessary to invoke a visco-elastic model to explain these observations in

order that the surface materials can have strength on the time scale of the

earthquake itself, but yield to an applied stress over a longer period.

8.2 Conclusions and reccainmendations

The surveys of the Imperial Valley have been funded under the general

heading of earthquake prediction research. Having now measured ground

deformation before, during, and after a moderate earthquake, it is natural

to ask what the contribution of this work to such research has been.
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Certainly the 1979 earthquake itself was not predicted on the basis of

the mekometer surveys. This is not entirely surprising, since the 8 years

of measurements before the event cover only about fifth of the period

between earthquakes of this magnitude in the Imperial Valley. However it is

clear from this work that shear strain was accumulating, and that this

accumulation was centred on the Imperial fault. There is evidence that the

rate of shear strain accumulation was greater during the 3 years before the

earthquake than in the previous five years. However without a longer record

of deformation the significance of the change of strain rate cannot be

judged.

This study of earthquake related ground deformation has not resulted in

a simple coherent model of the mechanics of faulting in the Imperial Valley.

On the contrary the deformation is found to be of unexpected complexity from

an apparently simple strike-slip fault in a homogeneous sedimentary basin.

However a wealth of data has been obtained which may be used in future work

to generate and test ideas and models of the physical processes controlling

faulting. Although this report has been concerned principally with

deformation data from the inekometer network, there is additionally data from

strong ground motion, teleseismic observations, levelling, creepmeters and

alignment arrays all of which provide constraints on possible models.

The magnitudes of deformations perpendicular to the fault are

particularly surprising. Generally the damage to structures following an

earthquake is attributed to the dynamic causes, that is to the effect of the

shaking. However static strain changes of the order of 200 ppm can also be

damaging. This was evident after the Imperial Valley earthquake, where the

compression on the north east side of the fault resulted in buckling and

lifting of the concrete slabs of Highway 80 and of the concrete linings of

east-west oriented canals. It may be necessary to allow for such strains

when designing large structures in the vicinity of the fault.

The analysis of deformation after the earthquake has underlined some of

the weaknesses in the design of the survey network. If funds were unlimited

then it would be tempting to enlarge the network in all directions. However

this policy would not be practical, since it is already about a six month

job to survey the entire network. Some modifications which would

efficiently increase the value of the network can be identified. The most

obvious requirement is to strengthen the north east side of the network so



that coordinates can be obtained for stations up to about 15 km from the

fault. This would allow deformation to be determined outside the zone of

intense deformation, assuming that the pattern of displacement in future

earthquakes is similar to that of the 1979 event. The network could also be

usefully extended north westwards to better cover the junction with the

Brawley fault, and south eastwards- to cover the southern end of the 1979

surface fault trace, which appears to be an important area for both the 1940

and 1979 earthquakes. These extensions could be efficiently constructed as

loops of quadrilaterals similar to that connecting the Heber block to the

rest of the network.

The next significant earthquake on the Imperial fault may not be for

another 40 years, so that during the next few decades surveys of the network

may be less frequent than they have been. However the network will need to

be surveyed about every five years to provide a useful record of the ground

strain throughout the earthquake cycle, and also to maintain the network

against untenable loss of stations.

In the meantime the data from the 1979 earthquake presents a

challenging problem. Probably the most interesting aspect of this data is

the movement perpendicular to the PauIt. 	 It is thought that these

movements will probably only be explained by a numerical model of the

elastic and inelastic response of the near surface layers to the shaking

during the earthquake, which incorporates both the strong motion and the

geodetic data. It is quite probable that the information required to

construct a sufficiently precise physical model of the valley is not

available, although it should be possible to devise at least a qualitative

model which gives similar deformations. Such a model could provide valuable

insights into the processes that occur during an earthquake.
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APPENDIX A: LEAST SQUARES THEORY AND THE SOLUTION OF LARGE SPARSE SYSTENS

OF NORMAL EQUATIONS.

A. 1 Least squares theory

Least squares estimation is used extensively in this thesis. It is

employed in estimating systematic errors, calculating station elevations

and coordinates, and estimating strain parameters from repeated surveys.

The theory of least squares estimation is widely discussed in statistical

texts (e.g. Silvey, 1975). This appendix is a summary of the method as it

has been used in the thesis. A technique for solving the large systems of

linear equations that may arise is also described.

Suppose that a quantity y is believed to be linearly dependent on a

number of known quantities a 1 , a2 .....,a, that is

y = Ea..p.
33]

The value of y is observed for a number of different values of the a., and

from these observations it is required to compute the parameters p 3 . Each

observation will include a random error C. The set of observations may be

summarized as

This may be conveniently represented in matrix form as

y =- A.p + C

where y and C are m x 1 vectors, A is an m x n matrix, and p is the n x 1

vector of parameters which is to be determined. These 	 linear equations

are termed the observation equations.

The error c will depend on the values used for the unknown parameters

p. Suppose that the errors c. are believed to be uricorrelated and to have

equal variance o. For any choice of the paramters p the sum of squared

residuals will. be defined as SSR = Z c. 2 . In matrix notation this may be

written
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SSR = ETC = (y - Ap)T(y - A.p)

where the subscript T denotes the transpose of a vector or matrix.

The least squares estimate of p, denoted j,, is defined to be the

estimate which minimizes the sum of squared residuals. It is a minimum

variance unbiased estimator of p. The least squares estimate is calculated

by setting the differential of the SSR with respect to p. to zero for each

j. This results in a set of linear simultaneous equations

(ATA).	 = ATY,	 or	 N = b.

These equations are termed the Normal equations. The normal matrix N is an

n x n matrix. If it has rank n then it is non-singular and the equations

may be solved to obtain . If the rank of N is less than n then the problem

is said to be underdetermined, and does not have a unique solution. The

analysis of undetermined problems is discussed by, for example, Jackson

(1972). Most of the applications of the least squares method in this thesis

are dealing with inherently underdetermined problems. For example, in the

calculation of coordinates there is a rank deficiency of 3, (i.e. the rank

of N is n-3) because the distance measurements do not constrain the position

or orientation of the network. The 3 unknown parameters are thus two

components of translation, and a rotation. The problem of rank deficiency

has been overcome in this work by assigning arbitrarily values to the

undefined parameters (i.e. placing constraints on the solution).

The sum of squared residuals provides a measure of the quality of the

data. If the errors C. are assumed to have a Normal distribution, then the1
SSR will have a 0 2 .Y 2	 distribution, where c is the number of constraints'm-n+c
applied to the solution. The expected value of the SSR is (m-n+c)0 2 , so

that it may be used to estimate 0. The covariance matrix of the least
squares estimates . is a2.N; this may be used to estimate the error of

any linear combination of the parameters.

The errors C. may be believed to have different variances, or to be

correlated. If the covariance matrix of C. is cJ 2 E, then the least squares

estimate is that which minimizes CT.11.C. In this case the normal

equations are
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( AT . E i . A ) .	= AT.Z.y

Commonly the errors will be assigned different variances but will be assumed

to be uncorrelated. In this case Z will be a diagonal matrix of weighting

coefficients, i.e. E.1 = i/wi, where w. is the weighting assigned to the

i'th observation when computing the least squares estimate, and the expected

variance of C. is 02/w..
1	 1

The least squares method lends itself well to computer programming.

The observation matrix A does not need to be formulated explicitly, as the

Normal equations can be summed directly from the observation equations. The

contribution Nik and b. from the i'th observation is given by

	

N.	 -+ N. +a...a. .w.
jk	 jk	 13 ik i

	

b.	 -+ b. + a. ..y. .w.

	

3	 3	 1] 1 1

The sum of squared residuals can be computed efficiently by noting that

SSR = Z y. 2 .w. - Z b...
.1	 1	 .3]1	 3

The first term of this (I y. 2 .w.) can be summed at the same time as the1	 1
Normal equations. This expression for the SSR should be computed with care,

since it is liable to suffer from rounding errors.

A.2 The solution of large sparse systems of Normal equations.

The use of the least squares method in computing station elevations or

coordinates from survey data can lead to large systems of normal equations.

A typical survey of the Imperial Valley network will include 150 or more

stations, so that the number of parameters in the calculation of station

coordinates will be about 300. The Normal matrix will thus contain 90,000

elements. There are three problems which arise in computing the solution to

such a system of equations:

- a large amount of computer memory is required

- a large amount of computer time is required, so that it is expensive

- there is a risk of rounding errors accumulating and the solution being

wrong.



Ashkenazi (1967, 1968, 1969) reviews various iterative and direct methods

for solving these equations. He concludes that if computational facilities

are sufficient the direct methods are to be preferred as there is no

requirement to ensure convergence, and they lend themselves more readily to

error analyses. One direct method which is suitable for the solution of

this problem is the Cholesky method (Fox, 1964, p. 106). This is described

below. However consideration is first given to reducing the amount of

computer memory required.

The Normal matrix N has two features which allow it to be stored

efficiently in the computer memory. Firstly it is symmetric, so that only

half the matrix need be stored. Secondly it is sparse, that is a large

number of the elements are zero. Each row and column in the matrix

corresponds to the x or y coordinate of a specific station. An element is

only non-zero if the stations corresponding to its row and column number are

connected by a survey line. Since each station is generally not connected to

more that 8 other stations, at least 140 out of every 150 elements of the

matrix will be zero. Thus if instead of storing all the elements, only the

non-zero elements are stored, together with their row and column numbers,

then each 150 elements will be replaced with about 30. Although this is an

efficient means of storing the matrix it makes the matrix very difficult to

handle, since it is difficult to locate any particular element.

The bandwidth of the matrix is defined to be b if N. =0 for all

j<k-b and j>k+b, that is if all the elements further than b from the leading

diagonal are zero. An alternative means of reducing the number of zero

elements stored is to choose the order in which survey stations are

represented in the norma]. equations to minimize the bandwidth. The elements

outside the bandwidth need not be stored. Minimizing the bandwidth is

equivalent to finding an ordering of the stations such that the maximum

seperation in the order between any two stations connected by a survey line

is minimized. Finding the optimum order is difficult. However a simple

algorithm has been developed which will obtain a reasonable ordering for

most survey networks. Once the first n stations in the order have been

designated, the n+l'th station is chosen from the stations not designated to

be that station which is connected to the lowest numbered designated

station. If two or more stations tie, then the choice is made on the basis

of the second lowest numbered station to which they are connected, and so

on. If this algorithm cannot choose between two or more stations, then the
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choice is made at random. The first station must be chosen arbitrarily.

The bandwidth of the normal matrix will depend on the choice of the first

station. Generally this station should be chosen on an extremity of the

survey network.

As an example of the saving of space achieved by this storage, the

normal equations used in the computation of coordinates for 184 stations of

the 1978 survey had bandwidth 38. The storage required was 13,984 elements,

instead of 135,424 elements that would be required to hold the entire normal

matrix. Using a bandwidth efficient storage has resulted in a 90% saving in

computer memory. A greater saving is made in computation time, since the

elements outside the bandwidth are not considered when solving the

Normal equations.

The Cholesky method is used to solve the Normal equations. This takes

advantage of the fact that the matrix N is sysunetric and positive-definite.

In this method the matrix N is decomposed into the product of a lower
Ttriangular matrix I. and its transpose, i.e. L is found such that N = L.L

The normal equation L.LT. = b is solved in two stages; first c is found

such that L.c = b, and then is the solution of LT. = c. These two steps

are very simple because L and LT are triangular matrices. The advantages of

the Cholesky method are:

- It is numerically stable, rounding errors do not accumulate.

- It is efficient in storage. As each element of L is calculated it can

replace the corresponding element of N, so that no extra storage space

is required for L. If N has bandwidth b, then L will also have

bandwidth b. The efficient use of storage extends to the computation

of i, since c can replace b as it is calculated, and can replace c.

The procedure for calculating L makes use of the equation

N.. 

= k=l

Since L is lower triangular, Lik = 0 for k>i, so that 	 may be calculated

from
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L.. = [ N.. -	 /L

and for ij

L.. =
	

N	
- !1Lik2 ]

The above two equations are used to calculate L. The elements of L are

calculated starting at L 11 and working down each column in turn. Using this

order the elements of L required to evaluate the above equations for

will already have been computed. Once L.. has been calculated N.. is no
13	 13

longer required, so that	 may overwrite N... in the computer memory, as

stated above.

The elements of the vector c are calculated from the equation

1 = lb. - 
k1] /L1

in the order 1 to n, and the elements of i are evaluated using

= [ci - Lk..k] /L

k=i+1

in the order n to 1.

The inverse matrix N 1 is not obtained by this procedure, although as

seen above it is of use in error analyses of the least squares parameters.

A particular row or column of the inverse can be found by solving the linear

equations with b replaced with the corresponding column of the n x n

identity matrix. Alternatively Knight and Steeves (1974) describe a method

whereby the elements of N 1 which are within the bandwidth of N can be

determined from the Cholesky decomposition. Using this method N 1 can

overwrite L, although additional computer memory is necessary to hold one

column of N 1 at a time (i.e. b elements, where b is the bandwidth).
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APPENDIX B: A SUMMI3RY OF THE SURVEYS, 1978 - 1983

The lines measured during each survey from 1971 to 1983 are illustrated

in figures B.1 to B.10. The existing stations of the network a	 the time OF

writing are shown in figure B.11. The following sections very briefly

summarize the 1978 to 1983 surveys. The corrections that have been applied

to the data from these surveys are specified in appendix C, and the

corrected distances from all the surveys are supplied in microfiche form in

appendix D.

B.1 The 1978 survey

Purpose: 1) Remeasureinent of the network to establish movement in the

period 1975 - 1978.

2) Building and measuring a network across the Heber geothermal

region to monitor possible horizontal deformation associated

with the proposed extraction of geothermal steam.

Personnel:	 Mr. T.O. Crompton (University College, London)

Mr. G. Pearce (University College, London)

Mr. C.N. Crook (Imperial College, London)

Mr. J.S. Gebski (Imperial College, London)

Duration:	 From 1 May 1978 to 20 December 1978

Measurements were made during the periods

6 June - 12 July

29Ju1y - P9 August

26 September - 28 September

10 October - 15 December

Equipment:	 Mekometer S.N. 218 020. (ComRad)

Yoke (old design) (ComRad)

Power supply units S.N. 100, and 113 (ComRad)

(powered by a lead-acid car battery, charged nightly)

Reflectors: I.C. reflectors RED and BLUE, consisting of Kern

DM1000 corner cubes mounted on Kern theodolite target

bases.
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Theodolites:

Wild T2 (reading in gradians) until the end of July.

(University College)

Kern DKM2A (° ' ") from the beginning of August.

(Imperial College)

Thermometers:

Thermistor temperature probe (Crook, 1982) used for

cavity and ambient temperatures at the mekometer

station.

Cassella handheld whirling hygrometer used for

temperature at the reflector station, and for

humidity at the mekometer and reflector stations.

Barometers: Negretti and Zainbra M1975B precision aneroid

barometers, serial numbers 937 (mekometer stn..) and 1087

(reflector stn.).

Notes: The mekometer gave frequent problems during this survey. The

principal among these were 1) the digitizer converting the movement of

the handwheel to electric pulses ceased working, 2) a power

transformer driving the flashlight failed, 3) the braided shielding in

the cable from the PSU to the mekometer deteriorated in one of the

plugs, occasionally short-circuiting the pins within the plug, and

causing numerous failures until it was diagnosed.

The time during which the mekometer was not available was

exploited to considerable enlarge the network, and to measure vertical

angles to most of the stations in the central portion of the network.



B.2 The 1979A survey

Purpose: To complete the measurement of the network initiated in 1978.

Personnel:	 Mr. C.N. Crook (Imperial College)

Mr. T.J.O. Sanderson (Imperial College)

Mr. P.R. Wood (New Zealand Geological Survey)

Mrs. .3.A. Wood

Duration:	 Measurements were made between 5 April 1979 and 10 May 1979.

Equipment:	 Mekometer S.N. 218 020. (CornRad)

Yoke (old design) (ComRad)

Power supply units S.N. 100, and 097 (ComRad)

(powered by a lead-acid car battery, charged nightly)

Reflectors: I.C. reflectors RED and BLUE, consisting of Kern

DM1000 corner cubes mounted on Kern theodolite target

bases.

Theodolites: Wild T2 (reading in gradians) from University

College.

Thermometers:

Thermistor temperature probe (Crook, 1982) used for

mekometer cavity temperatures.

Cassella mechanically aspirated hygrometer used for wet

and dry bulb temperatures at the inekometer station.

Cassella handheld whirling hygrometer used for wet and

dry bulb temperatures at the reflector station.

Barometers: Neretti and Zambra M19758 precision aneroid

barometers, serial numbers 937 (mekometer stn.) and 1087

(reflector stn.).

Notes: The original network of 1975 was not completely remeasured during

the 1978 and 1979A survey. It was felt more useful to consolidate the

central region of the network, and to build the three small networks

around the recording creepmeters at Ross Road, Heber Road, and Tuttle

Ranch.
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B.3 The 1979B survey

Purpose: To obtain an estimate of the displacement associated with the

October 15 earthquake, and to re-establish a reference for

measuring post-earthquake deformation

Personnel:	 Mr. C.N. Crook (Imperial College)

Mr. P.R. Wood (New Zealand Geological Survey)

Duration:	 Measurements from 21 October 1979 to 28 November 1979.

Equipment:	 Mekometer S.N. 218 020. (ComRad)

Mekometer SN. 218 122 (N.Z.G.S. was used for measurements

after 25 November.

Yoke (new design) (ComRad)

Power supply units S.N. 100, and 009 (ComRad)

(powered by a lead-acid car battery, charged nightly)

Reflectors: I.C. reflectors RED and BLUE, consisting of Kern

DM1000 corner cubes mounted on Kern theodolite target

bases.

Thermometers:

Thermistor temperature probe (Crook, 1982) used for

mekometer cavity temperatures.

Cassella mechanically aspirated hygrometer used for wet

and dry bulb temperatures at the mekometer station.

Cassella handheld whirling hygrometer used for wet and

dry bulb temperatures at the reflector station.

Barometers: Negretti and Zambra M1975B precision aneroid

barometers, serial numbers 937 (mekometer stn.) and 1087

(reflector stn.). barometer 937 ceased functioning

reliably on 4 November.

Notes: The fault creep rate was found to be very high following the

earthquake. A policy of frequent measurement of small sub-networks was

adopted for most of the survey. The area covered by the measurements

was very limited as a consequence.



B.4 The 1980 survey

Purpose: To measure the continuing post-earthquake creep, and to measure

sufficient of the central portion of the network to be able

to establish coordinates of the stations after the

earthquake.

Personnel:	 Mr. C.N. Crook (Imperial College)

Miss. C.S. Hodgson (Imperial College)

Mr. T.J.O. Sanderson (Imperial College)

Mr. J. Madden

Duration:	 Measurements were made between 28 April 1980 and 1 June 1980.

Equipment:	 Mekometer S.N. 218 020. (ComRad)

Yoke (new design) (ComRad)

Power supply units S.N. 100, and 113 (ComRad)

(powered by a lead-acid car battery, charged nightly)

Reflectors: I.C. reflectors RED and BLUE, consisting of Kern

DM1000 corner cubes mounted on Kern theodolite target

bases.

Theodolite: Kern DKM2A (° ' ") from Imperial College.

Thermometers:

Thermistor temperature probe (Crook, 1982) used for

mekometer cavity temperatures.

Cassella mechanically aspirated hygrometer used for wet

and dry bulb temperatures at the mekometer station.

Cassella handheld whirling hygrometer used for wet and

dry bulb temperatures at the reflector station.

Barometers: Negretti and Zambra M1975B precision aneroid

barometers, serial numbers 937 (mekometer stn.) and 997

(reflector stn.).
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B.5 The 1982k survey

Purpose: Continued monitoring of post-earthquake creep, and the

remeasurement of the complete network.

Personnel:	 Mr. C.N. Crook (Imperial College)

Mr. AD. Pullen (Imperial College)

Duration:	 Measurements were made from 2 April 1982 to 23 June 1982.

Equipment:	 MekometerS.N. 218 065 (ComRad)

Yoke (new design) (ComRad)

Power supply units SN. 075 and 076 (ComRad)

(powered by a lead-acid car battery, charged nightly)

Reflectors: I.C. reflectors RED and BLUE, consisting of Kern

DM1000 corner cubes mounted on Kern theodolite target

bases.

Theodolite: Wild T2 (gradians) from University College.

Thermometers:

Thermistor temperature probe built by A.D. Pullen used

for mekometer cavity temperatures, and dry bulb

temperatures at the mekometer station.

Cassella mechanically aspirated hygrometer used for wet

and dry bulb temperatures at the reflector station.

Barometers: Negretti and Zambra M1975B precision aneroid

barometers, serial numbers 997 (mekometer stn.) and 1087

(reflector stn.).



B.6 The 1982B survey

Purpose: To complete the remeasurement of the network initiated in the

1982A survey.

Personnel:	 Mr. AD. Pullen (Imperial College)

Mr. B.A. Bell (University College)

Duration:	 Measurements were made between 26 October and 3 December

1982.

Equipment:	 Mekometer S.N. 218 065 (CoznRad)

Yoke (new design) (ComRad)

Power supply units S.N. 075 and 076 (CornRad)

(powered by a lead-acid car battery, charged nightly)

Reflectors: I.C. reflectors RED and BLUE, consisting of Kern

DM1000 corner cubes mounted on Kern theodolite target

bases.

Theodolite: Wild T2 (gradians) from University College.

Thermometers:

Thermistor temperature probe built by A.D. Pullen used

for mekometer cavity temperatures, and dry bulb

temperatures at the mekometer station.

Cassella mechanically aspirated hygrometer used for wet

and dry bulb temperatures at the reflector station.

Barometers: Negretti and Zambra M1975B precision aneroid

barometers, serial numbers 1087 (mekometer stn.) and 937

(reflector stn.).

Notes:	 On 12 November the mekometer ceased functioning, and was returned

to England for repair.
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B.7 The 1983 survey

Purpose:	 To complete the remeasurement of the network initiated in the

1982A survey.

Personnel:	 Mr. A.D. Pullen (Imperial College)

Mr. flU. Jensen (Imperial College)

Duration:	 Measurements from 28 May to 29 July 1983.

Equipment:	 Mekometer SN. 218 108 (ComRad)

Yoke (prototype geomensor yoke) (ComRad)

Power supply units S.N. 071 (CornRad)

(powered by a lead-acid car battery, charged nightly)

Red 1A EDM attachment to Wild T2. (Brunson Equipment Co.,

Los Angeles)

Reflectors: I.C. reflectors RED and BLUE, consisting of Kern

DM1000 corner cubes mounted on Kern theodolite target

bases.

Theodolite: Wild T2 (gradians) from University College.

Thermometers:

Thermistor temperature probe built by A.D. Pullen used

for mekometer cavity temperatures, wet and dry bulb

temperatures at the mekometer station, and wet and

dry bulb temperatures at the reflector station.

Barometers: Negretti and Zambra M1975B precision aneroid

barometers, serial numbers 1102 (mekometer stn.) and

1087 (reflector stn.).

Notes:	 The mekorneter was giving problems throughout the survey, and

results are believed to be correspondingly inaccurate. The geomensor

yoke was not well adapted to this work, and further errors are thought

to have arisen from difficulties in centring and levelling this. On 7

July the mekometer finally packed up, and subsequent measurements were

made with the rented Red 1A EDM.
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Figore B.11: Map af the loaations of the survey stations
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APPENDIX C: (X)RRECTIONS TO THE DATA

The corrections applied to distance measurements are:

1) The system constant correction. If the measured length is 	 then the

corrected length is L = L + k, where the values of k are listed in
S	 m

table C.1

2A) For measurements with the mekometer.

Corrections for the difference between the actual modulation frequency,

and the frequency which would give a mean wavelength of 0.6 m along the

length of the line (section 3.3). After this correction is applied the

distance is reduced to that between the vertical axes of the mekorneter

and reflector, at the heights of their respective trunion axes.

1.00001979.(1 + E.P /(T +273.15))L =	 c ce	
+ C.P/(T+273.l5) + D.e/(T+273.1S)]

where

is the reference cavity air pressure (mE), assumed to be

equal to the atmospheric pressure at the mekometer

station.

is the reference Cavity temperature (°C)

is the mean atmospheric pressure along the line (mE)

Ta is the mean atmospheric temperature along the line (mB)

ea is the mean partial pressure of water vapour along the line

(mE).

C	 = 0.000083448

D	 = -0.000011007

E	 = 0.000077624

C	 is the part per million systematic error (Table C.2)

2B) For measurements with the Red 1A EDM.

The corrections applied to measurements with the Red 1A EDM during the

1983 survey for the scale error of the equipment, and the

meteorological conditions are



where

z.,, z
1 r

h., h
1	 r
i., i

1	 r

L	 = 1 1 + 10 .	 a	 ] . L
6 ( 7 24 + 278 45 - 0 02937.P 	 '\

e

	

1+0.003661.T )	 S

a

3) Correction for the different heights of the instruments above their

respective stations. The correction is given by

L	 2 - ( z.+h.+i.-z -h -i )2 + (z.-z )2]c	 e	 1 1 1 r r r	 i r

are the elevations of the mekometer and reflector

station (Table C.3)

are the centring pole readings at each station,

are the corrections to the centring pole readings

corresponding to each equipment (Table C.4).

4,



Mekometer	 Yoke Reflector
BLUE	 RED

	

-0.0277	 -0.0275

	

-0.0277	 -0.0268

	

-0.0296	 -0.0287

	

-0.0296	 -0.0283

	

-0.0301	 -0.0258

	

-0.0454	 -0.0421

	

-0.0456	 -0.0423

	

-0.0451	 -0.0420

	

-0.0467	 -0.0477

	

-0.0472	 -0.0478

	

-0.0285	 -0.0291

	

-0.0845	 -0.0857

Survey

1978 survey:
1/ 6/78 - 26/ 9/78

27/ 9/78 - 18/10/78
19/10/78 - 30/11/78
'1/12/78 - 31/12/78

1979A survey:

'1979B survey:

1980 survey:

1982A survey:

1982B survey:

1983 survey:

old

old

new
new

new

new

new

Geomensor
Wild 12

218-020

21 8-00

218-020
218-122

218-020

218-065

218-065

218-065
Red 1A

Table C.1: System constant corrections



1979B*

1980

1982A

1982B

505
525
545

695
707
718
730

1400
1418
1435
1435
1448
1460
1472
1490

1605
1626
1630
1646

	

15.0	 3.28

	

30.0	 -1.66

	

15.0	 0.01

	

30.0	 -0.01

	

45.0	 -2.37

	

15.0
	

-1.39

	

30.0
	

0.69

	

45.0
	

1.00

3O

Table C.2: Systematic errors of mekometers in the 1978 - 1983 surveys.

The systematic errors of the mekometers are expressed as piecewise linear
functions of the parameters date (days after 31 May 1978), temperature (°C),
and time of day (hours). The function is defined by the value of the error
at a number of endpoints of the parameter. The error at other values of the
parameters is obtained by linear interpolation. The errors listed below are
for long range readings. For surveys in which short range measurements have
been made an additional error for the short range measurements is listed.
All errors are expressed in part per million. The overall error of any
measurement is assumed to be the sum of its errors due to date, temperature,
time, and range.

	

Survey	 Date	 error	 Temp error	 Time error	 Short

1978	 7	 0.04	 0.0	 2.95	 0600	 -0.18	 -

	

30	 1.98	 10.0	 2.05	 1200	 0.00

	

42	 0.31	 20.0	 -0.99	 1600	 0.21

	

58	 8.17	 30.0	 0.99	 2000	 -2.14

	

81	 11.17	 40.0	 -2.95	 2400	 -2.02

	

117	 -7.42	 50.0	 -8.80

	

120	 5.01

	

132	 0.89

	

141	 3.01

	

152	 1.35

	

156	 2.39

	

163	 0.72

	

173	 -2.19

	

180	 -0.76

	

198	 -4.82

1979A	 300	 5.00	 15.0	 4.00	 0600	 -0.57	 -1.10

	

350	 5.00	 30.0	 -2.00	 1200	 0.00

	

45.0	 -7.16	 1600	 -0.77
2200 -0.50

5.02
3.56
1 .34

-0.38
3.34
3.12
2.67

1 .00
1.07
0.12

-2.60
-1.44
-2.20
-1.94
-2.33

2.62
2.87

3.13
0.98

-	 -	 -1.00

0600	 1.93	 -0.50
1200	 0.00
1600	 0.88
2200	 -1.31

0400	 0.48	 -1.25
1200	 0.00
1600	 0.33
2400	 0.21

0600
	

-1.83
	

-1.41
1200
	

0.00
1600
	

-1.17
2400
	

-1.04
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Table C.2: continued!

Survey
	

Date error
	

Temp error
	

Time error	 Short

1983
	

1822
	

3.71
	

18.0
	

-1.17
	

0.81
1841
	

4.57
	

30.0
	

0.84
1841
	

6.59
	

44.0
	

5.08
1863
	

5.78

* For the few measurements made during the 1979B survey with mekometer
218 122, an error of -11.3 ppm is assumed for short range measurements,
and -7.5 ppm for long range measurements.



Table C.3: Station elevations used to reduce distance data. Elevations are
in meters. Elevations denoted 14 are estimated from a 1:25000
topographic map.

009
010
Dli
012
Dl 2A
013
Dl 4
Di 4A
015
Dl 5A
016
Dl 6A
017
018
020
020A
020B
021
022
024
D24A
026
D26A
D26B
027
028
029
D30
0301\
031
E07
E08
E09
ElO
Eli
E12
E13
El 4
El 4A
El 5
El 5A
E16
El 6A
El 7
El 7A
E18
E20
E21
E22
E24
E26
E27
E27A
E28

18.29
12.19

.71

.31

.31
- .93

-3.05
-3.05
-5.61
-5.61
-7.51
-7.51
-9.14
-9.93

-11.00
-11.00
-11 .00
-12.83
-15.88
-18.93
-18.93
-23.02
-23.02
-23.06
-27.09
-24.60
-25.32
-26.30
-26.31
-26.99
18.29
15.24
15.85
12.19
1.42
1.19

0
-3.05
-3.05
-5.49
-5.49
-6.97
-6.97
-7.96
-7.96
-8.46
-9.17

-10.71
-14.36
-17.40
-19.91
-22.57
-22.57
-22.90

E29
E30
E31
E32
F25
F26
F29
F2 9A
F30
F 30A
F3OB
F31
F31A
F32
F33
G25
G26
G29
G32
G33
G33A
G34
G35
G48
G49
G49A
G50
G51
G51A
G52
G53
H25
H26
H27
H28
H29
H30
H3OA
H31
H31 A
H32
H33
H34
H35
H4 1
H42
H43
H44
H45
H45A
H46
H46A
H47
H48

-24.27
-25.07
-26.04
-27.59
-16.67
-18.70
-22.86
-22.86 M
-22.90 14

-23.91
-24.20 M
-23.50 M
-24.91
-25.78
-28.38
-16.07
-17.36
-22.50
-23.44
-24.04
-24.30 M
-19.37
-18.52
-15.40 M
-14.56 M
-14.56 M
-13.93 14

-13.72 M
-13.72 14

-14.10 14

-14.59 '4
-14.10
-15.86
-20.49
-21.41
-20.86
-22.94 14

-22.77
,-22.86 M
-22.66
-21.74
-17.74
-17.22
-16.20
-17.07 14

-16.76 14
-16.76 14

-16.13 14

-15.92 14

-15.92 14

-15.42 14

-15.42 M
-15.24 M
-14.05 M

H49
HSO
H5 1
1152
J25
J26
J27
J28
J29
J30
J3OA
J31
J32
J3 3
J34
J35
J35A
J36
J37
J38
J39
J40
J4 1
J42
J43
J44
J44A
'345
'346
J46A
J4 7
1(25
K26
K27
1(28
1(29
1(30
1(31
1(32
1(33
1(34
K34A
K35
K35A
1(36
1(37
K38
K39
K40
125
L26
L2 7
L28
L29

-13.32 M
-13.23 M
-13.72 M
-13.72 M
-12.28
-14.12
-18.94
-20.12
-19.44
-19.83
-19.83
-18.60
-16.64
-16.02
-15.63
-14.37
-14.29
-15.55
-15.76
-15.55
-14.76
-16.68 M
-16.46 M
-14.63 M
-15.24 M
-15.24 M
-15.24 M
-14.65 M
-14.26 M
-14.26 M
-13.72 14'
-11.22
-13.73
-14.98
-16.96
-17.02
-17.16
-16.14
-14.31
-12.87
-13.58
-13.58
-14.02
-14.03
-14.45
-13.87
-16.07 M
-14.23
-16.07 14

-9.69
-10.50
-12.09
-13.36
-14.22

L 29A
L30
131
L3 1 A
L31 B
L32
L33
L 34
L34A
L35
L39
1425
M25A
M26
M27
M27A
M28
M28A
M2 9
M29A
M2905
142950
M2955
1430
M3050
M3 1
1432
1433
1434
M3 5
N25
N26
N27
N28
N280S
N29
N2904
N2905
N2950
N30
N31
N31 A
N32
N32A
N33
N33A
N33**
N 34
N35
N39
P25
P26
P27
P28

-14.20
-13.98
-11.58
-11.58
-12.20 M
-11.11
-12.20
-12.11
-12.00 14

-13.41
-13.30
-6.90
-6.88
-7.83
-8.83
-8.83

-11.14
-11.30 M
-12.47
-12.47
-10.87
-10.56
-9.41

-10.18
-9.29
-9.26
-9.18
-9.77

-10.55
-12.80
-5.16
-6.15
-7.02
-8.12
• -8.06
-7.62
-6.74 14

.-7.44
-6.14
-8.15
-7.55
-7.45 M
-9.19
-9.19
-9.32
-9.25
-9.32

-10.33
-11.51
-11.65

3.11
-4.90
1.80

-6.05



Tab'e C.3: continued.

Stn.	 Elev.	 Stn.	 Elev.	 Stn.	 Elev.	 Stn.	 Elev.

P29
P30
P31
P31 A
P32
P32A
P33
P3 3A
P34
P39
P62
Q25
Q26
Q27
Q28
Q29
Q3 1
Q3 1 A
Q32
Q32A
Q33
Q34
Q35
Q3 9
Q60
Q61
Q63
Q63A
R25
R26
R27
R28
R29
R30
R3OA
R31
R32
R32A
R33
R34
R35
R36
R36T
R37
R37A
R38
R39

1 .81
-5.75
-6.16
-6.35 M
-8.53 M
-.32

-9.28
-9.78

-10.51
-2.23

-12.19 M
-3.44
-4.14
-4.34
-5.10
-3.84
-4.42 M
-4.72
-6.40 M
-6.40 M
-6.56
-8.66
-9.84
-9.38

-13.72 M
-12.50 M
-12.19 M
-12.19 M
-1.33
-1.95
-2.01
-2.54
-3.02
-4.29
-4.70 M
-4.34
-4.84
-4.85
-5.78
-8.48
-10.17
-9.20 M
-9.12 M
-7.30
-7.10 M
-7.80
-7.90

R61
R62
R63
R6 3A
S25
S26
S27
$28
S29
S30
S31
$32
S32A
S33
S33US
S34
535
S35A
S36
S37
S38
S39
S40
S50
S5OA
S51
S52
S53
S59
S60
T32
T33
139
140
T4 3
T44
T45
146
T47
T47A
148
T4 9
T49A
150
T5OA
151
T52

-12.19 M
-12.19 M
-11.57 M
-11.57 M

.44
- .47

-1.03
-1.41
-2.47
-3.16
-3.44
-4.56 M
-4.65
-5.00
-4.55 M
-7.46
-7.88
-7.95 M
-6.45
-5.70
-5.46
-4.88
-4.46
-7.62 'I
-7.62 M
-7.01 M
-7.62 M
-7.62 M

-12.19 M
-11.28 M
-4.43
-5.53
-3.87
-4.05
-6.40 M
-6.10 M
-7.06 M
-6.55 M
-6.98 M
-6.98 M
-6.87 M
-7.01 M
-7.01 M
-6.40 M
-6.40 M
-5.79 M
-7.92 M

T52A
155
T55A
T56
T5 7
T58
159
U32
U32A
U33
U39
U40
U42
U43
U44
1145
U46
U47
tJ47A
U48
U49
1154
U55
1156
U57
1158
V2305
V2355
V24
V2405
V2450
V2455
V32
V33
V33US
V39
V40
V41
V41A
V42
V42A
V42B
V42US
W32
W33
W33A
W34

-7.92 M
-10.06 M
-10.06 M
-10.36 M
-10.36 M
-11.89 M
-10.67 M
-3.33
-3.33
-3.24
-3.98
-3.43
-6.10 M
-6.10 M
-5.79 M
-5.79 M
-5.79 M
-6.10 M
-6.10 M
-6.10 M
-6.40 M
-9.14 M
-8.23 M
-9.91 M

-10.06 M
-10.67 M

5.66
6.04
4.28
3.97
4.20
3.83
.31

-.12
.30 M

-3.11
-2.52
-3.16
-3.16
-3.05
-3.05
-3.05
-2.85
1.40
1.17
1.17
.46

W35
W3 7
W3 755
W38
W39
W39A
W39B
W40
W4OA
W4 1
W42
W42US
X33
X 33A
X 34
X35
X35A
X3 511 S
X36T
X37
X38
X38A
X38U5
X39
X40
X4OA
X4OB
X4 1
X42
X42US
Y39
Y39US
Y40
Y4 1
Y42
Z39
Z40
120
121
139
139US
140
220
221
239
240
339

- .32
79

1.10
-.12

-1.37
-1.37
-1 .37 M
-1.81
-1.81 M
-2.62
-2.03
-2.08

.40 M

.40 M
1.45
1.47
1 .47 M
1 .70 M

0 M
1.15
- .26
- .26 M
-1.50 M
- .40
- .84
- .84
- .84

-1.20
-1.48
-1.20

.35

.42
0

- .44
-.30
- .41
.56

8.23 M
7.62 M
1 .29
1.45
.40

7.32 M
8.84 M
.22

- .01
1 .56



Table C.4: Equipment heights

The heights listed are the corrections required to readings from the
centring pole of the Kern tripods.

Equipment

Mekometer: on old style yoke
on new style yoke
on geomensor yoke

Red 1A EDM, + Wild T2 + adaptor plate

Reflectors:

Theodol ites: DKM2A
Wild 12 + adaptor plate

Height (m)

+0.115
+0. 085
+0. 160

+0.290

+0. 040

0.000
+0. 085
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