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ABSTRACT 

The feasibility of measuring earth strains is discussed, with particular 

reference to the primary triangulation work of the United States Coast and 

Geodetic Survey ( U.S.C.G.S.), whose results are compared with the predicted 

patterns of shear on active faults. 

The application of trilateration measurements, particularly those made 

with the N.P.L. Mekometer III, to the measurement of earth strain is then 

discussed. This discussion considers all aspects of field equipment and 

procedure, accuracy of measurements, and interpretation of changes. With 

suitable reservations the discussion is valid for other distance measuring 

instruments. 

The effect of the atmosphere on the precision of the results and the ways 

of circumventing the problems it introduces are discussed in some detail. 

Results of both vertical angle and trilateration surveys from several 

parts of Iceland are presented and interpreted according to the techniques 

previously described in the light of other measurements from the same and 

other areas. 

Finally,all the results and as much additional structural and crustal 

dynamic information as is available are combined into a tectonic model of 

Iceland, whose principal feature is a pole of rotation situated at 65°N 21°E._ 

It is emphasised that this pole neither does nor is expected to describe the 

• historical opening of the Atlantic, but should be considered only as very 

much a current, possibly transient, arrangement. 

Apart from this main thread of the thesis, several observations bearing 

- 

	

	directly on a geothermal field in south-west Iceland are considered, especially 

in the light of similar observations from an exploited field in New Zealand 

and in terms of the accepted models of geothermal regions. 

These latter results are thought to have considerable importance for 

geothermal engineering. 

The proposed pole of rotation must remain unproven until sufficient 

information is available from one key area of Iceland. Work of the nature 

described in the thesis has been begun there, but the results have not yet 

proved definite. 



Pagel 

CONTENTS 

CONTENTS 
	

1 

ACKN9WLEDGEMENTS 
	

3 

AN EARLY DESCRIPTION OF ICELAND 
	

4 

SYNOPSIS 
	

5 

CHAPTER I 	
SECTION I.1 	INTRODUCTION 
	

6 

SECTION 1.2 GENERAL DISCUSSION OF THE MEASUREMENT 

OF EARTH STRAIN 
	

9 

SECTION 1.3 A RESUME OF THE EXPECTED PATTERN OF 

ACCUMULATING STRAINS AND A COMPARISON 

WITH SOME RESULTS 
	

13 

CHAPTER II 	
SECTION II.1 	THE N.P.L. MEKOMETER III 	17 

SECTION 11.2 DESIGN AND CONSTRUCTION OF BENCHMARKS 19 

SECTION 11.3 DESIGN OF NETWORKS 	19 

SECTION 11.4 FIELD EQUIPMENT AND EXPERIMENTAL 

PROCEDURE 	 26 

CHAPTER III. SECTION III.1 	THE INSTRUMENTAL CORRECTIONS 	28 

SECTION 111.2 THE INSTRUMENTAL SOURCES OF 

UNCERTAINTY 	 32 

SECTION 111.3 	ATMOSPHERIC CORRECTIONS 	37 

SECTION 111.4 ANALYSIS OF THE INFLUENCE OF THE 

ATMOSPHERE ON THE UNCERTAINTY 	37 

SECTION 111.5 SUMMARY OF THE VARIOUS CONTRIBUTIONS 

TO UNCERTAINTY AND COMPARISON WITH 

OBSERVATION 	 45 

CHAPTER IV: 	
SECTION IV.1 A REVIEW OF THE VARIOUS TECHNIQUES 

USED IN PREVIOUS EARTH STRAIN STUDIES 48 

SECTION IV.2 THE DISPLACEMENT VECTOR ANALYSIS OF 

TRILATERATION RESULTS 	50 

SECTION 1V.3 THE HOMOGENEOUS STRAIN SOLUTION IN 

TRILATERATION 	 53 

SECTION IV.4 COMPARISON OF THE TWO ANALYSIS 

TECHNIQUES USED FOR THE TRILATERATION 

DATA, AND DISCUSSION OF THE LIMITATIONS 

OF EACH 	 54 

CHAPTER V. 	
SECTION V.1 

	
TILTMETER RESULTS 	57 

SECTION V.2 VERTICAL ANGLE MEASUREMENTS 	61, 

SECTION V.3 TECTONIC INTERPRETATION OF THE VERTICAL 

CHANGES OBSERVED AT REYKJANES 	66 

CHAPTER VI. SECTION 
VIA THE MtVATN MEASUREMENTS 	72 

SECTION VI.2 DISCUSSION OF THE MtVATN RESULTS IN 



Page 2 

SECTION VI.3 

SECTION VI.4 

SECTION VI.5 

SECTION VI.6 

SECTION VI.7 

SECTION VI.8 

SECTION VI.9 

THE CONTEXT OF OTHER OBSERVATIONS FROM 

ICELAND 	 78 

THE TECTONIC SITUATION OF THE THINGVELLIR 

NETWORK, AND THE RESULTS FROM IT 	82 

COMPARISON OF THE RESULTS FROM THE TRILATERAM. 

710N SURVEY WITH OTHER OBSERVATIONS FROM THE 

AREA 	 91 

THE TECTONIC SETTING OF THE REYKJANES NETWORK93  

THE INTERPRETATION OF THE TRILATERATION 

RESULTS FROM THE REYKJANES NETWORK 	99 
CONSIDERATION OF THE ACCURACY OF THE STRAIN 

PARAMETER ANALYSIS 	 125 

CONSIDERATION OF THE CHANGES OBSERVED AT 

THE NORTHERN END OF THE ORIGINAL REYKJANES 

NETWORK 	 127 

DISCUSSION OF THE N85°E PEAK IN THE 

HISTOGRAM OF MAXIMUM EXTENSION DIRECTIONS 

FROM THE REYKJANES NETWORK 	129 

CHAPTER VII 
SECTION VII.1 	THE TECTONICS OF SOUTHERN ICELAND 	133 

SECTION VII.2 THE TECTONICS OF NORTHERN ICELAND 	139 

SECTION VII.3 	STRUCTURAL SYNTHESIS OF ICELAND 	141 

CONCLUSIONS 	 144 

APPENDIX A 
	

ILLUSTRATION OF THE DISPLACEMENT VECTOR SOLUTION 

TECHNIQUE 	 147 

APPENDIX B 
	

ILLUSTRATING THE STRAIN PARAMETER SOLUTION FOR 

A SQUARE UNDERGOING STRIKE-SLIP DEFORMATION 	149 

APPENDIX C 
	

ILLUSTRATING THE STRAIN PARAMETER SOLUTION FOR 

A SQUARE UNDERGOING PURE EXTENSION 	160 

APPENDIX 0 
	

THE DISTANCE-TIME GRAPHS FOR THINGVELLIR 	' 151 

APPENDIX E 
	

THE DISTANCE-TIME GRAPHS FOR THE REYKJANES 

MEASUREMENTS 	 177 

REFERENCES CITED 
	

223 



Page 3 

ACKNOWLEDGEMENTS 

The author wishes to thank all those people who have contributed in some 

way to making the work described in this thesis possible. 

First among these must come Dr. K. Froome and Mr. R.H. Bradsell without 

whose generous support and technical assistance the distance measurements would 

never have been made. 

Secondly come the Icelanders, Agust Bothvarsson of the Survey Department, 

Thorbjorn Sigurgeirsson of the Science Institute of the University of Iceland, 

and Steingrimur Hermannsson of The National Research Council of Iceland. 

Professor Mason provided some encouragement and a lot of financial support 

for the work. 

The Director, of the N.P.L. generously allowed the prototypes of the Mekometer 

III to be used in some of the worst meteorological and geological conditions in 

the world. 

Dr. R.W. Calvert began this work in Iceland, and his thesis, to which 

reference is periodically made, describes the early progress. 

Dr. R.C. Lilwall of the International Seismological Service, Edinburgh, 

most obligingly provided computer listings of all recorded earthquakes in the 

Icelandic region. 

Messrs. G. Worthington, C. Andrews, C. Sanders, F. Plenier, F. Daussun, 
1 

D. Waggett, D. Wilson, G. Asmundsson, C. Hewlett, G. Wadge, H. St. John, K. Will- 

iamson, T. Meredith, M. Lasserre, and. Misses M. Thomas, E. Noyes, C. Chapman, 

A. Thorarinsattir, C. Trinder, J. Asmunds, P. Cockcroft, all provided field 

assistance at some stage. 

The author wishes to acknowledge the support of an N.E.R.C. studentship 

and the financial backing provided by the N.E.R.C. in the early stages of the 

project. 

Mr. and Mrs. H. Swann have provided the author with much encouragement 

during the latter stages of the work. 



Page 4 

AN EARLY DESCRIPTION OF ICELAND. 

On the west of Norway comes the island called Ice-Land, with the mighty 

Ocean washing round it: a land very squalid to dwell in, but noteworthy for 

marvels, both strange occurrences and objects that pass belief. A spring there 

is which, by the malignant reek of its water, destroys the original nature of 

anything whatsoever. Indeed,all that is sprinkled with the breath of its vapour 

is changed Into the hardness of stone. It remains a doubt whether it be more . 

marvellous or more perilous, that soft and flowing water should be invested with 

such a stiffness, as by a sudden change to transmute into the nature of stone 

whatsoever is put to it and drenched with its reeking fume, nought but the shape 

surviving. Here also are said to be other springs, which now are fed with floods 

of rising water, and, overflowing in full channels, cast a mass of spray upwards; 

and now 	their bubbling flags, and they can scarce be seen below at the 

bottom, and are swallowed into deep hiding far under ground. Hence, when they 

are gushing over, they bespatter everything about them with the white spume, but 

when they are spent the sharpest eye cannot discerh them. In this island there 

is likewise a2mountain, whose floods of incessant fire make it look like a 

glowing rock, and which,hy belching out flames, keeps its crest in an everlasting 

blaze. This thing awakens our wonder as much as those aforesaid; namely, when 

a land lying close to the extreme of cold can have such abundance of matter to --

keep up the heat, as to furnish. eternal fires with unseen fuel, and supply an 

endless provocative to feed the hurning. 

Here also is reported to bubble up the Water of a pestilent flood, which if 

alpan taste, he falls struck. as though by poison. Also there are other springs, 

whose gushing waters are said to resemble the bowl of Ceres. There are also fires 

which, though they cannot consume linen, yet devour so fluent a thing as water. 

Also there is a rock, which flies over mountain-steeps, not from any outward 

impulse, but of its innate and proper motion. 

From Saxo Grammaticus ( tr. Oliver Elton 	) describing IX
th 

century 

reports in the latter )(Nth  century. 
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SYNOPSIS 

The ultimate aim of this thesis is to try to arrive at a coherent, unifying 

tectonic picture of Iceland. 

It will accomplish this principally through the analysis of new geodetic 

results which are available for the first time from several sites in Iceland. 

The development and interpretation of the geodetic techniques used and the 

results obtained from them constitute the major part of the thesis, while the 

assembly of relevant information from the other earth sciences, and the final 

synthesis of all avatlahle conclusions, is left to the last chapter. 

The first chapter ts an introduction, both to the particular situation of 

Iceland and its role in tectonic evolution, and to the application of geodetic 

techniques to the measurement of strains and movements on the earth's surface. 

Chapter II deals with the experimental techniques employed in this particular 

investigation C already considered in more detail by R.W.Calvert in his thesis 

in la69 ). 

Chapter III covers the problems which have been encountered in obtaining 

the best possible accuracy from the techniques, and considers fully all the 

sources of uncertainty entering the results; making realistic quantitative 

assessments of all the contributing'effects. 

Chapter IV describes and compares the analysis techniques which have been 

developed to interpret the geodetic results obtained. 

Chapters.V and VI conduct the interpretation of all the results obtained, 

and fit them into local and regional structural patterns. . 

Chapter VII attempts to synthesise all the inferences from chapter VI with 

all other available information to produce acoherent model of the tectonics of 

Iceland. 

There are five appendices in which various points of interpretation are 

considered and in which all the relevant results are presented. 
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CHAPTER I. 	INTRODUCTION AND GENERAL DISCUSSION OF THE 

MEASUREMENT OF EARTH STRAIN. 

SECTION I.1 	INTRODUCTION. 

In recent years Wegener's ( 1924 ) original hypothesis of continental 

drift has become widely accepted. 

The mechanism of the movements: which at the time of the advancement of 

the hypothesis was a primary reason for its non-acceptance, has now been 

found from magnetic evidence to involve production and extension of the sea 

floor perpendicular to the various mid-ocean ridges of the world rift system. 

Elsewhere on the earth's surface, usually at the margins of the great oceans, 

ancient sea floor is re-absorbed into the body of the earth through the deep 

trenches. Presumably, if the earth's surface area remains constant, the rates ' 

of production and reabsorption must be equal. Both production and absorption 

processes are accompanied by volcanic and seismic activity, though of very, 

and characteristically,different types; at ridges earthquakes are shallow and 

small, volcanoes small and basaltic; at trenches earthquakes are deep and 

often very large ( e.g. Chile, 1960 ), volcanoes large and andesitic. 

The areas between ridge and trench, which will generally include portions 

of both oceanic and continental crust, and arecalled the lithosphere, are 

found to behave rigidly, like solid plates moving around the surface of the 

earth under the forces of their production and absorption processes. Figure I.1 

shows the world divided into plates, with the directions of the relative 

movement at each boundary. 

The boundaries, defined by the widths of the zones of seismic and volcanic 

activity, are found to be extremely narrow. The seismicity on the mid-Atlantic 

ridge,for example, occupies a zone running the entire length of the ocean and 

only a few kilometres wide ( epicentral locations are accurate to about 10 

km. ). 

There are three possible plate interactions: examples of each are shown on 

figure 1.1. Besides the production and absorption boundaries, there are 

strike-slip regions where plates slide past one another and sea floor is 



THE WORLD 	- 	SHOWING THE PRINCIPAL PLATES AND THE BOUNDARIES BETWEEN THEM 

E] Indicates area studied in this thesis. 
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neither created nor-destroyed. The two most important examples of this latter 

type of plate boundary are the Anatolian fault zone of Turkey, and the San 

Andreas fault zone of California. In common with the other categories of 

_boundary, these too show considerable seismic activity, also of a characteristic 

nature. Earthquakes on these boundaries tend to be large and shallow, such as 

was the great California earthquake of 1906, and are also often responsible 

forlmuchloss of life. 

Direct measurement of the relative movement between plates has come from 

geodetic work. in California, where resurveys to discover premonitory earth 

-movements before large earthquakes have been made since 1908. The estimates of 

the dtfferenttal movement,between the American and Pacific plates made from 

these measurements suggest that western North‘America is moving at 30 mm.per 

year south-east relative to the north-east Pacific floor ( Savage and Burford, 

1973 ). 

This thesis describes measurements made on a diverging plate boundary, 

where new crust is being continually created by volcanic processes, and the 

sea floor on either side of the zone of creation is being moved slowly away. 

Iceland is the largest land area to occupy a position directly on a diverging 

"plate boundary, and as such offers the only possibility of easy study of the 

processes which operate on these boundaries, the mid-ocean ridge system. 

By the very fact of its existence it may be very atypical of true mid-ocean-

ridges, but nevertheless it should be possible to learn something of general 

application by careful observation and consideration of the obvious differences. 

Bothvarsson and Walker ( 1964 ) first proposed that the crust of Iceland 

had grown laterally about a narrow volcanic zone, much after the fashion 

envisaged by Dietz ( 1961 ) for the growth of the ocean floor. Bothvarsson and 

Walker considered that the force behind the growth came from the injection of • 

dykes into the base of the Icelandic crust. 

This view attracted immediate enthusiasm and is now generally accepted by 

everyone but a few of the most stalwart anti-continental drifters. 

But its shortcomings are also recognised, such that there are many of the 

subtleties of Icelandic tectonics which are not immediately explicable by the 
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straightforward application of this model. 

It is hoped that it will be found that the results presented in this thesis 

have some bearing on the outstanding tectonic problems, and that the interpretat-

-tons given them will help to rationalise many of the observations. 

SECTION 1.2 	GENERAL DISCUSSION OF THE MEASUREMENT OF EARTH 

STRAIN. 

Earthquakes have been known in many parts of the'world since very early 

times, and in China at least are known to have provoked observation and 

elementary instrumentation some centuries before the beginning of the present 

era. 

It was only after the great 1906 earthquake that, the first theory with 

factual evidence was produced. 

Reid C 1910 ), from geodetic results obtained by Hayford and Baldwin ( 1908) 

proposed the elastic rebound theory, which remains the accepted model for the 

earth movements during earthquake cycles. 

Reid proposed that strain accumulates at a constant rate across a narrow 

zone C prohaEly a pre-existing fault ), until after a time which is governed 

by the static friction on the pre-existing fault faces ( or the shear strength 

of the rock if there is no previous faulting ), the fault moves suddenly, 

releasing all or cost of the accumulated strain, and radiating a large fraction 

of the stored energy as seismic waves. Figure 1.2 illustrates his original 

theory, and an embellishment of it due to Richter.. 

Since the first formulation of these ideas a very large number of angle 

-measurements on primary and secondary geodetic triangulation networks has been, 

made in order to try to detect the strain accumulation which ought to precede 

an earthquake, and which might therefore be an indication of its approach. 

Almost all this work has been undertaken in California, most of it along the 

San Andreas fault ( which was responsible for the 1906 earthquake ), and much 

of it since the nineteen thirties. There have been 'numerous attempts at 
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Figure 1.2 

TWO POSSIBLE INTERPRETATIONS OF THE ELASTIC 

REBOUND THEORY. 
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interpretation of these results ( e.g. Whitten, 1955; Whitten, 1960; Whitten 

and Claire, 1960; Scholtz, Wyss, and Smith, 1969; Scholtz and Fitch, 1969; 

Miller et al., 1970; Savage and Burford, 1970; Savage and Burford, 1973; Savage 

et al., 1973 ). 

The outcome of all this work seems to be that in California the plates 	. 

have a relative annual rate of movement of about 30 mm. ( as mentioned before ) 

and that strain does accumulate in the fashion required by the elastic rebound 

theory. However the relationship between strain accumulation and earthquake 

occurrence has not been determined, and indeed other mechanisms of strain 

release have Seen observed and must be deemed equally important ( e.g. shaking 

induced stable sliding C Allen et al., 1972 )). 

rn recent years the practice has grown of using electro-magnetic distance 

measurements in the study of strain accumulation and fault displacement. 

Hoffman ( 19.68 ) describes the results of several years'geodimeter surveys 

from a series of small networks along the entire length of the San Andreas 

fault. These networks ( figure I.3 ) were established in the late Aineteen 

fifties kr the Department of Water Resources of the State of California to 

monitor fault movements that -might disrupt the canal system feeding the urban 

areas of the state. 

Since C as is shown in detail in a later chapter ) the use of distance 

measurements automatically provides more information on the state of strain 

than does triangulation data , the application of these techniques will 

presumably increase in years to come, especially as the accuracy of the 

commercially available instruments is now of the same order as that of theodolite 

measurements. 

As was mentioned above, almost all the world effort in earth strain ( in 

seismological applications ) has been made in California, presumably as a 

result of a combination of circumstances, reflecting the material capacity of 

the State, its'high and near-surface seismicity, and the vulnerability of 

modern structures to extensive damage. 

rn Japan, Russia . and some European countries, perfunctory efforts at 
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measuring ground movements in earthquake cycles have been made, but in all 

these places the seismicity is much deeper so that the effects cannot be 

expected to Ea as great, and in Europe and Russia it is much less frequent, so 

of less social importance. Until recently in Japan earthquakes were so much a 

part of life that building styles and construction. techniques were perfectly. 

adapted to them, and it is only with the advent of modern high-rise concrete 

structures that the problem of earthquake prediction has been taken seriously 

in Japan. 

The only other area of the world in which seismicity is at a high level, 

both frequency-wise and in terms of the depth of occurrence, is in the countries 

affected by the Anatolian Fault zone ( almost the entire Middle East ). Here 

work on earthquake prediction is just beginning, and may be expected to develop 

at a yery_high rate. 

SECTION 1.3 	A RESUME OF THE EXPECTED PATTERN OF ACCUMULATING 

STRAINS AND A COMPARISON WITH SOME RESULTS. 

Figure 1.4 shows two models of a supposed fault, as proposed by'Savage and 

Burford ( 1970 ). 

The upper one is of a deep fault whose lower part down from some depth D 

slides frictionlessly, aseismically. This model is assumed to apply to most of 

California from a depth of about 10 km. downwards, where crustal rocks are 

assumed to be hot enough for conditions of plasticity to prevail. 

In the upper zone, from the surface to D, elastic rebound conditions are 

• 
assumed to prevail, and strain accumulates, particularly in the transition zone 

around depth D, until earthquake occurrence. The shear strain pattern which 

would be expected to be observable at the surface would be as is shown on the 

inset diagram, with the maximum occurring across the surface trace of the fault. 

The maximum shear strain observed at the surface does not ( as is shown by 

Chinnery, 1961 ) reflect the maximum shear occurring at depth, which is perhaps 
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TWO MODELS OF AN ACTIVE FAULT, AND THE SHEAR 

PATTERN TO BE EXPECTED FROM EACH. 

After Savage and Burford, 1970 

The upper model is of a fault slipping smoothly over most of 

its vertical section, except for the uppermost part D, which is 

frictionally 'stuck'. The shear strain pattern developed at the 

surface is shown on the right. . 

Below, the blocks are moving freely along their entire surface 

of contact. In this case the shear strain is zero everywhere_ 

except on the fault, where it is infinite. 
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AY measurements of strain accumulation have not yet_heen of any use in predict-

-ion. 

The lower -model of ftgure- r.4 represents the case for when frictionless, 

stable movement occurs throughout the earth's crust, and strain accumulation . 

does not occur. 

Savage and Burford ( 1970 ) found examples of both situations in an 

extremely comprehensive analysis of geodetic results from several parts of 

California. 

Figure 1.5 illustrates their results from the Cholame valley primary 

triangulation arc, which lies just south of Parkfield where earthquakes have 

occurred in 1934 and 1966, and which is a good example of the strain pattern 

implied by their first model. 

They also found an excellent example of their second model on the Hollister 

triangulation arc, where there was no observable strain accumulation away from 

the fault, and the results of Tocher ( 1960 ) show that there is a continuous 

displacement at an almost constant rate of about 20 mm. per year across a very 

well defined fault trace. 

One interesting feature of the Cholame Valley result is the comparison of 

the strain accumulation pattern between 1932 and 1962 with that between 1932 

and 1951. They are almost identical, suggesting that there was no strain built.- 

up on that network hetween 1951 and 1962. This led the authors to suggest that 

the observed strain is purely a result of, the 1934 earthquake, whose surface 

_Uea. ended immediately north of the network. 

But whatever the detailed implications for earthquake mechanisms and recurren 
.5 

-ce the geodetic work which. has been done shows quite definitely that earth 

strains can be detected by these methods, and that the results can be interpreted 

- in ways which are compatible with respect to acceptable models. 
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Figure 1.5 

RESULTS FROM THE CHOLAME VALLEY TRIANGULATION ARC 
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CHAPTER II 
	

DESCRIPTION OF THE EQUIPMENT AND 

EXPERIMENTAL PROCEDURES USED IN THIS 

WORK. 

SECTION II.-1 
	

THE N.P.L. MEKOMETER III. 

The basis of all the earth strain work undertaken by Imperial College 

has been the prototype of Mekometew III, designed and built by Dr, K. Froome 

and Mr. R.H. Bradsell ( 1961, 1966, 1971 ). This is an electromagnetic distance 

measuring device of considerable sophistication, whose sensitivity is of the 

order of 0.1 ppm. over path lengths up to 3 kilometres. Its operation is based 

upon the electro-optic effect, by which the polarisation vector of a short 

pulse of 486 nm. wavelength light is elliptically polarised at a frequency of 

about 491 MHz. The light, collimated to a beam whose spread is about 1 micro-

radian, is transmitted from the front of the instrument to a distant cube-

corner retro-reflector mounted at the far end of the line. Such reflectors 

return light exactly along its incident direction, so that the beam returns to 

the instrument, where it passes first round an internal, calibrated, variable 

light path, thence to be demodulated by the same signal as originally modulated 

it. The demodulated light, whose amplitude depends upon the phase relation,  

between the modulating signal and the transit time ( i.e. path length ) of the 

light, is converted by a photomultiplier to an electrical signal which is 

amplified and displayed on a meter. 

The modulating frequency of 491 MHz. corresponds to a wavelength of 2 feet, 

which gives a fundamental repeating unit of 1 foot. The calibrated light path 

has a total variability of 1 foot ( 304.8 mm.), so that it is always possible 

for any length of line to find one position of the light path which gives a . 

maximum meter reading ( when the incoming light is exactly in phase with the 

modulating signal,), and also one which gives a minimum meter reading ( when 

the returning light is exactly out of phase with the modulating signal ). 

The variable light path is attached_ ' to a graduated invar tape which can 

be read to 0.002 foot, and the system is calibrated so that when the meter 

reading is a minimum the tape-read distance gives the excess in the total 
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instrument-to-target'distance over an integral number of fundamental repeating 

units. 

This is an excellent system as it avoids the necessity for electronic 

phase comparison, which introduces cyclic errors and temperature dependence. 

However, with a fundamental repeating unit of only one foot, it is 

obviously not possible to determine the entire distance without changing the 

modulating frequency, which is dohe. 

The use of elliptical polarisation in the modulation is a great improvement 

over the amplitude modulation usually used in these electro-magnetic distance 

measuring devices ( e.g. the Geodimeter ), because phase distortion by random 

atmospheric fluctuations is very much less than the corresponding amplitude 

distortion, so that the Mekometer is inherently less susceptible to atmospheric 

influences than are other, similar instruments. 

Frequency control in the Mekometer is by means of a very precisely made 

microwave cavity whose resonant frequency is about nine times the modulating 

frequency. 

This cavity's resonant frequency changes with atmospheric temperature and 

pressure in a way which is designed to compensate exactly for the effects of 

these parameters on the refractive index of the light path, thus neatly 

avoiding the necessity for complex corrections. 

The Mekometer is a pulsed instrument, operating at fifty Hertz. 

In order to facilitate the meter settings ( which it will be recalled from 

above, require that the photomultiplier output be set to a minimum ) the 

modulating frequency.on alternate pulses is arranged to be, by suitable mixing 

of sidebands, a few parts per million above , or an equal amount below, the 

nominal frequency defined by the reference cavity. This means that when the 

variable light path is accurately set so that the returning light is exactly 

out of phase with the modulating signal for the average ( reference defined ) 

modulating frequency, alternate pulses will show a certain residual signal. If 

the sign of the residual signal is changed by suitable switching, then the 

average output over a number of pulses will be zero, which is a very much 

easier setting ( particularly on a centre null meter ) than is a minimum. 
• A 
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This description of the Mekometer is not intended to be complete ( for 

which the relevant papers by Froome and Bradsell, and the Ph.D. thesis of 

R.W.Calvert should be consulted ) but is intended to show that there are 

three features of its design which make it capable of greater accuracy and 

less prone to external influences than other instruments of its type. 

The operation of the instrument is summarised in the block diagram shown 

in figure II.1. 

SECTION II. 2 	DESIGN AND CONSTRUCTION OF BENCHMARKS. 

The benchmarks which have been used in the Icelandic field-work which forms 

the basis of this thesis, are all of one type. 

All are constructed of six inch internal diameter concrete pipes, founded 

on solid rock to which they are attached by steel stressing rods, filled with 

concrete and hard core, and capped with extremely well machined bronze mush-

-rooms, into whose one inch diameter sockets the instrument and reflector 

mounts fit exactly. The bronze is protected from the effects of weather and 

the corrosive atmosphere of a geothermal field by screw caps. 

Measurements are described in chapter V which are designed to measure 

changes in inclination of the pillars, apparently not a significant effect 

as will be discussed then ). 

Figure 11.2 shows the cross-section, of a concrete pillar ( after R.W. 

Calvert, 1969 ). 

SECTION 11.3 	DESIGN OF NETWORKS. 

Webster's international dictionary defines a network as any system of lines 

or channels interlacing and crossing like the threads of a net. Surveying 

networks' for theodolite work, including the primary geodetic triangulation 

which has formed hitherto ( as described in chapter I ) the major part of 
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FIGURE II.1 	BLOCK DIAGRAM OF MEKOMETER III. 

50 Hz. pulses from the pulse generator, 1 , trigger the flash-tube driver, 

2, such that light from the Xenon flash-tube, 3, passes through- the modulating 

and demodulating cavity, 4. The nominal frequency of this cavity, which is 

tunable, is set by the resonant frequency of the standard cavity, 5. 
1.111....1•1•■••• 

10 
11 

3 

121=  

PHASE CAVITY 

When the tuning on the modulating cavity is suitably set, a small signal 

taken from it induces resonance in 5, which produces after amplification and 

detection in 6, a reading on the CAVITY meter, 7. The nominal frequency in 4 

is the average of each pair of pulses. 4 is driven by 8, the U.H.F. power 

amplifier and driver, and the U.H.F. frequency is displaced slightly above 

and below the mean on alternate pulses by the frequency modulator, 9, itself 

driven by the original pulse generator. 

The light, after modulation, is transmitted to the distant target cube-

corner reflector, 10, straight back to the instrument, where it first travels 

round the variable light path,l1, before being demodulated in 4. After 

demodulation the light falls on the photomultiplier, 12, whence, after 

amplification and detection, 13, the resultant signal is displayed on the 

PHASE meter, 14. 
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FIGURE 11.2 	CROSS SECTION OF AN ICELANDIC CONCRETE 

PILLAR. 	( after R.W. Calvert ) 

Removable protecting plate 

Concrete and Hard core 

filling 

—L 

Cast, Machined, 

Bronze,mushroom, 

with one inch 

socket into which 

the instrument 

and reflector fit. 

Six inch concrete 

pipe. 

Solid Foundation 

Steel stressing 

rods. 



Page 22 

earth strain studies, are usually large areal extents of intervisible stations, 

forming as nearly as possible close-packed hexagonal structures. The interstat-

-ion spacing depends upon the application of the network and upon the accuracy 

of the instrument to be used. 

For the primary geodetic earth strain studies in California, the station 

separation is usually about fifteen kilometres. This, assuming the accuracy of 

the theodolite -measurements to be about 	seconds of arc ( Miller et al., 

1970 entails a position accuracy of the target stations of about 30 mm. 

Figure LI.3 is a -map of the Imperial Valley primary triangulation network 

( after Miller et al., 1970 ), which illustrates how the close-packed hexagonal 

structure turns out in practice; quite well in this case with a fairly even 

station coverage over a large area. 

The reasons governing the surveyor's liking for large areal extents of , 

evenly spaced networks stem from the statistical treatments that these make 

possible. Using the condition that the angles of a quadrilateral must sum to 

180°  and employing best fit techniques to the entire system, errors in measured 

angles may be distributed among adjacent angles. Such procedures work most 

satisfactorily if a network is not constrained in one direction, and if the 

elementary units, in this case equilateral triangles, are uniformly distributed. 

For networks on which it is intended to make distance measurements, the 

triangle is not a very useful basic unit, as it provides no check on the 

consistency of the measurements. The simplest figure to give a redundant line,  

whose measured length can be compared with a value calculated from the lengths 

of the other lines is the double-braced quadrilateral ( i.e. the quadrilateral 

with both diagOnals measured ). 

The formula for calculating the length of the second diagonal from the 

other five distances is. 

.= 	a P -4-(Q )2  CE — CR +QV-) 
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FIGURE II. 3 

THE U.S.C.G.S. PRIMARY TRIANGULATION ARC IN THE 
IMPERIAL VALLEY. 
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Thus, in order to apply to distance measurements the same sort of adjust- 

ments as are made to triangulation results, it is necessary to use networks 

where the elementary unit is not the equilateral triangle, but the double-

diagonal quadrilateral. 

Unfortunately, this was not recognised.in the early stages of the work in 

Iceland, and the first network built there, at Thingvellir ( see chapter V ), 

is composed of very fine equilateral triangles. Likewise, the other early 

Icelandic network, at Reykjanes, was also built around the elementary equilateral 

triangle, although there the interstation spacing is sufficiently small to 

allow the measurement of some ' filling-in ' lines. 

The three more recent networks in Iceland are all built on the double-

b.raced quadrilateral basis. 

By analogy with standard surveying practice, it might be expected that 

these networks should be laid out areally. This has not been done, and in all 

cases the quadrilaterals are arranged end-to-end. The reason for this is simply 

one, of coverage. Each network is designed to be perpendicular to the process it 

is supposed to detect. As the lateral extent of the area governed by the process 

is not known, it was thought advisable to make the total perpendicular coverage 

as great, as possible for a given size of network. 

Deciding on the optimum length of line to be measured is another aspect of 
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network design which should be considered. 

All depends upon the sort of movement expected. 

A fault which is slipping at a constant rate over a,very narrow zone, as is 

found in parts of the San Andreas system, is best measured by a line whose 

strike is as nearly as possible parallel to the fault. This line should be 

short enough that the expected error, which will be shown later ( chapter III ) 

to be proportional to the measured distance, remains less than the expected 

movement: it should also be long enough that the sensitivity of the instrument 

is not reduced. The optimum length for a line for this purpose is about 300 m. 

In Order to measure strain it is useful to have as long a line as possible, 

so as to increase the displacement signal ( which is of course proportional to 

the distance ). However, this also increases the expected error, and the 

susceptibility of the line to atmospheric interference, so that in practice it 

is always preferable to keep the line length less than 1.5 Km. in Mekometer 

applications. 

When laying out a network in difficult terrain ( which is usually the case 

in Iceland ), it is very important to appreciate the possible effects of vertical 

movements upon the line lengths. 

The change in length of a line , dl, caused by vertical movement of one of 

the stations, is given by 

dl = dh.sin8 where dh is the relative vertical 

movement, and 8 is the inclination of 

the line from horizontal. 

According to this formula, it can be seen that a fairly modest 100 mm. of 

elevation change gives rise to almost 2 mm. distance change along a line whose 

slope is 1°. On an 800 m. long line I°  corresponds to an elevation difference 

between the ends of 14 D. Elevation,differences between stations of ten times 

this amount have been encountered, and twenty to thirty metres is often found; 

unless it is intended to monitor vertical changes ( by theodolite or precise 

levelling 1, it is necessary to keep lines as nearly as possible horizontal. 

In summary thenvnetworksused for trilateration ( distance measurements ) 

with. the Mekometer should be composed, of double-braced quadrilaterals ( the more 
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regularly sided the better ), in which the lines should be not longer than 1.5 

Kip. and not shorter C to a. strain measuring application ) than 800 m., and in 

-wackslope angles should not he more than 0.5°. Regrettably few of these 

criterta for good Mekometer networks are achieved in Iceland. 

SECTION 11.4 	FIELD EQUIPMENT AND EXPERIMENTAL PROCEDURE. 

Apart from the Mekometer, its power supply, spare battery, and target 

reflector, the only field equipment required to conduct trilateration measure-

-ments are three mercury-in-glass thermometers and a barometer. These latter 

four items are required in order to monitor,;- arid subsequently correct for 

( chapter III ), atmospheric refractive index and modulating frequency. 

The minimum number of people required for the work is two, one to set up 

and move the target reflector, the other to use the Mekometer. A third person 

is very useful at the instrument end, keeping records and measuring atmospheric 

temperatures, but not entirely essential. Sometimes there have been five or six 

people available on field trips, when it has been found that the work can be 

greatly speeded by using several target reflectors. 

The total weight to be carried by the instrument man is about thirty kilo-

...grammes, so that where access is difficult, as in parts of Iceland, one man 

can quite conveniently transport all the necessary equipment. 

During the course of a measurement about ten distance readings will be made 

with the Mekometer. For each of these the instrumental and air temperatures 

are read. Atmospheric pressure is measured once for each line. At the reflector 

end, air temperature will be read once every half minute from the time of 

arrival to the station to the time of the ' move on ' signal. 	• 

It has been found that mercury-in-glass thermometers require about three 

minutes to reach equilibrium with the atmosphere, so that provided the reflector 

Ran begins measuring temperatures as soon as he arrives at a station, then the 

thermometers should be recording accurate air temperatures by the time the 

instrument is aligned and measuring has begun. 

Signalling between the instrument and reflector is normally conducted by 
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rudimentary semaphore by day, or by systems of coloured lights by night; the 

priyate use of citizen hand walkle-talkie sets is forbidden in Iceland. 

Arrangements for full correction of the observations while still in the 

field have been tried, but without much success. Both sending back data for 

processing in London, attempting processing on a local computer, and complicated 

lists of field correction tables have been tried; none of these methods has a 

short enough time constant yet to enable mistakes to be immediately rectified. 
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CHAPTER III. 
	

THE CORRECTIONS APPLIED TO THE RESULTS, AND 

' AN ANALYSIS OF THE SOURCES OF UNCERTAINTY. 

SECTION III.1 
	

THE INSTRUMENTAL -CORRECTIONS.. 

There are two separate instrumental corrections which are applied to the 

Mekometer results in order to improve the accuracy, albeit slightly,over their 

raw, uncorrected level.of uncertainty. 

The first of these is concerned 'with the modulating frequency of the 

instrument; the second is connected with the reflector used. 

In the brief description of the Mekometer in chapter II, the compensating 

effect of the frequency standard is mentioned. Through the reference microwave 

cavity's temperature and pressure characteristics, the modulating frequency 

is varied.so as to compensate for the changes in atmospheric. refractive index 

caused by temperature and pressue changes. 

This system is not perfect, so that the short-term precision of results 

relying on it is about + 3 ppm. More seriously though, the reference cavity has 

drifted over the years of measurements so that, comparing one year's results with 

the next is not possible to better than about( at worst ) 12 ppm. 

Thus it is found necessary to over-ride the compensation system, and to 

correct individually for modulating frequency ( defined by measured pressure 

and instrumental temperature ) and for atmospheric refractive index. It is to . 

conduct these corrections that the temperature and pressure measurements 

described in the last chapter are performed. 

Table III.1 compares some uncorrected results with the same ones after 

correction. 

DATE UNCORRECTED DISTANCE 	(m) CORRECTED DISTANCE (m) 

24.6.72 794.3313 794.3215 

23.7,72 794.3200 794.3216 

23.7.72 794.3198 794.3212 	. 

3.8.72 794.3224 794.3215 

7.8.72 794.3206 	• 794.3207 

Total. Spread = 11.5 mm. Total Spread = 0.9 mm. 
1 
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It should be mentioned that these measurements were not all made with the 

same Mekometer. That on 24.6 was made with the earlier prototype, the remainder 

with the later version. 

Even though there are only five measurements,which cannot possibly represent 

a statistical sample, and even if the June result is neglected ( on the assump-

-tion that all measurements are made with the same instrument ), there is still 

a genuine improvement in the grouping of the corrected results: and measurements 

are not always made with the same instrument. 

As has been stated before, the modulating frequency is defined by the effects 

of atmospheric temperature and pressure on the reference cavity. The character-

istics of this cavity's variations with these parameters have been determined 

empirically, by measuring frequency at constant temperature, and at constant 

pressure. 

The experimental arrangement for these measurements is shown schematically 

below. 

Direct measurement of the modulating frequency has not hitherto been 

possible because of the instrument's pulsed operation, so that the method used 

( as illustrated above ) is somewhat circuitous, but simple enough, and employs 

cheap, portable equipment. 

A crystal derived tunable frequency of about 15.3 MHz. is multiplied thirty 

two times ( to about 491 MHz., the Mekometer modulating frequency ) and mixed 

with a signal taken from the Mekometer's modulating cavity. 

As was described in chapter II, the modulation frequency is changed from 

pulse to pulse, so that it ts alternately above and below ( by equal amounts ) 

its nominal (reference cavity defined ) value. Thus alternate pulses produce 

different sets of sum and difference signals when mixed with the multiplied 

crystal frequency. By using a low frequency oscilloscope only the two difference 
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signals are displayed, and if ( by tuning the crystal oscillator when the 

Mekometer is correctly tuned ) these two difference beats can be made entirely 

co-incident ( identical in amplitude, frequency, and phase ) then it is certain 

that the mean modulating frequency is exactly the same as the multiplied crystal 

frequency. The crystal oscillator frequency ( which is continuous ) is easily 

measured on a conventional digital counter, and the mutiplication factor is 

fixed, so that the mean modulating frequency is known. Temperature and pressure 

are easily measured, so that a calibratdon point has been determined. 

The graphs of frequency .  against temperature, of which one is made on each 

measuring expedition, are known as frequency check curves; a typical one is 

shown in figure 111.2. 

The relationship between temperature and frequency is linear, at least over 

the range -5°C to +30°C, and the rate of change of frequency with temperature 

has been constant over the years at 10-6
I 	

 !°C-1, although the frequency at 

0°C ( FoIlen figure 111.2 ) has varied considerably over the same time period. 

The change of Fo  for the second of the Mekometer prototypes is illustrated on 

figure 111.3.. 

The pressure characteristic is measured in exactly the way described above, 

but inside a decompression chamber so that pressure may be varied over a wide 

range. The pressure gradient is linear at sea-level, with a value of -2.84 x 10-7  

mb-1., but decreases in magnitude with elevation. At the heights encountered 

in Iceland though this non-linearity is 'not important. 

Thus the correction for modulating frequency which is applied to the 

Mekometer measurements is a linear function of the temperature and pressure 

pertaining to the time of the measurements. 

The second instrumental correction is a constant, simply subtracted from the 

(,corrected ) measured distance. It relates both to the target reflector and to 

the Mekometer used, and is usually about half a metre. 
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FIGURE 111.2 	THE GRAPH OF MODULATING FREQUENCY AGAINST 

REFERENCE CAVITY TEMPERATURE ( MADE IN 1969 ). 

15.363900 MHz. 

The straight line 	F = Fo  + a.T 

fits the data with a standard deviation 

of + 15 Hz. ( 1 ppm. ). 

15.363700 MHz. 
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SECTION 111.2 	THE INSTRUMENTAL SOURCES OF UNCERTAINTY. 

The last section described the various instrumental corrections that are 

applied to the Mekometer measurements in order to obtain the most precise 

possible results. Here will be analysed the instrumentally-derived sources of 

limitation to that precision. 

The Mekometer's compensation system has been described already, and the 

short-comings in tt have already been. invoked as the reason for making independ-

,ent corrections for modulation frequency and refractive index. 

However, the application of these independent corrections ( as might be 

expected ) brings about various possible sources of error. 

In the first part of this section the sources of error arising from the 

application of the modulating frequency correction will be considered: in the 

second part the sources of error arising from the other instrumental correction, 

that for the retro-reflector, will be discussed. 

The precision of the modulating frequency correction is determined by the 

accuracy of the frequency check curved, which is in turn governed by the 

precision with which the beat curves may be matched on the oscilloscope, the 

accuracy of the digital counter and of the standard cavity, and the precision of 

the temperature and pressure measurements. 

The thermometers used in this application are accurate to + 0.2°C, and the 

barometer used is an aneroid electronic readout type with an accuracy of better 

than + 0.1 mb. Thus from the values given above for the variation of modulating 

frequency with temperature and pressure, it may be seen that the uncertainty 

contribution from these two sources does not exceed +0.2 ppm. 

The digital counter used to measure the crystal oscillator frequency is 

externally referenced to another crystal oscillator ( a fast warm-up device 

manufactured by Messrs. Racal ), whose frequency stability is claimed to be 

+ 0.01 ppm. 

The short-term stability, of the reference cavity is claimed to be better 

than 1 part in 107  (though In the long-term it has been found to drift more ). 
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None of the individual contributions. considered above comes in any way 

close to explaining the observed uncertainty in the frequency checks of about 

1 ppm. ( c.f. figure 111.2 ). 

Thus the principal source of uncertainty in defining the curve of frequency 

against temperature,on which the modulating frequency correction is based, seems 

to come from the process of curve matching which is employed during the calibrat 

The magnitude of the.uncertainty introduced in this way is found from the 

scatter of the calibration points to be ± 1 ppm. 

As a further illustration of the problem of the modulating frequency 

uncertainty, figure 111.4 shows a graph of a field measurement, in which the 

uncorrected distance reading is plotted against the temperature of the reference 

cavity. This graph corresponds ( since atmospheric conditions remained constant 

during the course of the readings ) to a frequency check curve, except that 

frequency is determined by its effect upon the measured distance, rather than 

by direct measurement. 

This graph shows that the expected gradient of frequency with temperature 

is approximately followed, but also suggests that the assigned uncertainty of 

_.1 ppm. in the modulating frequency correction is necessary. 

The other instrumental correction which was considered in the last section 

and which is therefore likely to contribute some uncertainty to the final , 

corrected distance is the reflector correction. 

As was described before, this is simply a constant ( independent of temperat 

-ure, pressure, or any of the usual variables ) whose value depends both upon • 
the target reflector used, and the version of the Mekometer. 

The variation in its value from one reflector to another is.about 30 mm.; 

and from one Mekometer to another about 150 mm. It is thus an important 

consideration. 

The values of the corrections were originally determined to 1/100th  mm. 

on an optical'bench. 

Since then they have been checked periodically by comparison with the N.P.L. 

standard cube corner, and no noticeable change in value has occurred throughout 
• 
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FIGURE II1.3.  THE VARIATION OF REFERENCE CAVITY 

FREQUENCY WITH TIME, FOR THE SECOND 

PROTOTYPE MEKOMETER1 

Q 

15609500 Hz.  

REFERENCE CAVITY 

FREQUENCY e 32 

15609400 Hz. 

15609300 Hz. 

1970 	1971 	1972 	1973 

This curve suggests that, having been initially somewhat unstable, 

the reference cavity of the second prototype has now settled down• 

such that its frequency at 00C is (15609376+ 16) x 32 Hz. 
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the period of the measurements. 

During this period too other target reflectors have been brought into use, 

notably triple cube-corner types, each of which has been calibrated by comparison 

with the N.P.L. standard. 

To make this comparison the N.P.L. base-line is used. This line is about 

300 m. long and has been measured and taped such that its length is known to 

+ 0.3 	However, its exact length is not important in the comparison of 

different reflectors. In the comparison the Mekometer is allowed to run for 

several tens of minutes on a cool, overcast day ( the best weather conditions 

for making measurements, see a late;* section ) so that it can come into equili-

-brium with the atmospheric temperature. The base-line length is then measured 

using the N.P.L. standard cube-corner. It is then remeasured with the unknown 

reflector, and then again measured with the N.P.L. standard. This process is 

continued for three or more stages and the resulting scatter in the various 

different estimates of the difference between the unknown reflector and the 

standard is found to be of the order of + 0.2 mm. This is taken to be the 

accuracy of the method, and also of the various target reflector corrections. 

Two other possible sources of uncertainty in the final distance results 

should be considered. 

The first of these relates to the mounting brakets used for both the Mpkom= 

-eter and its retro-reflector; the second to the benchmarks. 

No uncertainty which could be ascribed to the former source has ever been 

detected, despite efforts specifically designed to do so. This must be consider- 

ed a tribute to the skill of the machinists who built the mounting brackets. 

The most likely source of error arising from the benchmarks is thought to 

be tilting of the concrete pillars. This has been monitored throughout the 

course of the measurements by means of a small inclinometer. The results show 

that there has been no observable effect. This is discussed further in chapter V. 

Thus to summarise this section, all that need be said is that there are good 

_grounds for believing that the modulating frequency correction is accurate to 

about + I ppm., that the reflector correction is accurate to about + 0.2 mm., 

and that other possible sources of instrumental uncertainty are unimportant. 
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SECTION 111.3 	ATMOSPHERIC CORRECTIONS. 

The only correction involving atmospheric parameters is that for refractive 

index. This is a function of temperature, pressure, and, to a small extent, 

water vapour pressure ( less than 1 part in 108  for the Mekometer wavelength ). 

The empirical formula of Barrell and Sears ( 1939 ) describes the effects of 

temperature and pressure on the refractive index at S.T.P., derived for the 

relevant wavelength from the Cauchy expression, and including in this case an 

expression for group propagation. 

The Barrell and Sears formula is 

- 1  ) P.  ( 1 + bT.p ) . (1 + 15.a )  

i60.( 1 + b15.760 ) . ( 1 + a.T ) 

with p 	the atmospheric pressure in mm. Hg. 

the effective atmospheric temperature in °C. 

a = 0.003661 

b = 	( 1.049 - 0.015.T ) x 10
-6 

n
st 
	the refractive index at 	( as above ). 

Thus, in order to correct for atmospheric refractive index all that need 

be measured are the temperatuee and the pressure. 

SECTION —  111.4 ANALYSIS OF THE INFLUENCE OF THE ' 

ATMOSPHERE ON THE UNCERTAINTY. 

Of the apparently simple measurements mentioned in the closing sentence 

of the last section, the second requires very little discussion. As was discuss-

ed in connection with the accuracy of the modulating frequency correction, 

pressure is measured with a commercial electronic readout aneroid barometer 

. accurate to + 0.1 mb., which means that the pressure contribution to the 

atmospheric refractive index is known to + 0.1 ppm. 

Air temperature measurements are, however, extremely difficult, and their 

accuracy depends very much upon the prevailing atmospheric conditions; these 

are divided into four classes by meteorologists, according to wind speed and 
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temperature fluctuations. 

	

CLASS A 	THERMALLY INDUCED TURBULENCE: in which winds are very light 

and almost random in direction ( records show direction changes 

of up to 180°  in a few minutes ), and temperatures vary up to 

10°C in a minute. The temperature shows no well-defined mean 

such as might be used to calculate an effective refractive 

index. 

	

CLASS B 	WIND INDUCED TURBULENCE: in which wind direction changes are 

normally less than 90°, and temperatures fluctuate: about a 

well-defined mean ( which can be used to calculate aneffective 

refractive index. 

	

CLASS C 	A mixture of classes A and B. 

	

'CLASS 'D 	STABLE: which is characterised by uni-directional, very light 

winds, with temperatures stable to + 1°C over long periods of 

time. 

Measuring temperatures, or indeed distances, under conditions A or C is well-

nigh impossible, and extremely inaccurate. These conditions are encountered 

almost always when the sun is shining, even in high latitudes through thin cloud. 

Measurements can only be made in sunshine when the air temperature is below 4°C. 

Class B conditions are usable' for Mekometer measurements provided that the 

wind speed does not exceed thirty kilometres per hour ( Beaufort force four ), 

and there is extremely thick cloud cover( as during the approach of a frontal 

system ). 

Class D represents perfect measuring weather. These conditions are met on 

fine days- in late afternoon, ,and for the first few hours after nightfall. In 

high latitudes they can dtqur too on days of very heavy cloud cover and light 

winds. Late afternoon,in Iceland begins at about 4 pm., even though there may be 

no darkness. 

The possible influences that the atmosphere can exert on the accuracy,  of the 

measurements derive from three effects. 
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These are 

a). Random perturbation of the refractive index causing both scatter;ng 

the propagating light beam with consequent loss of signal, and ra-ot.z 

phase fluctuations in the returning light ( c.f. description of Mekom-

-eter, chapter II ) which incur large scatter in the readings. 

b). Misrepresentation of the true air path temperature due to inadequacies 

in the thermometric measurements. 

c). Under extremely stable conditions, stratification of the air can cauSe 

great discontinuities in the temperature profile along the length o  of 

a line ( extreme case of b). above ), and even perhaps curvature of 

light beam.,This condition usually becomes noticeable after about l am. 

Problems a). and b). are possible in atmospheric class B: problems by ana c). 

in class D. 

The approach to overcoming these problems is different for each. 

al.- 	Random perturbations are dealt with statistically (. 

Chernov, 1967 ) and the only way of treating their effects on distanc ,  

measurements is to take a large number of readings. Hodara ( 1968 

gives an approximate formula op> L Lc  44,3 
where‘ 	If)is the mean variance of- the frequency fluctuations 

is the path length ( c. 1000 m.) 

L
c 

is the coherence length of the inhomogeneities (c. 

is the wavelenght of the light beam ( 486 nm.) 

Tc  is the correlation time for the inhomogeneities(=Lc/v 

v
w 

is the wind speed 

444is the mean variance of the refractive index fluctuation  

Thus frequency fluctuations of the order of 2 KHz. are to be expecteu 

• in a wind of c. 10 m.s-1  in conditions of moderate turbulence kk> 

approximately 10-6, corresponding to class B conditions ). 

Frequency fluctuations of this order will produce phase distortions of 

about'4 ppm., and distance measurement fluctuations of 4 mm. in a 1 

path length. The maximum which is ever encountered under class B is 

+ 3 mm., so'that.any form of analysis of these conditions is 

be worthless. 
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Misrepresentation of the true air path temperature is considered to be 

the most likely source of serious error in both classes B and D. The 

problem really breaks down into three; finding air whose temperature is 
• 

representative of the total path ( difficult if the ground falls away 

steeply between the two end stations, or crosses water ); estimating 

the effect of vertical gradients: and in class B measuring the station-

-ary mean temperature rather than the random fluctuations. 

• 
The first of these can only really be overcome by inspection. 

Temperature measurements should not be made too near the ground, near 

people or bushes, and they should be, whenever possible, in the free 

wind. If there is a water-crossing constituting a large proportion of 

the line then the air temperature must be measured above it specially. 

R.W.Calvert described the use of remote temperature sensors to overcome 

both this problem and that of vertical temperature gradients, but these 

have their own problems ( notably calibration and deployment ). 

Only in very exceptional circumstances do vertical temperature 

gradients constitute much of a problem. Vertical lapse rates of more 

than 1.5°C ( either positive or negative ) per 100 m. are not frequently 

encountered, and elevation differences between stations are very 

rarely more than 15 m., so that the effect is not likely to be partic= 

-ularly great.( + 0.5°C ).The practice ( mentioned in chapter II ) of 

measuring air temperatures at both ends of a line helps keep this effect.  

down to minor importance. 

The use of long time-constant mercury-in-glass thermometers is an 

effective way of removing the high frequency random fluctuations of 

temperature encountered in class B conditions, and leaving only the 

stationary mean to be used in the refractive, index calculations. The 

obvious disadvantages of these thermometers are their fragility and 

thetime required to come into equilibrium ( section 11.4). 

Figure 111.5 shows, the results of an experiment designed to investig 

tate the effectiveness of temperature measurements made at the ends of 



Page?,41 

8.2 
FIGURE 111.5 	THE AIR TEMPERATURE AT FOUR INTERMEDIATE POINTS, AND AT 

7.8 oC 
ONE END OF LINE 7, - 8 AT THINGVELLIR, AND THE MEAN OF ALL 

1.4 	• . • 	• 	. 	FIVE, PLOTTED AGAINST TIME IN MINUTES. 
. 	• 	• 	• 	• 

LO •4 	• 	• 	a 	af 	0 	• 	• 	. 	• t 

• • Intermediate point 1 
, 	,, 

2 
8.2 

7.8 

7.4 • . 	• 

7.0 

4 

. 
. 

6 	8 	10 	12 	'14 

. 
• 

. 	• 	f, 	. . 

Intermediate point 2 
• 

16 

I 

18 

, 
• 

20 

• 

22 	24 	26 	28 

• • 

30 32 

2 
8.2 

oC  
7.8. 	• 

7.4 

- 7.0 

4 6 , 	8 	10 	12 	14 

. 
. 	. 	• 	• 

Intermediate point 3 
	  , 

16 

• , 

. 

18 20 22 	24 	26 	28 

• • 	• 

, 

30 

• • 

32 
. 

• 

2 

7.8 oC  
/.4. 	• 

- 7.0 

6.6 

a 	• 

8 	10 	12 	' 

. 	... 
• . 	4 	• 	• 

Intermediate poi nt 

14 

• • 

4 
• . 

16 

• • 

• 

18 

I 	• 

20 

• 

• 

22 	24 	26 	28 

. 
• a 	

• 

1 	AAAAAAA 	• 

30 

• . 

• • 

32 

a 

2 
- 7:8 00 

 
7.4. 	

a 
-7.0 

4 6 	8 	--10 -- 	12 •• -14 

• • 

End point 

16 18 20 22 	24 	26 	28 30 

• • 

32 

2 
7.8 

• 7.4o C 
-7.0 

4 

	

6 	8 	10 	12 	14 

• • 	- 	- 	- 	- 
. 

Mean 
. 	• 	. 	

...Alba 

16 

0 	. 

• a 

18 

• 	 

20 22 	24 	26 	28 

a 

	

, 		 

30 

4 	I 

32 

0 

4 6 	.8 	' 	10 	12 	14 	. 16 18 20 - 22 	24 	26 	2R 30 32 



Page 42 

the line as indicators of the mean temperature along it. 

In this experiment temperatures were measured every minute at four 

points along , and at one end of, a 1700m. long line in S.W. Iceland. 

The weather at the time was typical class D with heavy cloud cover, light 

southerly winds, and air temperatures around 7°C. The results for thirty 

minutes temperature measurements ate shown, together with the average 

for all the stations each minute. The records are all essentially the 

same, although some are a little more erratic than others, and illustrate 

well the stability of class D conditions. 

The mean air temperature is never more than 0.3°C from that observed 

at one end, and the two usually agree to within 0.1°C ( which is the 

reading accuracy of the thermometers ). 

From this it is concluded that under atmospheric conditions of this 

sort, the uncertainty introduced by measuring air temperatures in this 

way is at most 0.5°C. 

Normally the problem of path curvature due to refraction is completely 

unimportant ( R.W.Calvert, 1969 ), but there are two particular situations 

which merit some particular attention. 

The first of thse concerns post- 2 am. conditions, which,as observed 

before,tend to be highly stratified; the second concerns lines which 

pass close to the earth's surface, over long distances. 

The first situation is easily 'dismissed by observing that it is not 

worth trying to make measurements at that time of day, as the degree of 

stratification is always serious and will introduce some error even if 

it is not due to ray curvature. 

To investigate the effect of theesecond situation, another experiment 

was conducted. 

Five thermometers were mounted at fixed heights above ground level 

( 200 Mm., 300 mm., 400 mm., 600 mm., and 700 mm. ).All were screened 

from sun and sky radiation, although well open to free air circulation 

( white polystyrene tiles lined with aluminium foil Were used for the 
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6.5 
FIGURE 111.6 	FOUR DETERMINATIONS OF VERTICAL TEMPERATURE 

GRADIENT OVER a.) GRASS 	b.) ROCK. 
A A 

6.0 
	

A a. 

Temperature 

.. 5.5 

Height , above surface ( mnl. ) 
100 	200 	300 	400 - 	500 	600 	700 	800 

- 6.5 

Temperature 

- 6.0 A 	 A 	4 a. 

b. 
5.5 

Height above surface mm. ) 

0 	100 	200 	300 	400 	500 	600 	700 	800 

- 6.5 

Temperature 

• . b. 
- 5.5 

Height above surface ( mm. ) 

0 	100 	200 	300 	400 	500 	600 	700 	800 

_ 6.5 

Temperature 

- 6.0 A 	4 	A 
	 A 	A a./ 

• 6.0 A 	A 	 A 	
A a. 

• 

5.5 

Height above surface ( mm. ) 

100 	200 	300 	400 	500 	600 	700 	800 
. 	, 



derivative with. temperature at constant pressure of the Barrell and Sears 

expression. 

fl, 	( nst-1 ').( 1'+ 15a ).p24T 

. .760. ( 1 + b15.760 ).( 1 + aT ) 

( nst- 1 ).( 1 + 15a ).( 1 + b.r.p ).p.a 

( 1 + 1)15.760 ).( 1 + aT )2.760 

At 15°C and 760 mm. Hg. pressure, this expression reduces to 

= . (.nstn 1 )4 	T 1.„ 	( nst  - 1 ).a 

( 1 - + b .760 ) 	( 1s+ aT ) 

With 	a = 0..003661  
nst ,L0003 
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screens ). Using this thermometer array the temperatures at these heights 

above rock and grass surfaces on a bright, sunny day ( to accentuate any 

possible effect ) were measured four times for each surface. The results 

of these measurements are shown in figure 111.6. 

It can be seen that there is some slight suggestion of a gradual 

temperature elevation at the lower heights above rock, which could amount 

to a gradient of a few degrees per metre at zero height. However, R.W. 

Calvert showed that gradients of at least 10°C per metre operating over 

a large proportion of the air path if significant ray curvature was to 

be produced, so that it is justifiable to neglect this as a possible 

source of uncertainty. 

The conclusion then from this section is that provided measuring is restrict- 

ed to times of the most suitable atmospheric conditions ( at night if needs 

must ), then the temperature measurements described in section 11.4 are accurate 

to + 0.5°C. If however measurements are made under other than ideal conditions 

( i.e. atmospheric classes A or C ), then temperature uncertainties of perhaps 

as much as + 5°C are likely. 

The effect of this uncertainty on the refractive index ( and thus the 

corrected distance ) determination may be ascertained by considering the partial 

• • I 

n -6 
1.098 x 10 	so. that + 0.5 

o
C temperature uncert- 

ainty introduces + 0.5 ppm. uncertainty into the refractive index. 



SUMMARY OF THE VARIOUS CONTRIBUTIONS 

TO UNCERTAINTY AND COMPARISON WITH 

OBSERVATION. 

This last section summarises the foregoing discussion of the various 

contributions to the uncertainty in the corrected distance measurements, and 

presents some experimental results in support of the conclusions, 

The instrumental uncertainty has been shown to be almost wholly derived 

from the modulation frequency correction and amounts to + 1 ppm. of the distance 

( the term arising from the reflector correction, + 0.2 mm., is negligible in 

comparison on all the lines considered ). 

The atmospheric effect has been shown to be + 0.5 ppm. of the measured 

distance-( provided that suitable atmospheric conditions are used ). 

Thus the combined effect of the two is + 1.5 ppm. 

In figure. 111.7 (a) and (b):tre shown the extreme scatter in the results from 

the lines at Thingvellir and at Reykjanes respectively. The scatter is determined 

either from the assumption of a linear change of distance with time ( if there 

have been changes on a line ) or from the apparent mean length throughout the 

measuring time if the distance has not changed. 

Figure 111.7 shows. 	these scatters plotted against length of line. 

Least squares fits have been made to both of the plots of scatter against 

length, with the following results. 

At Thingvellir, the expression governing total scatter is 

e = 0.5 + 2.3 x D x 10
-3 	

( mm. ) 

and at Reykjanes, the corresponding expression is 

e = 1.6 + 3.3 x D x 10
-3 	

( mm. ) 

where, in both cases, D is the measured distance in metres. 

The scatters at Reykjanes are slightly larger than expected by a constant 

whose significance is not understood; but at Thingvellir the observed scatters 

are in excellent agreement with the quantitative analysis which has been 

conducted in the last few sections. 

Whenever subsequently in this thesis an estimate is required of the likely 
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MEASUREMENTS ABOUT A CONSTANT RATE OF 
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uncertainty in a measured distance, the formula which will be used to evaluate 

it will be the analytically derived expression 

( mm.) 	+ 1.5 x D x 10-3  where D is the distance in 

metres. 

Reference will be made to this expression later when the significance of 

observed changes is being considered, and when estimates of the uncertainty in 

calculated strain parameters and rates of movement are made. 
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CHAPTER IV. 	INTERPRETATIONAL TECHNIQUES. 

SECTION IV.1 	A REVIEW OF THE TECHNIQUES USED IN 

PREVIOUS EARTH STRAIN' STUDIES. 

This section, which discuses interpretational techniques applied to primary 

triangulation results, is included because it has been found that the prOblems 

which arise in triangulation have also great relevance to trilateration. 

The standard surveying approach to the problem of determining displacements 

from repeat survey data is embodied in the method of Revised Geographical 

Co-ordinates. 

This, briefly, involves the establishment of two- or sometimes three-dimens-

-ional Cartesian co-ordinate systems for all the stations in a network for each , 

survey, and the comparison of the co-ordinates from each survey to give 

information on station displacements and thence on earth strains. 

These co-ordinate systems are established from the adjusted survey angles 

and an assumed stable distance. ( Adjustment in this context means least squares 

adjusting the observations from the entire network so that the discrepancy 

between the sum of the observed angles in each triangle and 180°  is minimised.) 

In order that the co-ordinates for a station may be compared from one survey 

to another, it is necessary that each co-ordinate system be established relative 

to the same, unchanging origin-. In usual'triart3viat-;4/44 'surveys where inter- 

station spacing is about 15 Km.(chOter,II 	it is impracticable to tape the 

base station separation, so that until the very recent advent of long-range 

distance measuring instruments of high accuracy, the only control over the length 

of the base-line used to define the origin was the assumption that it had not 

changed between surveys. To make this - physically justifiable the base-line 

had to be a long way from any areas of activity. Although exactly how far is not 

really completely known yet, it does seem from model studies ( Chinnery, 1961 ) 

that the ground deformation associated with'a fault on which strain is accumulat.  

-ing extends to about five fault depthi on either side of the surface trace 

( Savage and Burford, 1973 ). In California, where most of these studies have 

been undertaken, earthquake foci are normally - about 7 to 10 km. deep. Assum- 
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-ing that this depth represents the region of maximum strain in Savage and 

Burford's ( 1970 ) first model ( chapter I ), then the effect of the 'sticking ' 

section in their model may be expected to extend to as much as fifty kilometres 

on either side of the fault trace. That is to say that a base-line, in order to 

warrant the classification as stable, must be fifty kilometres, four standard' 

primary geodetic stages ( 15 km. each ) away from the fault. 

Unfortunately, in establishing the co-ordinates of a station ( perhaps one 

in an interesting area ) it is necessary to make use of all the angles between 

that station and the base-line ( origin ). Thus all the observational errors 

( which will remain even after adjustment ) between the area of interest and 

the origin will be included in the co-ordinates for each_station, and after a' 

few network stages these accumulated observational errors may easily become 

large enough to mask the possible ground movements. 

These problems are exemplified by the results presented by Miller et al. 

( 1970 ), which showed that the Imperial Valley underwent considerable right-

lateral shear accumulation between 1951 and 1962. However, Nason ( pers. comm. 

to 'C.R.Allen ) has shown that the shear strain accumulated effectively disappears 

if a small length change 	of the ( assumed fixed ) base-line is allowed.' 

In order to circumvent these problems Frank ( 1966 ) proposed a method of 

interpreting survey results in which no assumptions of stability are made, • 

This method uses only the changes in a given triangle to evaluate the average 

shear strain operating over the area of the triangle, and thus neatly avoids the 

effects of survey error accumulation. 

The principal shortcoming of the method is that it provides information only 

on the magnitude and direction of the shear strain, from which it is not possible 

to calculate the dilatatioO. 

Another point of, as it turns out, minor importance concerning the method 

is its inherent assumption ( by averaging the shear over the area of a triangle, ) 

that the strain is homogeneous: This is certainly not true in the case of 

displacements on a moving fault, although, as 	be shown later, the• error 

involved by this assumption is not very large. 
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As yet this method of frank's has been used extensively by only one pair 

of authors to analyse the results from California ( Savage and Burford, 1970 ), 

but the results obtained by them are generally more satisfactory than those 

from the same data by earlier workers. Indeed, using this technique they alone 

are able to find a consistent rate.of movement along the entire length of the 

San Andressfault. 

The lack of information on dilatations and rotations ( the fourth component 

of two-dimensional strain ) is not considered in any way serious in California, 

where the movement is predominantly right-lateral shear. 

It is hoped that the arguments presented in this section have effectively' 

disposed the reader to the state of mind that grand co-ordinate analyses are 

wasteful and inaccurate, and that the subtler, local solution techniques are to 

be preferred, despite the decrease in the'number of parameters which can be -

obtained ( which is a much less serious problem in trilateration ). 

SECTION_ LI V4. _,r ,,THEJ rDISPLACEMENT VECTOR. ANALYSIS OF 

TRILATERATIQW, RESULTS. 

From the discussion presented in the last section it should be seen that 

'local' solutions which use only the measurements from a given area to determine 

the parameters in that area are to be preferred to solutions requiring continuous 

carrying forward of results from one part of a network to the next. 

Two different analysis techniques have been developed to deal with the 

trilateration results obtained during the course of this study; the first, which 

will be described in this section, produces displacement vectors from the changes 

of measured distance; the second, which will be considered later, is analogous 

to Frank's method ( see above ) in that it produces values of the ( assumed 

homogeneous ) strain parameters operating in an area. 

The first technique is not entirely ' local ', in that in order to define 

a displacement vector there must be reference, whose motion.is either known 

from some other information, assumed, or ignored, 

The aisumption'of base-station stability was the root cause of both of the 
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problems associated with the Method of Revised Geographical Co-ordinates which 

was discussed in the last section. 

Stability requires that the position vector between the two stations of the 

base-line does not change either in magnitude or direction; it'has been shown 

that 	this requirementimposes considerable restraints on the suitability 

of lines to act as bases; violation of the requirement means that artificial 

displacements and rotations will be introduced into the station co-ordinates. 

In trilateration unknown changes in station separation cannot occur, so that 

one part of the stability condition is no longer applicable. The other part of 

the condition, that involving the direction of the position vector, can in 

certain cases be ignored. 

In an area ( such as 	California, although it will not be considered in 

detail in this thesis ) where a general tectonic direction is very well-defined 

and where there are,no indications of activity in any other direction, it is 

very reasonable to assume that movements which are found on "a base-line are in 

that direction, so that the second condition of stability is satisfied. 

The consequences of this are that a 'pseudo-stable ' base-line can be used 

to calculate co-ordinates, and that.this line can be very close to a fault. 

It is as a result_of this that it has been considered worthwhile to develop 

a displacement vector solution technique for the trilateration results, despite 

the conclusions of the last section. 

Distance measurements lend themselves just as readibt,(,.or more'so ) as 

do angles to establishing Cartesian co-ordinate systems, except that the distan-

ces used must be horizontal. This entails measuring the elevation differences 

,between stations.( either by theodolite or by precise levelling profiles ), and 

multiplying the measured,.dlstance by the,cosine of the vertical angle, before 

proceeding to the Cartesian.analysis. 

,This of,course immediately introduces another source of error into the 

calculated co-ordinates, one whichAs, irtleast in the case of theodolite • 

angles over more than three hundred metres,.of somewhat larger magnitude than 

anything likely. to. be encounteredin the distance measurements. Thus the 
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Cartesian analysis of trilateration results is likely to be as error-fraught 

as that of triangulation. 

Despite this, displacement vectors have been analysed in this thesis, but 

using a form of analysis different from that of co-ordinates. 

It is based upon the assumption that the displacements.  which occur are of 

very much smaller amplitude than the distances between stations, so that 

displacement of a station perpendicular to the line between it and its neighbour 

will have no effect upon the length of that line. In earth strain work, movements 

of more than a few millimetres are seldom encountered, and as the line lengths 

used in Mekometer surveys are generally of the order of 1 km. (.chapter II ) 

this assumption is Valid. Indeed it only breaks down when the ratio of movement 

to station separation becomes as large as 10-3, so that in Mekometer applications 

the technique should still be approximately valid even for the displacements 

occurring after large earthquakes'( c. 5 m.). 

The algebraic statement of this technique is 

di, the change` in length of a line = iftdul  +1 ,d 

where r is the position vector of the line 

Nits modulus 

du
1 
 and du

2 
 are the displacement vectors of the end stations 
 

and the dot vector product has its usual meaning. 

The validity of the assumptions involved in this technique are illustrated 

in Appendix A, where an elementary solution is shown. 

The great advantage in using this technique ( apart from its extreme 

simplicity ) lies in the fact that using slant distances instead of horizontal 

ones makes no appreciable difference to the result. 

The example given in Appendix A can be described verbally as follows. 

There are three stations forming the apices of a triangle, one of whose 

stations has moved . Thus there will be observable length changes on two of the 

three sides. the third side, which has not changed length, is chosen as the base 

and both stations are taken to'be fixed, The components of the displacement 

vector of the moving station are the changes of length on the two lines, in the 
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directions of the two lines. Knowing two components of a vector makes it 

possible to calculate its magnitude and direction, so that the displacement may 

be determined. 

In more complicated figures it is possible to propagate a solution based 

upon this across several stages of movements. 

In the double-braced quadrilateral, which has been shown ( chapter II ) to 

be the most suitable figure for trilateration, displacement vector solutions 

can be made for two of the stations ( in terms of a pseudo-stable base, see 

above ) which involves only five of the available six lines, leaving a redundant 

- one which can be used as a check on'the consistency of the solution. Using this 

redundancy it is possible to least squares-  adjust the solution in an elementary 

quadrilateral in order to give the best fit to the observed and calculated 

length changes: 

Using this technique it has been found possible to obtain displacement 

vectors across several stages of a network, and thereby gain some extremely 

interesting information, although the total distance that these solutions can 

be continued is limited by the effects of error accumulation. 

SECTION IV.3 	THE HOMOGENEOUS STRAIN SOLUTION IN 

TRILATERATION. 

In much the same way as Frank's method derives local shear strain informat-

-ion from the angle changes within a triangle, it is possible to obtain values 

for both shear strain ( magnitude and direction ) and dilatation from length 

changes within a triangle. 

By solving the expressions of the form 

e
1 
 = 1.A 	cos201  ,. 

where Q is the dilatation, 

ris the shear, 

and e
1 

is the strain in a given direction O. to the principal extension axis, 

-simultaneously in three directions ( i.e. the lines of a triangle ) it is 

possible to determine the values of average shear, average dilatation, and 
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the direction of maximum extensional strain operating within the triangle. 

As is the case with Frank's method applied to angles, this does not complete-

ly define the strain, as there is an unknown rotation component ( which may 

only be defined with reference to an external fixed point e.g. astronomical 

observation). 

The elementary quadrilaterals used in the trilateration networks each contain 

four triangles, so that from each quadrilateral four values of each parameter 

are available. These are not independent, but consistency among them givei some 

indication of the validity of the strain solution. 

SECTION IV.4 
	

COMPARISON OF THE TWO ANALYSIS METHODS 

USED FOR THE TRILATERATION DATA, AND 

DISCUSSION OF THE LIMITATIONS OF EACH. 

From a theoretical viewpoint the analysis for displacement vectors is very 

much to be preferred to that for, homogeneous strain. 

There are three possible reasons for a station's position to change, only 

one of which involves true homogeneous strains  so that the displacement vector 

analysis is very much more general. 

These three possible reasons are 

	

' 1. 	Local disturbance of one station; 

2. Fault slip. '  

3. Homogeneous strain. 

The first of these should be apparent from the pattern of line changes, at 

least in a complicated network, so that if the only changes observed in a network 

are all associated with one station, it is fair to assume that the station has 

moved, probably in 'a non-tectonic way, although the latter conclusion does not 

necessarily follow.' 

In not-too-complicated "networks, it'should'be'possible to identify pure 

fault displacements, etpeciall AredispfaCement Vector solution is conducted. 
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However, as .a network becomes more complex, the second and third cases will 

become more and more confusable, especially when a large number of faults is 

involved; indeed it is probably true to say that the movements on a large 

number of faults will, approximate to a homogeneous strain state. 

In a very confused situation where there is no well-defined tectonic 

direction, and almost every line has undergone some change of length, the choice 

of a suitable baseline from which to make a displacement vector analysis becomes 

impossible, and the only approach to analysing the results is through the 

homogeneous strain assumption. 

Appendices B and C illustrate two of the situations that can arise when 

displacements arising from moisment on faults are assumed 'to be due to homogene-, 
-ous strain. 

Appendix B illustrates the position fora pure strike-slip fault: appendix 

C for pure extension. L'" 

The example of'Appendtxl'is a TOW': Square, two Of whose stations are 

displaced rig-ht-latera1lrby"A'44 L trendinglault Which-bisects the quadrilateral. 

The homogeneout strain-dherytWOUthe SubigiqUeht distance changes shows the 

correct axis of maximum extension ( 45°  counterclockwise of +X, which according 

to elementary cosiderations of maximum shear directions indicates axes of 

maximum shear orientated at +X and 00  the former right-lateral, the latter 

left-lateral). But it shows an Overlarge value of the shear ( 1.4 instead of 

1 ), and is of course unable to distinguish which is the true shear direction 

( although in this case inspection of the arrangement of the original changes 

would have revealed that. ) 

The pure extension example ( appendix C ) gives very much more misleading 

results. Here the strainsanalysit indicates that there has been considerable 

shear in addition to the positive dilatation ( which indicates the extension ). 

In this simple example it is easy to see that the 'shear in each of the four 

triangles of the quadrilateral alternates'between right- and left-lateral, and 

--that these should'be given'alternate signs when-considering the whole figure 

so that the net shear is tero'HOWever, if thii'were ,not appreciated then an 
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entirely spurious shear would be attributed to this quadrilateral. 

The behaviour of the direction of maximum extension is also noteworthy. 

It can be seen in appendix C that there are two distinct directions indicated 

by the four triangles, neither of them correct, but equally spaced about the 

true axis of extension. Thus the average of these two groups will give the true 

direction of extension, and the alternation suggests the purely extensional 

nature of the real movement. 

Thus it may be seen that considerable care should be exercised when inter- 

-preting the results obtained by homogeneous shear analysis, particularly if 

the extension directions in a quadrilateral show the alternation noted above. 

It will also be observed that applying the displacement vector solution 

would have given the correct result immediately. 

Unfortunately though, the diplacement vector solution does suffer from 

the problem of error accumulation, in much the same way as the Cartesian analysis 

of triangulation results does. It is not normally possible to continue a 

displacement solution across more than three network stages without a massive 

possible uncertainty building up. This, coupled with the difficulty of base- 

line choice in a tectonically confused area, effectively limits the application 

of displacement vector solutions to comparatively simple situations, leaving 

all more complex ones to the homogeneous strain analysis. 
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CHAPTER V. 	ANCILLARY MEASUREMENTS 

SECTION V.1 	TILTMETER RESULTS. 

The tiltmeter,is a small inclinometer used to monitor the stability of • 

the Icelandic concrete pillars. 

It consists of a four inch long spirit bubble, with five-second divisions 

on it. It is attached by phospher-bronze springs to a base plate at one end, 

whilst ILs other end may be moved up and down by means of a 1/1000th  inc' 

micrometer. 

The base plate, which is six and a half 'inches long, is supported clear 

of the surface whose tilt is being measured by three small feet, which are 

only three and three.quarter inches inches apart. These ensure that the plate, 

which is ,wi4er than the bronze mushrooms used in the Icelandic bencharks, 

is not fouled by pieces of extraneous cement which often protrude above the 

level of the top of the mushroom. 

In order to measure the tilt in any direction, this instrument is aligned 

in the direction required, and the- micrometer is adjusted until the bubble is 

exactly level. The prodess does take a little time, but the observed repeatab- 

ility of tilt measurements made with this instrument fs -I- .0015 inches of 

the micrometer scale; which corresponds to 400ARcroraciians. This, in turn, 

corresponds at the height of the top of a concrete pillar ( they are all the 

same height ) to an uncertainty of 	0.5 mm. 

Complete tilt surveys have been made on the two main Icelandic networks, 

Thingvellir and Reykjanes ( figure V.1 ), twice, in 1969 and 1971, and partial 

in 1972 also. Of the one h undred or so pillars in these two networks none 

has tilted significantly over the measuring period ( 1968 - 1972 ). Figure V.2 

shows the typical tilt rosette which is drawn for each pillar. Only the one 

( for pillar 6 	at Reykjanes)is reproduced in this thesis. 

This absence of observable tilt of the benchmarks is of interest in a 

tectonic context, as it presLably sets an ,upper limit on the rate of tilt 

deformation of the ground surface. 

Figure V.3 is a map ( reproduced from Piper (1971) ) of the dips of the 
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FIGURE V.2 	DIAGRAM SHOWING THE MAGNITUDES OF THE 

TILTS, IN VARIOUS DIRECTIONS, OF STATIO 

6 AT REYKJANES IN 1969, 1971, AND 1972. 

1969 

1971 

x 1972 

THE DIRECTIONS ARE GIVEN BY THE SMALL 

NUMBERS ALONGSIDE EACH LINE, WHICH REFER TO 

THE STATION CONCERNED. 

EACH VECTOR SHOWS THE MAGNITUDE OF THE 

DEVIATION FROM HORIZONTAL IN THAT DIRECTION. 

THE VECTOR SCALE IS 

cm. 	• 	1.5 milliradians. 

THE ESTIMATED UNCERTAINTY ON EACH TILT 

MEASUREMENT IS 
	

4. 0.4 milliradians. 
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'Tertiary basalt blocks. Many of the dips can be seen to be towards the currentl-

, active zones of south-west and central Iceland, and it is possible that there is 

some connection between the faulting and spreading processes in the active zpr..:.s 

and the tilts of the older basalt blocks, although Walker ( 1965 rand Gibson 

and Piper ( 1972 ) consider the d 	b _,. of non-tectonic origin, and 	!y 

a consequence of the process of growth of the lava pile. 

The lava blocks are usually of the order of 10 km. long, and the observed 

, 	- 
dips are about 100- 
	o 
( between 0 and 15°  ). 

If crustal extension is occurring at the rate of 20 mm. per year, then each 

block must spend about 10000 years immediately under the influence of the 

extensional processes. The annual rate o  of tilt indicated is taus IQ . radians 

per annum, so that with 	sensitivity of this instrument 100 years would be 

needed before any change of , 	was observed. 

The null result indicated by the measurements is therefore not especially 

significant, tectonically, although it does show that the concrete pillars have 

been stable . 

SECTION V.2 	VERTICAL ANGLE MEASUREMENTS. 

Tables V.1 and V.2 show the results of vertical angle measurements made 

with a Hilger and Watts Microptic No. 2 ( 1 second ) instrument on the two 

principal Icelandic networks -In 1968 and 1973. 

At the time of the original survey these measurements were thought to be 

required only to make slope corrections to the measured distances ( for analysis 

by Cartesian co-ordinates ), but then it was noticed that many of the slope 

angles are greater than 1 0  so that, as is shown in section 11.3, vertical 

movements can easily contaminate the distance measurements. 

Indeed it was further found more recently that extremely interesting 

solutions to the observed changes would be possible if very large vertical 

deformations had occurred ; thus a repeat angle survey was made in 1973, 

covering those lines which would have had to have shown large vertical ',' 
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TABLE V.1 
	

VERTICAL ANGLE MEASREMENTS AT THINGVELLIR 

LINE 1968 1973 DIFFERENCE UNCEE,JNTY 

3/4 - 3 1 24 50 ', , 	25 27 37 +35 

3/4- 	4 1 48 53 1 	1 48 55 2 +35 

3/6 - 3 1 13 29 1 12 29 60 ' +35 

3/6 - 6 0 09 08 0 09 23 
15 ,-3 

 
- .,,- 

4/5 - 4 0 31 02 0 30 48 14 +40 

4/5 	--" 5 1 32 03 1 32 07 4 +40 

4/6 - 4 0 33 36 0 33.  39 3 +40 

4/6- 	6 . -0 37 14 -0 36 30 44 +30 

4/7 - 4 0 41 59 I-1 Li el ? , 
.:747. „,,, -3 ; 	,,,3, 	L ,-.  

4/7 - 7 0 45 40 0 45 48 8 +30 

4/8 - 4 0 29 08 0 29 23 15 +40 

4/8-8 1 57 37 1 53 41 64 +40 

- 7 0 40 35 0 39 47 -49 +40 

6/11 	- 6 0 14 44 0 14 01 -43 +40 

6/11 	- 	11 2 48 37 2 48 26 -11 +40 

7/11 	- 7 -0 16 05 -0 15 52 13 +45 

7/11 	- 	11 2 28 53 2 28 59 9 +30 ,,, 

7/12 - 7 -0 54 02 
; 
1 	-0 58 39 -2 +40 

7/12 - 12 5 34 39 
. 

35 12 11 +40 1  

8/12-'8 -0 41 09 -0 41 11 	" -2 +45 _  

8/12 - 12 4 37 42 I 	4 37 23 -19 +401 

9/12 - 9 -0 11 38 -0 11 49 -11 +401  
 _ 1 

9/12 	- 12 3 39 04 
. 
; 	3 38 13 -51 ' 	c' 

11/12 	- 	11 -2 CO 35 -2 09 14 -38 +40! 
— 	i 
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TABLE V.1 	( Continued ) 

111'12 - 12 5 31 17 5 32 42 85 +40 

12/13 - 12 1 03 37 1 03 39 2 '+40 

12/13 - 	13 -2 32 30 -2 32 29 -29 
1 

+35 

11/15 - 	11 -3 47 19 -3 47 27 - 8 

	

-,,-33 	1 
- 	■ 

11/15 - 	15 3 49 21 3 49 39 18 +30 _ 

12/15 - 12 -0 43 16 -0 42 43 33 ±35  

12/15 - 	15 1 54 04 1 53 40 -2:', +35 

I 

1 

' 

, i 1 
1 

, 

1 

! 

[ 
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TABLE V.2 
	

VERTICAL ANGLE MEASUREMENTS AT REYKJANES 

LINE 1968 	 1973 DIFFERENCE 
i 

UNCERTAINTY1 
i 

1 	- 2 -2 	43 	03 	-2 	42 	46 17 
i 

+10 1 

1 	- 	3 -3 	59 	11 -3 	58 	53 	 18 1 +10 1 — 
3 - 1 3 	58 	24 1 3 	58 	30 	! 	6 +10 — 

4 - i 3 	29 	51 3 	29 	26 	 -25 +20 

1 	- 	5 -2 	08 	59 	-2 	08 	49 	 10 +20 _ 

5 -1 20803 	2 	07 	47 	 -18 +20 

1 	- 6 -3 	07 	53 	-3 	08 	08 -15 .)..2r) ._:, 

- 	1 3 	07 	37 	3 	07 	43 6 +20 

1 	- 8 -0 	37 	30 -0 	36 	52 38 +35 

1 	- 27 4 	29 	05 4 	29 	35 30 +20 

2 - 3 -2• 	10 	26 -2 	11 	:06 -40 +20 

3.  - 	2 2 	10 	05 2 	09 	44 -21 • +20 

3 - 6 0 	36 	46 0 	37 	15 29 +25 

2 - 7 -0 	47 	12 -0 	47 	29 -17 +30 

2 - 27 5 	18 	02 5 	17 	42 -on ,..0 +20 

3 - 7 0 	06 	07 0 	06 	11 4 ..,.25 — 

3 - 27 4 	53 	10 	4 	53 	14 4 +20 

4 - 6 2 	01 	56 	2 	01 	56 0 +20 

6 - 4 -2 	02 	.34 	-2 	02 	12 22 +20   

5 - 4 10 	44 , 	1 7 	u 1 ni 

	

- t 	:?  -17 +90 _ 

5 - 6 0 	18 	34 0 	18 	22 -12 +10 

6 	- 	5 ,. -0 	19 	03 	1 	-0 	18 	53 i0 +10 

0 	51 	10 	1 	0 	51 	16 CI 
r 	

i 	 +30 _ 

6 -8  0 	40 	14 	0 	39 	55 -19 +30 : _ 
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TABLE V.2 	' 	( Continued ) 

5 	- 9 0 47 56 0 48 04 8 +20 

10 - 8 0 40 56 0 41 26 30 +30 _ 

10 - 9 0 21 33 0 21 17 -16 +30 

10 	- 	11 .-0 30 16 -0 30 00 -16 +20 

10 	- 	12 -0 29 04 -0 29 22 -13 +25 

10 	- 	13 0 01 05 0 00 48 -17 +40 

11-8 0 45 11  0 44 57 714 +30 

11 	- 	13 0 24 22 0 24 27 5 +25 

11 	- 	14 1 03 10 1 02 52 -18 +30 

12-9 0 30 02 0 29 48 -14 +40 

12 	- 	13 0 41 44 0 41 13 -31 +30 

12 	- 	15 1 06 14 
A 

1 05 57 -17 +35 

11 	- 	10 0 29 39 0 29 42 3 ' +20 

28 - 8 -1 05 11 -1 04 36 35 +35 

28 - 27 0 05 49 0 05 41 - 8 +20 
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if the suggested solution was indeed correct. 

The two tables show all the observed changes, and the uncertainty in the 

change ( derived from the sca 
	

in repeat observations). 

In no instance does the observed change approach the requirement of the 

suggested solution, and the effects of the changes on the distance measurements 

are all very small, at most three millimetres on one of the Reykjanes lines 

which shows a total length change Of 16 mm. 

On short lines, which at Reykjanes are also the ones which show considerable 

slope, the precision of these vertical angle measurements is sufficient to  

impose maximum limits on the vertical movements which are cite small, such that 

the corresponding uncertainty effect on the distance measurements is + 1 mm. 

All these short 1 Ines cct Reykjanes show total length changes in excess of 10 mm., 

so that the effect'of vertical movements is not after all very large on this 

network, although the odd millimetre which is involved has been taken into 

account in the final analysis. 

At Thingvellir however, there are some very long lines which slope very 

steeply, and here the uncertainties in the vertical angle measurements are, so 

large that there is no way of distinguishing how much, if any, of the observed 

distance changes are the result of vertical movements. In the analysis of the 

Thingvellir resplts, vertical movements have been considered unimportantlisma 1, 

in keeping with the results of Tryggvason ( 1968 ). 

SECTION V.3 	TECTONIC INTERPRETATION OF THE VERTICAL 

CHANCES OBSERVED AT REYKJANES. 

Table V.3 lists all the vertical movements found at Reykjanes between 168 

and 1973. It shows not only the vertical displacements derived directly from 

the observed angle changes, but ales the displacements after adjustment for 

consistency. 

The consistency criterion used was that the vertical movements sh-, 

constitute a conservative field; adjustments were made within the bc,, 
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TABLE V.. 3 
	

REYKJANES VERTICAL MOVEMENTS. 

LINE OBSERVED V.A. 
CHANGE 

HEIGHT 
CHANGE 

mm. 

ADJUSTED
HEIGHT 
CHANGE 	mm. 

EFFECT OF ADJ. 	, 
HEIGHT CHANGE ON 

MEASURED DISTANCE 

1 	- 2 17 + 10 33 + 41 63 -3 mm. 

1 	- 3 18 + 10 15 + 50 15 -1 	mm. 

2 - 3 -40 +20 -19 + 40 -49 	, 2 mm. 

1 	- 4 25 + 20 97 + 64 44 -3 mm. 

1 	- 	5 14 + 20 52 + 80 41 -2 mm. 

1 	- 6 - 4 + 20 -25 + 50 25 -1 mm. 

5 - 6 -11 	+ 10 -16 + 29 -16 0 

4 - 6 -11 	+ 20 -19 + 34 -19 	_ 0 

1 	- 8 38 + 35 244 + 128 161 -2 mm. 

5 - 8 6 + 30 30 + 99 120 2 mm. 

6 - 8 -19 + 30 64 + 112 136 2 mm. 

1 	- 27 30 + 20 	22 + 15 7 0 

2 - 27 -20 + 20 	-101+ 50 -56 -5 mm. 

3-27  4+20 11 	+ 54 -8 -1 	MM. 

28 - 27 -8+20 	I 	9+30  7 0 

28 - 8 35 + 35 	1231 + 132 1 	— 161 -3 mm. 

3 - 6 29 + 25 99 + 85 10 0 

4 - 5 17 + 20 	H4+51 -3 0 

2 - 	7 	I -17 + 30 	1 -85 + 90 -35 0 

3 - 7 4 + 25 	14 + 72 14 0 

5 - 9, 8 + 25 25 + 80 25 0 
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in one instance ) of the observed uncertainty, with weighting to individ 

changes given in inverse proportion to that uncertainty. 

A map, figure V.4, shows the distribution of vertical changes observed at 

Reykjanes. 

The 1973 sUrvey included only those lines that the initial solution showed 

- 	to have involved large vertical changes. These were all on the southern end of 

the network, so that there is no information on the vertical movements at the 

northern end of the network. 

On figure V.4, station 8 has been chosen as reference, and all the changes 

are shown relative to it. 

All stations seem to have subsided to some degree, with particularly large 

downward movements associated with the:gebtherfnal field ( stations 3, 4, 6,anc 

6 ) and with the small post-glacial shield volcano, Skalafell ( stations 	27, 

and 28 ). 

The geothermal field associated movements will be considered later, after 

the presentation of the distance measurements ( chapter VI. ). 

Otherwise ( disregarding the movements on Skalafell, which are probably 

related to the geothermal field as steam vents occur all up its sides ), from 

the movement pattern shown by stations 2, 9, and 7 there is a suggestion of 

regional subsidence of the area to the north-west relative to the south-east, 

a rate .( highly uncertainly determined ) of 25 mm. per year. The uncertainty 

limit on this estimate is easily as large as the estimate itself, so that in 

real terms the significance is very low. Despite this however, it is thougt 

to be valuable to compare this result with the only other information on 

vertical movements which iS available from the Reykjanes peninsula. 

This comes from the precise levelling work of Tryggvason ( 1968 ), who 

established a short profile across nrfellshraun ( some thirty kilometres north-

east of the trilateration networ ) in 1966. 

Between 1966 and 1967 he observed subsidence of 13 mm. in a narrow graben, 

and 5 mm. regional subsidence towards the south-east. 

His results are considerably more accurate than those obtained with the 
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theodolite, and it could be that the movements found on the triangulation 

network are so imprecisely determined that even the sign is wrong. 

This is thought to be uni:kely though, and another possibility of comparirnj  

the two results is considered worth investigating. 

This is that the two groups of movements represent the situation on opposite 

sides of a broad zone of subsidence, such as might be associated with the axial 

zone of a mid-ocean rise. This would suggest that the centre of the axial zone 

lies to the north-west of the geothermal area, and to the south-east of the 

levelling profile at BM^fellshraun. 

Figure V.6 is a tectonic map of the area of the trilateration network at 

Reykjanes , from which it _may be seen that there is an area of considerable 

faulting to the north of the geothermal field. Many of the faults there are 

normal defining quite large grabens, and there is a continuous larger scale 

depression running inland from the bay which lies just north of 630 50'. 

The microearthquake work of Klein et al. ( 1973 ) suggests very'much that 

the axial zone of the mid-Atlantic ridge does indeed run along this larger scale 

depression, which would mean that the observed vertical movements represent 

continuing activity of the ridge. 

The Bbrfellshraun levelling profile can .be seen on.  Kjartansson's ( 1960 ) 

geological map,of south-west_iceland.to be.on the north-western flank of one 

of .the en, echelon aruption,lines.of which the Reykjanes peninsula is made up. 

Thus Tryggvason's results oo..might very well be construed as representing 

continued down-faulting.Of the,axial.zone of,the mid-Atlantic ridge. 

The trilateration network i,a,a.,great deal ,nearer its section of the ridge 

axis than is,the.precise.levellg,pofile,, which difference may be responsible 

for the difference in_averaga rates of subsidence. ,Indeed the observed rate of 

subsidence of station 7 relative.to.atation 8,(,25 mm. per year ) is the sort 

of value ,which has been.expressed.as likely for. the axial zo?le of a mid-ocean 

ridge ( Tryggvason,  

Thus ,it seems,very much,as,,though, despite their very much ancillary role n 

the research_Progr4mMei,VIVer34cal,angles have provided some most interesting  

results. 
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FIGURE V.5 
	

TECTONIC MAP OF THE SOUTH-WESTERN END 

OF THE REYKJANES PENINSULA. 
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CHAPTER VI. 	THE RESULTS OF THE DISTANCE 

MEASUREMENTS IN ICELAND. 

SECTION VI.i 
	

THE MYVATN MEASUREMENTS. 

Figure VI.i shows the positions of all the Icelandic trilateration 

networks whose results will be considered in this thesis. As has been 

observed before ( Chapter II ) all the benchmarks used in Iceland are of 

the concrete pillar type, for which the expression governing the accuracy 

of the distance measurements is given in Chapter III. 

The tectonic setting of the MYvatn network is fairly simple. It lies, 

as is seen from figure VI.1, in an area of post-glacial activity ( the ncrth-

central active zone ), about 130 kilometres due north of Askja, one of 

Iceland§ most active volcanoes. There have been three recorded eruptions 

within fifteen kilometres of the network ( Berninghausen, 1964 ) during the 

last two and a half centuries. Krafla, avolcano responsible for some of 

that activity, lies seven and a half kilometres due north of the trilateration 

network. This volcano was found by Ward et al. ( 	1969 ) to be the 

focus of ' 	microearthquake activity in northern Iceland. All around the 

network, which is of eight stations arranged in three quadrilaterals, are 

numerous signs of extensional tectonics; open fissures, normal faults au_ 

grabens, fissure eruptions and central- volcanoes abound ( figure VI.2 ), 

and all of them suggest a regional extension axis directed almost exactly 

due east-west. 

Distance measurements have been made on the network, which was built in 

1969, on three occasions. In 1970 the measurement was not completed because 

of instrumental failure, but the two complete measurements in 1971 and 1972 

were successful. The results of these latter two measurements are given in 

table VI.i, along with the observed distance changes, and a comment on the 

significance of these changes. A change is considered significant if it 

exceeds the sum of the expected errors of the two measurements ( see 

Chapter III for a discussion ofexpected errors ). 

It will be seen immediately that the observed changes are-not large 
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TABLE VI.1 	THE DISTANCE MEASUREMENTS AT OVATN. 

LINE 1971 1972 CHANGE IGNIFICANT 

MS1-N1 1161.9268 1161.9332 0.0064 YES 

MN1-N2 875.4599 875.4579 -0.002 NO 

MN2-S2 789.1302 789.1306 0.0004 NO 

MS2-S1 702.8895 702.8906 0.0011 NO.  

MS2-N1 1096.1511 1096.1536 0.0025 NO 

MN2-S1 1349.0856 1349.0851 -0.0005 NO 

MN2-N3 558.7525 558.7519 -0.0006 NO 

MN3-S3 838.3442 838.3457 0.0015 NO 

MS3-S2 665.8639 665.8643 0.0004 NO 

MN2-S3 1058.1382 1058.1370 -0.0012 NO 

MS2-N3 973. 	8262 973.8280 0.0018 NO 

MN4-N3 763.4677 733.4722 0.0045 YES 

MS4-N4 934.7476 934.7494 0.0018 NO 

MS4-S3 597.2232 597.2232 0 	NO 

MS4-N3 1219.0084 	1219.0069 -0.0015 NO 

MN4-S3 991.9363 	991.9405 0.0043 	YES 
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that only three exceed the significance criterion. The fact that two of these 

are associated with one station, N4, suggests that there has been a displacement 

of this station relative to the rest of the network. Indeed, applying the displ-

-acement vector analysis described in chapter IV to the significant changes 

associated with this'station shows that it has moved due east relative to its 

three neighbours ( and therefore presumably also relative to the rest of the 

network ) by 5 mm. Such a displacement would cause line S4 - N4 to extend by 

2.5 mil.; the observed change on this line is 4. 1.8 mm., so that the eastwardly„ 

movement of this one station agrees very well with the measurements. ( Unfortuna- 

tely, none of the'lines - associated with this movement was measured in 1970.) 

The other change, that of line Ni - SI, is less immediately comprehensible, 

and it does seem possible that it should not be regarded too highly because 

that particular line is badly situated, passing very close to dusty ground over_ 

its entire length. 

The question arises as to what interpretation should be put on the displacem- 

ent of station N4. As was observed in chapter IV., stations can move as a result 

of at least two distinct effects. Tectonic forces are assumed to be the prime 

movers, but there is always the possibility that the. foundation has shifted. In 

this case, as will be shown later, the movement is so much in agreement with 

what might be expected from other information that it is assumed to be tectonic 

in origin. 

All the observed changes, whether classed as significant or not, have been 

included in a homogeneous strain analysis ( see chapter IV. ), whose results are 

shown in table VI.2. The average values of the parameters shear, dilatation, and 

direction of maximum extension, are shown on the inset table of figure VI.2. 

The direction of maximum extension in quadrilateral 3, which includes the 

changes associated with the movement off station N4, is seen to be quite well-

defined, at about N63°E,,:- 20°.b The direction in quadrilateral 2 is very similar, 

but as there a-re no,significant changes in this quadrilateral, it will not be 

considered further. 

The direction of extension in quadrilateral 1 is also very well-deined, at 
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TABLE VI.2 	THE RESULTS OF THE HOMOGENEOUS STRAIN 

ANALYSIS OF THE MYVATN CHANGES. 

TRIANGLE SHEAR DILATATION BEARING OF MAX. 	EXT. 

Sl-Ni- N2 9.5 2.4 N158°E 

S 1 	- N 	1 	- S 2 6.3 5.3 N182
o
E 

S 1 	- N 2- S 2 

b 

4.3 -4.0 N110°E 

N 1- N 2- S 2 6.8 7.6 N134°E 

S 2 - N 2 - N 3 4.9 4.3 N172°E 

S 2- 	N 2- S 3 8.8 4.7 N 48°E 
• 

S 2 - N 3 - S 3 2.1 2.0 N 30
o
E 

N 2 - N 3 - S 3 2.7 1.1 
r  

N37
o
C 

S 3- N 3- N 4 4.3 7.9 N 90°E 

S 3- 	N 3 - S 4 10.0 6.8 N 54
o
E 

S 3 - N 4 - S 4 5.6  3.3 N58°E 

N 3 - N 4 - S 4 10.0 7.5 N 71
o
E 



Si 
Geothe 
Field 

Ni 

CD 

m 

21 -12 Km. 

"I
V
I
O
V
T
D
 -
 
I
S
O
d
 

POST - GLACIAL 

21 m 

CENTRAL VOLCANO 

3
A
n
d
a
l
3
 -
 
N
O
M
 

C) 

FIGURE ILLUSTRATING THE RESULTS OF THE HOMOGENEOUS STRAIN ANALYSIS OF THE MYVATN CHANGES. 

16°  30' W 

QUAD. fl A 0 
1 .7.0+2 3.5+ 4 ._. 146°+ 20 

2 4.6 + 4 3.0 + 3 .._ 72°+ 50 

68°+20 J  3 7.5 4- 3 6.4 	-I- 	3 

MOST,,,.PROBABLE 
L 	DIRECTION OF MAXIMUM EXTENSION 

N 



Page 78 

N146°E. it does not however, seem to be possible to relate this direction to 

observable feature in the area, so that its significance is not at all unders:c-

-ood. 

The reason for the difference between the displacement direction of station 

N4 and the direction of _maximum extension lies in the inclusion in the strain 

analysis of all the observed changes, rather than just the strictly-speak;nc 

significant ones. The justification for doing this will be seen later when thcs:: 

results are compared with other observations from this part of Iceland. 

SECTION VI.2 	DISCUSSION OF THE tliVATN RESULTS IN THE 

FRAMEWORK OF OTHER OBSERVATIONS FROM ICELAND. 

B8thvarsson and Walker, who first proposed the hypothesis of crustal growth 

in Iceland by dyke injection in a narrow zone of volcanic activity ( 1964'), 

estimated that the, rate of extension across the active zone had averaged about 

20 mm. per year since the Tertiary. 

Piper ( 1971 ) found about the same rate of extension in south-west Iceland 

by matching known polarity events determined by ground magnetic studies. 

Heirtzler et al. ( 1966 ) and Talwani et al. ( 1971 ) found from magnetic 

studies on the Reykjanes ridge that the average half-rate of sea-floor spreading  

over the last four million YearS has been 10 mm. per year: a similar result was 

obtained by Vogt et al. ( 1970 ) from similar studies on the Iceland-Jan Mayen 

ridge to the north of Iceland. 

Thus all these sources agree that the rate of crustal extension in and 

around Iceland has averaged 20 mm. per year since the late Tertiary. 

Piper, Heirtzler et al., and Talwani et al. all find the extension direction 

to be N45°E in southern Iceland and on the Reykjanes ridge; B8thvarsson and 

Walker and Vogt et al. find the direction to be east-west in and immediately 

north of northern Iceland. Further north still the direction reverts to N45°E. 

Thus there seems to be an anomalous spreading direction associated 
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the northern active zone in Iceland ( on which the qvatn network is situated ) 

and the mid-Atlantic ridge immediately to the north. 

The 5 mm. eastward displacement of station N4 noted in the last section 

agrees exactly in direction with Bothvarsson and Walker's result, although the 

magnitude is somewhat low. This discrepancy may indicate that the measurements 

do not cover the entire zone, that the movement found in one year should not be 

compared with the average over four million years, or that there has been a 

genuine decrease in the spreading rate in recent years. 

Some bearing on the first of these possibilities is given by the micro- 

earthquake surveys of Ward et al. ( 	1969 ). As mentioned in the last 

section, these showed that the only detectable microearthquake activity in 

Northern Iceland comes from Krafla, which is seven kilometres due north of 

quadrilateral 3 of the trilateration network. This suggests that activity in 

this region is confined to a very narrow zone, whose southward extrapolation 

passes through the trilateration network, and therefore that the observed 

displacement does in fact represent the total extension across northern.Iceland. 

It is quite impossible to state with certainty on the basis of one year's 

measurements that the spreading rate has decreased, so that it is more sensible 

to assume that the rate varies from year to year, and that comparison with a 

geologically derived average is meaningless. 

The homogeneous strain analysis of the changes observed in quadrilateral 

3 of the trilateration network showed an extensional principal strain directed 

at N68°E, which is somewhat different from the expected direction found by 

Bothvarsson and Walker and also from the extension direction indicated by the 

surface features in the area ( which all strike almost due North ). if these are 

assumed to result from pure extension. 

However, there are several other sources of information bearing upon this 

question which suggest that the direction N60°  - 70°E is well defined as an 

extensional axis in northern Iceland. 

Saemundsson ( 1973 ) discussed the structure of the Tjornes Fracture Zone 

( figure VI.1 ) which both he and Ward ( 1971 ) consider to be a dextral 

transform shear zone connecting the north central active zone of mainland 
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Iceland to northward continuation of the mid-Atlantic ridge ( the Kolbeinseyfl 

ridge ). He shows that the fracture zone strikes at N65°W and that it 

bounded on its southern margin by the HOsavik faults( figure VI.1 ) which are 

- recognisable on the mainland, and which he shows to represent considerable 

vertical-and dextral shear'movements. 

Stefansson ( 1966 ) and Sykes ( 1967 ) both obtained fault plane solutions 

for a magnitude 5.8 event which occurred on the western end of the fracture 

zone. Both solutions showed dextral motion on a N106
o
E striking plane. 

The axis of extension indicated by the strike of the fracture zone, by the 

strike of the Helsavik faults, and by the fault plane solution(s) is, assuming 

a 30°  angle of friction ( Moody and Hill, 1956 ), N58°E. 

Ward et al. ( 1969 ) reporting, on the microearthquake studies previously 

mentioned, give the results of a composite fault plane solution from the Krafla 

active zone which indicates thrusting with a component of left-lateral shear 

on a N5°E striking plane ( choosing as the fault plane the nodal plane more 

nearly agreeing with observable structures; the auxiliary plane is perpendicular 

to this ). Despite the somewhat peculiar mechanism indicated by this, the 

direction of the ( assumed ) fault plane is in excellent agreement with'local 

surface tectonic directions; which does suggest that there is some meaning in 

the result. The extensional principal stress direction indicated by. this solut- 

ion is N65°E, allowing,as before,a 30°  angle of friction. 

Allowing the same angle of friction for the results of the trilateration 

measurements indicates an extensional principal stress direction of N55°E. 

Figure VI.3 summarises,:the three directions of extensional principal stress 

determined from the various different observations, whose close grouping 

suggests that the north central active zone, the Tjornes fracture zone, and 

( presumably ) the Kolbeinsey ridge are all governed by the same stress patten, 

whose extensional principal component strikes at N60°E. 

This in turn suggests that the surface fractures in the north central active 

-zone are not, as their appearance would suggest, tensional, but left-lateral 

shear fractures in a medium whose angle of friction is 30°  ( in which case ther 
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strikes would be expected to be due north, as is indeed the case ). 

Thus, to summarise, the dist ,-.ce measurements from the north of Iceland 

show not only crustal extension of 5 mmn in a year in an east-west direction 

but also suggest that the extensional principal stress governing the area 

covered by the trilateration network is directed at N60°E. 

The former result is in quite good agreement with the geologically derived 

extension rate and direction for the area; the latter result agrees well with 

other observations from that region, and indicates that the north central active 

zone in Iceland, while predominantly an extensional axis, also includes a 

modicum of left-lateral shear in its movement. The further consequences of this 

observation will be considered later. 

SECTION VI.3 	THE TECTONIC SITUATION OF THE THINGVELLIR NETWORK, 

-- AND THE RESULTS FROM IT. 

The Thingvellir network was the first built in the course of this study of 

Icelandic tectonics. 

Thingvellir itself is an oustariding graben structure, about 4 km. wide, 

situated on the south-western active- zone:in Iceland ( figure VI.1 ). The 

graben is bounded by very large normal faults whose strikes are fairly constant 

at..N30°E, and its floor is broken by numerous smaller normal faults and open 

fissures ( some of them water-filled ) all of which strike at N30°E. 

The western boundary- of the graben is'a single norMal.fault called . 

Almannagja, whose vertical throw is some twenty metres, and which can be 

followed on the ground for about twenty kilometres as a continuous structure. 

For much of its length this fault acts as the western margin of lake Thingvall-

-avatn, Iceland's largest lake ( figure VI.4 ). 

In addition to its twenty metres of .vertical throw, this fault also shows 

about the same amount of horizontal Opening. 

It is not a clean, single break, but for much of its length is associated 

with a tilted block which forms the eastern side of the fault. The resulting 

cross-section is illustrated below. 
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Valley Floor 

The rift formed by the horizontal opening between the western wall and the 

eastern tilted block was held in great awe by the early pagan settlers of 

Iceland, who considered.it to be one of the acts of Thor, and held their mid 

summer games in his honour there. 

Almannagja becomes less impressive north-east along its strike, and between 

stations 4 and 5 of the trilateration network ( figure VI.4 ) degenerates into 

a series of parallel normal faults and fissures, which together take up the 

horizontal and vertical displacements. 

By this stage too the valley floor has risen considerably so that the total 

vertical displacement between stations 4 and 5 is much less than that further 

south. 

On the eastern side of the graben the vertical throw is very much greater 

as the ground to the east of the graben is higher than that to the west. 

Here the horizontaland'vertical displacements are taken up by movement 

on two faults, each similar in structure to Almannagja, called Heitharagja and 

Hrafnagja. 

The view was widely expressed at the Symposium on The World Rift System 

( Ottawa, 1965 ) that Thingvellir was the expression of the mid-Atlantic ridge 

median valley in Iceland, which is why the trilateration network was built 

there. 

The network consisted originally of sixteen stations, all concrete pillars, 

arranged in seventeen almost perfectly eqUilateral triangles. Unlike later 

networks, which are all long and thin, the one at Thingvellir is only slightly 

extended perpendicular to the graben. 

Unfortunately the original network was ]aid out on the assumption that the 

-- Mekometer was able to measure distances up to three miles, rather than, as is 

in fact the case, up to three kilometres. Thus in order to make the network 
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usable, almost all the lines had to be filled in with supplementary stations 

visible from both the original ends. The main stations are numbered 1 - 16, 

the supplementary ones are denoted by the fraction given by the two end numbers, 

i.e. station 314 fills in the line between original stations 3 and 4. 

Partly because of this unfortunate accident of the line lengths ( even after 

filling-in most of the lines are over 1300 m. long, and many are over 1700 

and partly because of the use of equilateral triangles as elementary units 

( see chapter II ), this network is extremely weak, providing no method of 

checking the self-consistency of the measurements, and being composed entirely 

of lines on which the expected errors are extremely large.( chapter III ). 

Two of the original stations, 10 and 14, and all their filling-in stations 

have never been used, indeed this author doesn't know where they are. 

Distance measurements have been made on all the remaining lines at least 

three, and in some cases as many as eight, times, between August, 1968, and 

July, 1972; the corrected ( chapter III ) results are shown in appendix D, as 

graphs of corected distance against time ( in years ). 

The changes derived from fitting straight lines to all the distance-time 

graphs are summarised in table VI.3 and illustrated in figure VI.4. The fitting. 

has been done by eye in all cases, and where there are violently inconsistent 

changes ( two or three of the most difficult lines ), these are ignored. 

In almost all cases the fitted straight lines come within one ' expected 

error ' of each plotted point on the graphs, though there are exceptions. 

The changes observed are rarely more than the uncertainties suggested in 

them by changing the gradient of the fitted line within the plotted error limits. 

Indeed if only the changes which exceed their possible uncertainty are considered 

significant, then the lengths of only seven lines have changed. 

In this case the distribution of changes is shown on figure VI.5, and 

suggests that there has been north-west south-east extension across the network  

with some north-east south-west contraction on its western side. It is iso 

significant that the extensions are confined to lines 4 - 416, 12 r 8/12, 12 

7112, and 15 - 12/15, each of which can be seen from figure VI.4 to cross one 
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TABLE VI.3 THE OBSERVED DISTANCE CHANGES AT THINGVELLIR 

1968 - 1972. 

LINE CHANGE 	rim. STRAIN 	(164  UNCERTAINTY , 

1 	- 	1/2 0 0 4. 	3 

1 	- 1/4 - 5 - 3.8 

2 - 1/2 4- 	1 1.1 

2 -2/5 0 0 +3 _ 

- . 3 	- 	1 0 0  +2 _ 

3 - 3/4 - 2 - 	1.5 +1 • 

3 -' 3/6 0 0 4.3 

4 - 1/4 -3 -2.9 +2 

4 - 2 0 0 +4 

4 - 3/4 -6 -4.9 +3 

4 - 4/5 -5 -2.9 +4 

4 - 4/6 	• +8 +3.6 +3 

4 - 4/7 +2 +1.5 +3 

4 - 4/8 +2 +1.5 +5 

5 - 2/5 -3 -1.6 +4 

5 -4/5 +2 +1.1 +3 

5 - 5/8 0. 0 +3 

5 - 5/9 0 0 +3 

6 - 3/6 -2. 	7 +1 _ 

6 -4/6 +1 +1.6 +1 

6 - 7 - 5 - 	2.6 + 3 

6 -6/11 0 0 +5 

7 - 4/7 - -1.4 	, + 2 

7 - 8 0 0 +3 _ 
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TABLE VI.3 	( CONTINUED ). 

LINE CHANGE 	mm.) STRAIN 	( 	10-6) UNCERTAINTY ( mm. 

7 - 7/11 0 0 + 6 

7- 7/12 +2 + 1.0 +3 

8 - 5/8 0 0 +3 

8 - 4/8 +3 +3.3 + 2 _ 

8 - 8/9 +3 +3.9 +2 

8 - 8/12 -5 	' - 	3.0 +3 
— 

9 - 5/9 0 0 +2 

9 - 8/9 +3 + 2.3 +3 

9 - 9/12 - 2 - 	1.6 + 3 

9 - 9/13 +2 + 2.4 +2 

11 	- 	6/11 0 0 + 8 _ 

11 	- 	7/11 . 	0 0 + 6 

11 	- 	11/12 + 1 + 1.0 + 3 

11 	- 	11/15 0 0 + 6 _ 

12 - 7/12 + 13 + 7.4 + 4 _ 

12 - 8/12 + 8 + 4.0 + 4 

12 - 9/12 0 0 +5 

12 	- 	11/12 + 1 +1.1 +3 _ 

12 - 12/13 +3 . 	+ 3.0 +2 _ 

12 - 12/15  0 0 + 3 

13 - 9/13 0 0 +3 

13 - 12/13 + 1 + 1.0 + 3 

16 	- 11/15 +3 + 2.2 +2 	. 	- 

15 - 	12/15 + 6 	, 	+ 4.6 + 3 _ 
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or other of the large normal faults discussed earlier. 

The number of lines which crosses the Almannagja ( or the complex zone 

which replaces it ) perpendicular to its strike is six; in addition there are 

four lines which cross it parallel to the strike. 

On the eastern side, two lines 12 - 15, and 11 - 15, cross the upper fault, 

and six the lower. 

Using the definite changes only ( figure VI.5 ) as indications it becomes' 

possible to look more closely at the other lines which cross the faults in order 

to try ta arrive - at'a possible overall scheme of displacements. Table VI.4 

shows the changes found.then across each of the three main faults ( Almannagja 

in the west, Hrafnagja and Heithargja ‘ in the east ). 

TABLE VI.4 

The pattern of extensions 	suggested by this is thus 
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across 	Almannagja 	( northern end ) 	3.-  + ' 3 mm. 

( southern end ) 	8 	+ 	5 mm. 

across 	Hrafnagja 	 7 	+ 	5 mm. 

across 	Heithargja 
	

9 	4 mm. 

As was mentioned above, to the north of station 4 Almannagja becomes a 

broad zone of parallel features, most of which is crossed by lines almost 

parallel to its strike which would not detect extension across the zone. This 

explains the subdivision of Almannagja into northern and southern ends. 

The important changes in the 14eithargja region take place on lines 15 - 12/15 

and 15 - 11115 which do not actually cross the main fault scarp. Thus the 

extension observed must have occurred across one or.  other,of - the smaller features 

in that area. 

The total extension across the-graben has therefore been 24 	14 mm. in the 

period of the measurements, 1968 to 1972, which represents an annual average of 

6 + 3 mm. 

In addition to the extension there is also an element of contraction along 

the graben suggested. This seems.to amount to about 1.4 ppm. in the four year 

period, and may be connected with the breakdown of the single Almannagja into 

a broader zone, suggestive of shearing. 

Thus, to conclude this section, the Thingvellir graben, one of the most 

impressive structures of its kind in the world, which has been considered to 

represent the median valley of a mid-ocean ridge on land, showed a total of 

24 	14 mm. of extension in the four year measuring period. The direction of 

this extension is approximately perpendicular to the strike of the graben, or 

at about N120°E. A small component of contraction on the western side of the 

graben may be connected with the diffusion of the boundary fault. 
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SECTION VI.4 	COMPARISON OF THE RESULTS FROM THE 

TRILATERATION SURVEY WITH OTHER OBSERVATIONS 

FROM THE AREA. 

There have been three other geodetic surveys made in the Thingvellir area, 

from which there are results of two. 

The first of these, showing a null result, comes from the distance measure-

-ments of Decker et al. ( 1971 ). These authors describe the results of a single 

line geodimeter traverse across southern Iceland which was first measured in 

-1967 and again in 1970, after the eruption of Hekla. 

On the Thingvellir section of the line no significant changes between the 

two measurements were detected, although the distance changes would need to be 

in excess of about 15 mm. to be resolvable with their results. The results from 

the last section suggest that the annual rate of extension across the graben is 

6. 4. 3 mm., so that in the three years between their surveys 18 mm. of extension 

might have been expected. The null result of these authors is thus within the 

limits of the annual extension rate derived from the results of the last section. 

The other geodetic work from which results are available is precise levell- 

ing. 

Tryggvason ( l9681 made measurements on a precise levelling profile across 

the Thingvellir graben in 1967 and 1.968., His results showed that there was 

subsidence of the graben flooryith respect to the eastern and western flanks. 

This subsidence did not howeyer,appear to be related to movements_on any of the 

main faults in the area, and has been explained by him as a general downwarping 

of a large area of which the levelling profile happens to be a part. 

From the results of Bernauer ( 1943 ), Tryggvason shows that there has been 

75 metres of extension across the graben since its formation. Thingvallahraun, 

the lava flow of which it forms a, part, has been radio-carbon dated by Kjart.ns-

son at 9130 +260 years B.P. ( 1964 ), so that the annual rate of extension 

across the graben has been at ,least 8 mm. per year. 

This. is in good agreement with the measured result of 6 4. 3 mm. per year 

given in the last section. 
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It is worth considering this result ( and the geological estimate of Bernaue 

in the light of the evidence from sea-floor spreading measurements of Heirtzler 

et al., Talwani et al., and Vogt et al. 

These, as was observed before, all show that the average rate of crustal 

extension found on the mid-Atlantic ridge both to north and south of Iceland 

has been 20 mm. per year since the Tertiary, so that neither the current rate 

of movement, at Thingvellir nor the minimum geological estimate can account for 

the necessary crustal extension. However, there is no reason why the minimum 

geological estimate should represent the true historical picture. Indeed, if 

the graben had formed only 3,700 years ago then the mean annual extension rate 

would be approximately 20 mm. It is impossible to date the formation of the 

graben, and the only historical evidence is of .0.63 metres susidence during an 

earthquake in 1789. 

On the other hand if the thinimum estimate is approximately correct, then it 

means that throughout post-glaCial time there must have been some other axis 

about which most of the spreading Was occurring. This would undoubtedly be the 

south-central active zone, on which Decker et al. ( 1971 ) reported 20 mm. per 

year of crustal extension between 1967 and 1970, and which has certainly been 

in existence at least since the beginning of the last Ice age ( as there are 

many instances of'sub-gi. cial eruptions in it ). 

Thus there is no doubt that throughout the existence of the Thingvellir 

graben there has been another spreading axis active in southern Iceland, one 

which certainly now is responsible for much the greater part of the observed 

crustal extension in this part of the world, so that it seems reasonable to 

suppose that the Thingvellir graben,  has never been the'axis of sea floor spread-

ing in Iceland. This is not to be taken however, as saying that the axis of 

spreading did not once, before the formation of the graben, exist at the same 

place; at any stage in Iceland's history before ten thousand years ago this 

might have been true. 
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SECTION VI. 	THE TECTONIC SETTING OF THE REYKJA,,:ES NETWORK. 

The Reykjanes network has already been mentioned in connection with the 

vertical angle measurements discussed in chapter V. However, at that time its 

detailed position in the tectonics of Iceland was not described. 

The network is situated at the extreme soth-west tip of Iceland, at the end 

of the Reykjanes peninsula. 

The peninsula is a very young feature whose oldest surface rocks are quater-

-nary basalts which are found on a smaller peninsula to the north of the trilate-

-ration network, and also farther east, near Reykjavik, Iceland's capital. 

The name'of the peninsula means smoke-peninsula, which probably refers to 

the geothermal activity which occurs at many places along its length. 

The surface- rocks of the peninsula are all recent volcanics, many resulting 

from fissure eruptions either sub-glacial 	during the last ice=age,or within 

the last ten thousand years. 

The fissure eruptions, along with other extensional features ( e.g. open 

fissures and normal faults ),,are arranged in groups which are staggered en 

echelon the length of the peninsula ( figure VI.6 ). There are seven of these 

groups'of tensional features between Reykjanesviti ( the name of the lighthouse 

at the south-west tip of the peninsula, one kilometre from the trilateration 

network ) and Hengill, which is just south of Thingvellir. 

The strikes of the individual groups vary systematically from N45°E at 

Reykjanesviti to N38°E at Hengill ( the strike of the Thingvellir graben it will 

be recalled was described as N30°E ). 

Talwani et al. ( 1971 ) show from a detailed geophysical survey of the 

Reykjanes ridge ( the name of the local section of the mid-Atlantic ridge ), 

which is structurally continuous with the Reykjanes peninsula, that the en 

echelon arrangement'of apparently t:msional groups begins at about 64°N. They 

surmised this from bathymetric and magnetic profiles in the area offshore of 

the peninsula,and from the known distribution of historical eruptions 

( Berninghausen, 1964 

These same authors also showed as a result of the same survey that the 
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axial magnetic anomaly of the tensional group neares:t the peninsula intersected 

the coastline actually at Reykjanesviti, suggesting that the axis.of the ridge 

passes through the area of the lighthouse, the geothermal field, and the trilat-

-eration network. This does not agree with the evidence set out in chapter V, 

baked upon the vertical movement results and the micro-earthquake studies, which 

show that the ridge axis passes somewhat to the north of the lighthouse and 

geothermal fields. 

Sigurgeirsson ( 1969 ) published an aeromagnetic map of the Reykjanes 

peninsula which shows that the central magnetic anomaly found from the ridge 

studies continues inland along the length of the peninsula, suffering the same 

en echelon offsets as the fissure eruptions and other tensional groups. However, 

the significance of this is not certain, as presumably the axial magnetic anomaly 

reflects the position of More intensely magnetised rock,which might easily be 

the feeder dyke associated with a linear eruption'. Indeed the positions of the 

magnetic anomalies reflect very closely the lines of the most recent post-glacial 

linear eruptions. 

Ward et al. ( 	1969 ) found considerable micro-earthquake activity in 

five places along the peninsula. Each of these corresponds exactly with a geo-

-thermal field, the significance of which is discussed by Ward and Bjdrnsson 

( 1971 ). 

Further studies of the same sort by Klein et al. ( 1973 ) show that in two 

of the areas ( one near Reykjanesviti, the other at Krysuvik some twenty kilomet- 

res away ) the activity is confined to fairly narrow zones and tends to occur 

in swarms of several thousand events within a few days. Fault plane solutions 

are reported from both of the areas studied by this group, showing almost 

exclusively normal and left-lateral motion. Solutions of each type show the 

same extensional axis, namely N1350E. 

Larger earthquakes occur along the length of the peninsula ( figure VI.7 is 

an epicentral-distribution map drawn from the I.S.S. files ), although events 

of magnitude greater than 4 are rare on the peninsula, and tend to occur, if at 

all, somewhat to the east. 
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Nakamura ( 1970 ) made a detailed investigation of the surface features in 

one of the extensional groups,of the peninsula, the one at the south-west tip 

in the area of the trilateration network, and showed that all the faulting was 

indicative of pure extension perpendicular to the strike of the group. This is 

to say that the local extension axis in the immediate area is directed at N135°E, 

which is exactly the direction of the extensional axes found from the micro-

earthquake survey of Klein et al. 

JOnsson ( 1967 ) conducted a preliminary survey of the same area front which 

he concluded that, while it was difficult to believe, all the appearances were 

that pure extension was responsible for the surface features in the area:. 

Thus there is quite considerable evidence to suggest that the surface 

features in this area exhibit pure extension, from which it would be concluded 

that all the en echelon groups along the peninsula are large-scale versions of 

the fractures observed in clay by Cloos ( 1932 ). This was the interpretation 

of Tryggvason ( 1968 ) who considered that the Reykjanes peninsula is a large-

scale left-lateral strike-slip fault. Ward et al. ( 1969 ) further interpreted 

it as a left-lateral transform fault offsetting the sea-floor spreading axis of 

the mid-Atlantic ridge eastwards to join the south-central active zone in Iceland 

This will be discussed further after the presentation of the results of the 

trilateration work. 

Before that however, there are two more observations Which have a bearing on 

the interpretation of the tectonic role of the peninsula. 

The first of these concerns the incidence of volcanic activity. 

Berninghausen ( 1964 ) lists all the known historical eruptions in the 

Icelandic region. 

He shows that in the sea off the south-west tip of the Reykjanes peninsula 

there have been eruptions regularly throughout historical time ( which began in 

Iceland only in about 800 A.D., 	), and that on the south-central active zone too 

there have been frequent eruptions i,n the,samer time period. Indeed most of the 

recorded eruptions from the.Icelandic,mainland have occurred on the south-central 

zone, with.  the repetitionjrequency waverage about once every twenty years. 
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On the Reykjanes peninsula itself however, there have been only three 

eruptions reported in the historical period, the last in 1510 A.D. 

This suggests that the sea-floor spreading activity in Iceland is restricted 

to the south-central active zone, and that the Reykjanes peninsula, should not 

be considered, at least primarily, a spreading axis. 

The other piece of information which is of interest in the context of the 

tectonic role of the peninsula concerns the chemistry of the basalts erupted 

there. 

Jonsson observed that the post-glacial activity of the peninsula falls into 

two phases. In the first shield volcanoes produced olivine-rich basalts; in the 

second, which might just have lasted into historic time, fissure eruptions 

produced basalts containing rather less olivine. These fissure eruptions seem 

also to have produced rather small quantities of lava for their lengths, often 

several kilometres, certainly at least when compared to the great fissure 

eruptions of the south-central zone. 

The suggestion is thus of a change with time of the nature of the volcanism, 

from typical oceanic basalts from shield volcanoes, to less typically oceanic 

basalts from fissures.. 

Trilateration measurements across the eruptive fissure on Heimaey ( on the 

south-central active zone in Iceland ) showed that the fissure represented a 

shear zone ( Brander and Wadge, 1973 ). 

Olivine-rich basalts are very much associated with the extensional tectonics 

of sea-floor spreading ( Gass, 1970 ), while basalts containing less olivine., 

the transitional and alkali types, are apparently associated with shear zones. 

Thus it seems that the change'in volcanic activity of the peninsula suggests 

a change from purely extensional tectonics,to processes involving a greater 

component of shear. 

This is an interesting way of explaining the variation in activity observed, 

although it should not be considered as definitely proven. 

This sect4on.can:be summarised then, by saying that all the surface features 

of the Reykjanespeninsulajointtothere bein9,a,series of en echelon tensional 

I 	 H 1 
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units arranged such as to suggest a deep left-lateral shear zone. Each tensional 

unit seems to act to some extent as an axis of sea-floor spreading where the 

earthquake activity takes the form of intense swarms with no major events, in 

which fault plane solutions indicate both left-lateral strike-slip and normal 

mechanisms. 

Spreading however, is not, as indicated by the comparative lack of current 

volcanic activity, the primary present 	tectonic role of the peninsula; it is 

seen more as a large strike-slip fault from which a certain amount of extrusion 

has also occurred. 

The strike of the peninsula, which is about N80°E, is exactly the direction 

which would be expected for the left-lateral member of a conjugate set of shear 

planes formed under the influence of an extensional axis orientated at N135°E 

and a corresponding compression orientated at N45
o
E, assuming that the angle of 

internal friction involved was 20°. Such an angle is within the range usually 

encountered ( Moody and Hill, 1956 ). 

It is within this context that the trilateration results from the network 

at the extreme south-western end of the peninsula are to be interpreted. 

SECTION VI.6 	THE INTERPRETATION OF THE TRILATERATION RESULTS 

FROM THE REYKJANES NETWORK. 

The Reykjanes network is illustrated, in figure VI.8. It consists of 45 

stations, all concrete pillars, arranged approximately in a 'T ', whose cross 

piece strikes at approximately N35°W. 

The hetwork was not all built at the same time, but in three separate stages. 

Stations 1 - 8 were constructed late in'1967 after a large earthquake swarm 

and an accompanying massive increase in the geothermal activity had brought 

about fears of a new eruption in the area. These proved groundless, and the 

earthquake activity died away within a week, leaving the intensified geothermal 

activity. 

During these events Ragnar Stefansson ( pers. comm. to Ward et al., 1969 ) 

noted between five and eight 'centimetres of hOrizontal movement ( sense unspeci- 
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-fled ). Also during the swarm, the western side of a fault near Reykjanesviti 

( figure VI. 8) dropped several centimetres. 

New surface fracturing related to the increased geothermal activity consisted 

of'short approximately north-south en echelon fractures which can be seen well 

still on days of high humidity and low pressure when the steam from them is 

particularly visible. 

These fractures are indicative of left-lateral shear in an approximately 

N30°E direction ( assuming as before for this areal  a 20°  angle of friction ). 

As a result of these events an exploratory drilling project was undertaken 

in 1968 and 1969 ( Bj8rnsson et al., 1972 ), in the course of which some eight 

steam wells were drilled in a zone five hundred metres wide striking abopt.N50QE 

for one kilometre. Two of these wells have been left open to the atmosphere since 

drilling. 

Stations 9 - 28 were built in 1968 to extend the coverage of the network, 

and the remaining seventeen stations were constructed in 1971 to cover the area 

of most intense surface faulting and to tie the network to the relatively 

unfractured area to the north west ( figure VI.8 ). 

The older stations of the network can be seen to be arranged somewhat 

irregularly, particularly around the geothermal area, although the 1971 stations.  

are arranged as a series of double-braced quadrilaterals. 
• 

The lines on the pre-1971 network have all been measured at least five times, 

and many of them as often as eleven times. The 1971 lines have been measured 

only twice. 

The graphs of length against time ( in years ) are shown for all the older 

'lines in Appehdix E. Straight lines have been fitted to all of these,except 

three which do not seem to show linear behaviour. The changes derived from these 

fitted straight lines are shown in table VI.5, in addition to the effect of the 

observed vertical movement ( see chapter V ), the net horizontal change, and 

the horizontal strain. 

The net horizontal changes are shown also in figure VI. 3. 

Choice of analysis technique for these changes was not easy. It was consider- 
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TABLE VI.5 

	

	THE DISTANCE CHANGES OBSERVED AT REYKJANES 

BETWEEN 1968 AND 1972. 

LINE OBSERVED CHANGE VERTICAL EFFECT NET CHANGE STRAIN(169 

1 	- 2 - 3 mm. - 3 mm. 0 0 

1 	- 3 - 12mm. -,1 	mm. -11 	mm. -21.4 

1 	- 4 -16 mm. - 3 mm. -13 mm. -19.6 

1 	- 5 -18 mm. - 2 mm. -16 mm. -20.2 

1 	- 6 -13 mm. - 1 	mm. -12 mm. -23.4 

8 - 1 -10 mm. - 2 mm. - 8 mm. - 	5.7 

1 	- 27 0 0 0 0 

2 - 3 -15 mm. + 2 mm. -17 mm. -42.0 

2 - 7 -14 mm. 0 -14 mm. -13.6 

2 - 27 - 1 mm. + 5 mm. + 4 mm. +11.5 

3 - 4 -17 mm. 0 -17 mm. -30.5 

3 - 6 -15 mm. 0 -15 mm. -21.2 

3 - 	7 • 0 0 0 0 

3 - 27 - 8 mm. - 1 mm. - 7 mm. -17.5 

4 - 5 - 1 mm. 0 - 1 mm. - 	1.9, 

4 - 6 - 9 I'm. 0 - 9 mm. -25.6 

5- 6 - 3 mm. 0 - 3 mm. -10.0 

5 - 8 + 5 mm. + 2 mm. + 3 mm. +2.9 

6 - 8 + 8 mm. + 2 mm. + 6 mm. +4.7 

5 - 9 -17 mm. 0 -17 mm. -28.9 

8 - 9 -15 mm. 0 -15 mm. -11.3 

10- 	9. - 1 mm. 0 - 1 mm. - 	1.1 
10- 8 - 9 mm. 0 - 9 mm. - 8.7 

10- 	11 + 3 mm. 0 + 3 mm. + 3.: 
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TABLE VI.5 	( CONTINUED ). 

LINE OBSERVED CHANGE VERTICAL EFFECT NET CHANGE STRAIN 	(106 ) 

11 	- 8 - 	14 mm. 0 - 14 mm. - 9.6 

, 	12 	- 	10 - 10 mm. 0 - 10 mm. - 	9.4 

12 - 9 0 	' 0 0 0 

12 	- 	13 0 -0 0 0 

12 	- 	15 0 0 0 0 

13 - 	10 0 0 0 0 

13 	- 	11 - 17 mm. 0 - 	17 mm. - 	16.4 

13 - 14 + 11 	mm. 0 + 11 	mm. + 13.8 

13 - 	15 - 	3 mm. 0 - 	3 mm. - 	3.3 

13 - 	16 - 	7 mm. 0 - 	7 mm. - 	6.0 

14 	- 	11 0 0 0 0 

14 - 16 - 	5 mm. 0 0 - 	4.2 

15 	- 	16 0 0 0 0 

17 - 	15 - 	9 mm. 0 - 	9 mm. - 	8.0 

17 - 	16 0 0 0 0 

17 - 18 0 0 0 0 

18 - 	15 - 10 mm. 0 - 10 mm. - 	6.9 

18 - 16 0 0 0 0 

18 - 	19 + 	3 mm. 0 0 + 	9.1 

19 	- 16 - 	4 mm. 0 0 - 	4.4 

20 - 17 0 0 0 0 

20 - 18 - 	4 mm. 	0 - 	4 mm. - 	4.6 

20 - 25  - 	g  .., mm. 0 - 	5 mm. - 	8.0 

21 	- 20 2 mm. 	0 + 	2 mm. + 	2.8 
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TABLE VI.5 	( CONTINUED ). 

LINE OBSERVED CHANGE VERTICAL EFFECT ET CHANGE STRAIN 	(166 )1 

21 	- 18 - 	5 mm. 0 - 	5 mm. - 	6.8 

21 	- 19 - 	5 mm. 0 - 	5 mm. * 	9.0 

21 	- 22 - 	2 mm. 0 - 	2 mm. - 	3.6 

21 	- 25 - 	3 mm. 0 - 	3 mm. - 	4.4 

23 - 22 - 	4 mm. 0 - 	4 mm. - 	6.9 

23 - 24 0 0 0 0 

23 - 26 0 0 0 0 

25 - 22 0 0 0 0 

26 - 22 - 	7 mm. 0 - 	7 mm. - 	8.4 

26 - 24 + 12 mm. 0 -1.- 	12 	mm. + 	9.7 

25 - 26 - 	6 mm. 0 - 	6 mm. - 	6.7 

28 - 8 - 13 mm. - 3 mm. - 10 mm. - 	7.3 

28 - 27 + 	5 mm. 0 + 	5 mm. + 16.4 

ir 
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-ed desirable that, in view of the highly fractured nature of the ground surface, 

analysis of the changes shoUld not be based upon the assumption of homogeneous 

strain. But as changes occur throughout the network it was found impossible to 

choose an axis from which to establish displacement vectors which did not suffer 

considerably from the problems of error accumulation. Thus almost all the changes 

have, after all, been analysed according to the assumptions of homogeneous strain. 

The results of the analysis for the original network are shown in table VI.6 

The 1971 network distance measurements are given in table VI.7, with, as was 

done for the tiljivatn results, a comment as to the significance of the observed 

changes. As before the significance criterion is taken to be the sum of the 

expected errors from the two measurements, which a change must exceed to be 

considered significant. Figure VI.l0 illustrates the significant changes found 

on the 1971 network, which have also been analysed for homogeneous strain, the 

results being given in table VI.8. 

Figure VI.11 shows the parameter of shear 	( in ppm. ) calculatedfrom the 

changes observed on the original twenty eight station network. It can be seen 

from the figure that there is some shear over almost all the network, but that ' 

it is generally larger towards the southern end, 	particularly around 

the geothermal field. At the north-eastern end of the original network the 

changes were found to be most satisfactorily explained by individual movements of 

stations 26 and 24, which will be discussed later. 

In the light of the fault-plane solutions derived from the micro-earthquake 

studies of the region ( Klein et al., 1973 ), and of the general description of 

the tectonics of the Reykjanes peninsula given in the last section, the sense 6f 

the observed shear is takento be left-lateral, although there is unfortunately 

no way of determining this from the measurements ( at least when the pattern of 

changes is as complex as it is here ). 

The average value of the observed shear over all the triangles of the original 

network which -are not within the geothermal field ( for reasons which will be 

_considered later `06se triangleS are excluded from the general analysis ) is 1S.9 

ppm., an annual rate ,  of 4 ppm. 

Figure VI.12 illustrateS the Shear and dilataton parameters obtained from 
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TABLE VI.6 THE RESULTS OF THE HOMOGENEOUS STRAIN 

ANALYSIS OF THE REYKJANES CHANGES, 1968 - 72. 

TRIANGLE SHEAR (10
-6 

) DILATATION 	('106; BEARING OF MAX. EXT. 

I 	- 2 - 3 31.8 -54.0 N77°E 

2 - 3 -27 55.6 -32.2 N97°E 

_2 - 3 - 7 79.0 -77.0 N115°E 

1 	- 3 - 4 14.7 -49.3 N157°E 

1 	- 4 - 6 11.3 -50.4 N178°E 

3 - 4 - 6 14.9 -57.8 N 99°E 

1 	- 3 - 6 2.8 -44.7 N101°E 

4 - 5 - 6 48.6 -47.4 N84°E 

1 	- 5- 	6 48.2 - 0.5 N114°E 

1 - 5 - 8 ' 23.8 -16.7 N134°E 

1 	- 6 - 8 32.2 -16.2 N131°E 

5 - 6 	- 8 21.3 -12.7 N112°E 

5 - 8 - 9 33.0 -20.2 

. 
N108°E 

1 -28 - 8 24.0  9.3 N164°E 

8 - 9 - 10 14.7 -10.1 N 81°E 

8 - 10 -11 21.0 - 0.4 'N131°E 

9 - 12 -10 18.3 -15.3 N 87°E 

12 - 13 - 10 3&.3 2.5 N1o1°E 

10 - 13 - 11 22.6 -13.1 N 85°E 

10 - 11 	- 12 16.4 - 2.6 N122°E 

11 	- 12 - 13 24.2 - 6.7 N124°E 

12 - 15 - 13 5.7 - 3.9 N 65°E 

13 - 15 - 16 9.8 -3.0 N1270E 

11 	-13-14 21.4 ' 15.7 N130°E 
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TABLE VI.6 	( CONTINUED ). 

TRIANGLE SHEAR (10-6 ) DILATATION(106 ) OF MAX. EXT. 

13 -.16 - 14 11.0 - 2.5 N114°E 

15 - 17 - 16 17.3 0.6 N136°E 

15 - 18 -16 26.8 12.6 N150°E 

15 - 17 - 18 8.7 - 	7.5 N122°E 

16 - 18 - 19 16.1 7.3 N147°E 

17 - 20 - 18 11.8 - 	5.5 N 86oE 

18 - 20 - 21 10.9 - 	5.2 N145°E 

18 - 21 - 19 21.0 0.8 N141°E 

20 - 25 - 21 6.1 -14.9 N154°E 

21 - 25 - 22 6.7 - 3.9 N131°E 

25 - 26 - 22 LOCAL 15 STURBANCE OF 	STATION 	26 

22 - 26 - 23 H H 	H H 	H 	II 

26 - 24 - 23 I, H 	H H 	II 	H 
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TABLE VI.7 	THE DISTANCE MEASUREMENTS ON THE 1971 

EXTENSION AT REYKJANES. 

LINE 1971 1972 CHANGE(mm. SIGNIFICANT 

W 0-E 0 548.1702 548.1717 + 1.5 YES 

29 -WO 1320'.0308 1320.0327 + 1.9 NO 

29 -14 1021.7276 1021.7282 + 0.6 NO 

E 0-14 1176.8061 1176.8085 + 2.4 NO 

W 0-14 1393.6718 1393.6730 + 1.2 NO 

29 -E 0 1514.4551 ' 1514.4543 - 0.8 NO 

29 	- 11 580.4624 580.4626 + 0.2 NO 

29 - 13 1045.1817 1045.1810 - 0.7 NO 

W 1-17 1633.4307 1633.4353 + 4.6 YES 

E 14! 1 1017.5008 1017.5000 - 0.8 NO 

E 1-20 1087.1488 1087.1539 + 5.1 YES 

E 	1-17 1603.0647 1603.0667 + 2.0 NO 

W 1-20 1727.2822 1727.2823 0 NO 

W 2-W 1 726.9629 726.9628 0 NO 
.4 

W 2-E 2 662.3607 662.3610 + 0.3 NP 

E 2-E 1 1439.9351 0  1439.9342 - 0.9 NO 

E 2-W 1 1373.1120 1373.1141 + 2.1 NO 

W 2-E 1 1150.9472 1150.9440 - 3.2 YES 

W 2-W 3 1325.8792 1325.8760 - 3.2  NO 

E 3-W 3 765.5409 765.5408 0 NO 

E 2-E 3 1040.1073 1040.1047 - 2.6 YES 

W 2-E 3 1576.4125 1576.4054 - 	7.1 YES 

E 241 3 1114.5682 1114.5659 - 2.3 NO 

11306 	3 1130.5154 1130.5140 - 	1.4 NO 
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TABLE VI .7 
	

( CONTINUED ) 

W 4-E4 659.1329 659.1318 - 	1.1 NO 

E 4-E 3 1111.9754 1111.9756 0 NO 

E 4-W 3 1367.1677 1367.1725 + 4.8 YES 

W 4-W 5 1070.0622 1070.0647 + 2.7 NO 

E 5-W 5 973.5849 973.5820 - 	2.9 YES 

E 4-E 5 892.6624 892.6618 - 0.6 NO 

W 4-E 5 1426.9682 1426.9677 - 0.5 NO 

E 4-W 5 1049.0661 1049.0661 0 NO 

W 64 5 810.0890 810.0916 + 2.6 YES 

W 6-E 6 711.7771 711.7773 0 NO 

E 6-E 5 1056.5522 1056.5533 + 	1.1 NO 

E 6-W 5 1236.4527 1236.4518 - 0.9 NO 

W 6-E 5 1252.1159 1252.1202 + 4.3 YES 

W 6-W 7 , 1402.2367 1402.2398 + 3.1 NO 

E 7-W 7 574.8179 574.8197 + 1.8 YES 

E 6-E 7 1427.3308 1427.3306 0 NO 

W 6-W 7 1722.7830 

E 6-W 7 1359.6887 1359.6886 0 NO 

I 
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Elgure VI .10 	THE DISTANCE CHANGES ON THE 1971 

REYKJANES EXTENSION, BETWEEN 1971 AND 

1972. 
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TABLE VI.8 	RESULTS OF THE HOMOGENEOUS STRAIN ANALYSIS 

OF THE CHANGES ON THE REYKJANES EXTENSION. 

TRIANGLE SHEAR 	(10
-6

,) DILATATION (10
-6 

 BEARING OF MAX. EXT. 

17 - 20 - E 1 5.4 3.4 N142°E 

17 - 20 - W 1 6.8 3.3 N 68°W 

17 - E 1- W 1 5.2 - 4.2 N185°E 

20 - E 1-W 1 5.8 	- - 0.4 1114 	O  

W 1- E 1- E 2 4.4 - 	1.4 N 92°E 

W 1- E 1- W 2 5.2 -0. 	6 N195°E 

W 1- E 2- W 2 3.6 - 	2.6 N187°E 

E 1- E 2- W 2 15.2 -12.1 N190°E 

W 2- E 2- E 3 9.1 -0 	.1 N 53°E 

W 2- E 2- W3 2.5 - 	2.5 N44°  E 

W 2- E 3- W 3 11.2 1.5 N 90°E 

W 3- E 3- E 2 2.9 - 2.5 N 25
o
E 

W 3- E 3- E 4 13.6  4.9 N 78°E 

W 3- E 3- W 4 13.0 -4.7 N 	5°E 

W 4- E 4- E 5 . 	5.1 - 4.8 N190°E 

W 4- E 4- W 5 5.1 - 0.3 N163°E 

W 4- E 5- W 5 4.1 - 	2.1 N151°E 

E 4- E 5- W 5 5.3 -11.0 N158°E 	' 
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FIGURE VI.12 	THE MAGNITUDES OF THE SHEARS AND DILATATIONS 

INFERRED FROM THE HOMOGENEOUS STRAIN ANALYSIS 

OF THE CHANGES ON THE 1971 REYKJANES 

EXTENSION. 
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the homogeneous strain analysis of the changes observed on the 1971 network. 

This shows that the shear found in each quadrilateral is about 7.5 ppm., axather 

higher yearly rate than was found for the quadrilaterals of the original network. 

From figures VI.11 and VI.12 it can be seen that the zone of shear is limited 

to the south-east by the large normal fault, and that in the north-west it ext- 

ends one quadrilateral beyond the region of surface faulting. Its total width 

thus turns out to be 4 kilometres. 

The width of the macro-earthquake activity was found by Klein et al. to be 

about 2 kilometres, which is not greatly different, and certainly suggests that 

the zone of current activity ( and therefore presumably the boundary between 

the North-American and European plates ) is, in relation to the dimensions of the 

plates, extremely narrow. This is what has been found from other results from 

other parts of the world, particularly the San Andreas fault zone in California, 

where ninety per cent of the movement isin a zone about ten kilometres wide. 

Also the widths of the median rift zones of mid-ocean ridges are typically about 

ten kilometres. 

Assuming the 16 ppm. average for the shear found over the triangles away 

from the geothermal field on the original network, and a one kilometre width 

for the network ( it strikes almost exactly along the local tectonic direction ), 

the total shear movement found on it during the four years of measurement,. 1968 -

1972, is 16 mm., 4 mm. per year. 

The 1971 network shows a total width across the tectonic strike of three 

kilometres, so that the total shear movement found on it is about 22.5 mm. in 

the one year, 1971 - 72. 

Thus the total rate of movement ( shear ) found seems to be 26.5 mm. per year..  

The uncertainty estimates from the 1973 network are given on figure VI.12 

and suggest that the uncertainty in the estimate of the total shear movement is 

._ 15 mm. for the 1971 network. The uncertainty in the estimates from the orig- 

inal network-is discussed in the next section of this chapter, which shows that 

the individual values of the shear parameter are accurate to 	3 ppm. Thus the 

uncertainty in the estimated rate of movement over the four years on the or-, 
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network is + 3mm., from which it is seen that the total uncertainty in the 

rate of shear movement across the four kilometre wide zone is + 16 mm.; this is 

rather less than the estimate of that movement, showing that the latter should be 

considered significant. 

The second parameter of the homogeneous strain analysis which will be 

considered is the dilatation. This is shown for the 1971 network on figure VI.12, 

and for the original network on figure VI.13. 

There is no significant dilatation in any of the quadrilaterals of the 1971 

network, which will not be discussed further. 

A large number of the triangles of the original network show negative values 

of the dilatation, although there are positive values along the whole length of 

the south-eastern fault ( which was discussed above as the boundary of the zone 

of shear ). 

Extremely large negative dilatation.is found in an elongated region striking 

approximately north-east from, and including, the geothermal field. 

That there is positive dilatation associated with the south-east fault can 

only mean that there has been extension on it, in addition to the shear movement 

already discussed. The magnitude of this extension is however, not very large, 

about 1 mm. per year. 

Negative dilatation can only imply compression. Pure shear movement shows no 

area change ( Appendix B ), although simple shear does involve a decrease in 

area. Simple shear is not easy to understand geologically, so that it is felt 

that the strong spatial correlation between the geothermal field ( especially 

the area in which the steam holes were drilled ) and the area of negative 

dilatation suggests that there is a causal relationship involved. 

Large vertical and horizontal subsidences have been reported from oil fields 

in several places throughout the world, so that similar effects might be expect-; 

-ed from exploited geothermal fields where a fairly large mass-discharge rate 

has been effected by drilling. 

In the case of the Wairakei geothermal field in the Taupo volcanic zone of 

New Zealand, the expected vertical deformation has. been observed ( Bolton, 197::' 
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The total vertical subsidence found at Wairakei has been about 3.3 m. since 

exploitation of the field began in 1956, an annual rate of about 200 mm. per year 

Unfortunately there are no horizontal measurements from the region. 

Chapter V of this thesis discussed the results of repeated vertical angle 

surveys in the region of the geothermal field at Reykjanes, which suggested that 

the centre of the field had subsided in the five years between the surveys by 

about 130 mm., an annual rate of about 25 mm. 

The mass discharge rate from the Wairakei field is at the moment about 17,0 

kg. sec.
-1 

and the total mass removed since 1955 is about 6 x 10
11 

kg. ( Bolton, 

1973 ). 

The current mass discharge rate from one of the two open wells at Reykjanes 

is 65 kg. sec.
-1 

( Bjornsson et al., 1972 ). The other is somewhat smaller, so 

that the total discharge rate is probably of the order of 100 kg. sec.
-1 
 The 

total mass removed from this field since 1968 is about 9 x 10
9 
kg. 

It seems perfectly possible that the observed vertical deformation at 

Reykjanes results directly from the removal of water from the high temperature 

aquifer, in much the same way as has been observed at Wairakei, despite the fact 

that the ratio.•of vertical movement:mass discharge ,is an order of magnitude 

higher at Reykjanes than at Wairakei. 

It also seems then perfectly possible that the large negative dilatation 

observed in the geothermal area results too from the removal of water fi^om the 

aquifer, although this effect has.not been observed before. 

Another possible explanation of the observed negative dilatation on the 

original network is that a shift of the spreading axis to the south-central 

active zone ( which was shown in the last section to be much more volcanically 

active than the Reykjanes peninsula ) has put the peninsula into a state of 

compression. 

• This explanation is not favoured because 1t would entail compression over 

the whole of 'the network, which the observed positive dilatation on the south-

east fault shows is not the case. 

The third parameter arising from the homogeneous strain analysis is the 
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bearing of the extensional principal strain. This is shown in figures VI.13 

and VI.14 for the original and 1971 networks respectively. 

Figure VI.15 is a histogram of these directions ( drawn from the original 

network results, although a glance at the directions from the 1971 network 

.results shows that the same effect is observed there also ). 

This histogram shows that the girections fall into two distinct groups. 

The first is very well-defined at N85°E, the second is also well-defined at 

N130°E. The first peak seems to have a very small standard deviation, about 8°, 

whereas that of the second peak is about 20°. These standard deviations will be 

discussed further in the analysis of the uncertainty in the values' of the 

homogeneous strain parameters. 

The spatial distribution of the members of the two peaks is very interesting 

( figure VI.13 ). It seems very much as though the lower valued extensional 

bearings are associated with the geothermal field and some parts of the north-

western side of the original network, while the triangles away from the geother-

-mal area all belong to the latter group of directions. 

The second direction, N130°E, corresponds extremely well with the extension-

-al direction inferred both from the geological studies of Nakamura ( 1970 ), 

and from the micro-earthquake studies of Klein et al. ( 1973 ). It also exactly 

corresponds to the direction of sea-floor spreading inferred from the magnetic 

results of Heirtzler et al. ( 1966 ), and Talwani et al. ( 1971 ), so that it 

seems very much as though this direction is the regional tectonic extensional 

direction. It is true too that those triangles which show positive dilatation 

also show a N130°E extensional direction ( e.g. the triangles bordering on the 

south-east fault ), so that the south-east fault can be assumed to be interpret-

-ed as a large normal fault related to the regional extension in the area. It 

should also be noted that ( chapter V ) most of the observed vertical movement 

in the area was across this fault. 

The second peak in the distribution of directions of extension is made the 

subject of a separate section of this chapter, and will follow shortly. 

It is now necessary to summarise the findings of this section, and to 
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FIGURE VI .14 
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FIGURE VI.15 
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compare them with the findings of the last section which discussed the 

results of other work and the tectonism of the Reykjanes peninsula. 

The results of the distance measurements show that shear is the dominant 

mechanism on the part of the Reykjanes peninsula studied. 

Positive dilatation, which would be associated with sea-floor spreading and 

crustal extension is found in significant amounts in only one place, across a 

large normal fault which also shows considerable vertical movement ( chapter V). 

The shear is distributed across a zone about 4 kilometres wide, whose strike 

• is not very well defined by these results, although as the south-eastern border 

of the shear zone is the large normal fault on which positive dilatation was 

found and this strikes at N45°E, the strike of the shear zone must be similar, 

The north-western boundary of the shear zone approximately corresponds with 

the north-western limit of the surface faulting, but might extend a little beyond 

it. 

The larger part of the shear movement ( which amounts to 26 	16 mm. per 

year across the entire zone ) takes place within a graben to the north of the 

geothermal field ( figures VI.8 and V.2 ), which the vertical angle results 

suggest id subsiding at a rate of about 25 mm. per year. Within the graben one 

. group of faults in particular seems to account for a large proportion of the 

shear ( see figure VI.12 ), indeed almost half of the annual total. 

Considerable negative dilatation ( - 50 ppm. in four years ), vertical 

subsidence of about 130 mm. in five years, and an' anomalous direction of 

maximum extension are associated with a geothermal field which has been produc- 

- ing a hot brine and steam mixture at a rate of about 100 kg. sec=1  for the last 

four years. This result is directly comparable with geodetic observations from 

another high productivity geothermal field in New Zealand. The anomalous extens- 

- ion direction associated with this field suggests a faulting direction differ- .  

-ent from that of, the main tectonics of the region. 

The prindipal tectonic direction of the region which governs 	non-geother- 

-mal shear and also the small amount of extepsdon observed is extension at 

N130°E 	20°, which direction is completely in agreement with the geologically 

derived extension direction, faUlt-pl4nesolutions from micro-earthquake studies 
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in the area, local directions of sea-floor spreading, and the direction of 

extension required if, as is indicated by the seismic and volcanic evidence, 

the Reykjanes peninsula is considered to be a left-lateral shear zone. 

The similarity between the area of the network and the other tensional 

groups of the peninsula suggests that the findings from the one should be 

applicable to all, and that therefgre shear should be the dominant mechanism 

along the entire peninsula, in which case the peninsula should indeed be consid-

-ered a left-lateral shear zone, with a small component of extension. 

According to the original definition of a transform fault ( Wilson, 1965 ), 

the Reykjanes peninsula cannot be one. Transform faults should lie on small 

circles of the pole of rotation governing the relative motions of the plates 

concerned. In this case the pole of rotation is at 68°N 137°E ( Pitman and 

Talwani, 1968 ) so that transform faults should strike at N100°E ( Klein et al., 

1973 ). The strike of the Reykjanes peninsula is, as has been mentioned before, 

N80°E so that it cannot be considered a true transform fault, and must show a 

certain amount of spreading as well, as has indeed been observed. 

However, it is significant that the direction of the Reykjanes peninsula is 

as would be expected from the normal structural geological analysis of a stress 

system whose extensional principal component is at N135°E, i.e. is parallel 

to the direction of local sea-floor spreading. This perhaps shows that the 

processes of plate tectonics are not in any way opposed to the normal consider-

ations of structural geology, but are as much controlled by them as are smaller 

scale problems. This leads to interesting'possibilities for analysing the stress 

systems operating in complex regions such as Iran and the south Pacific. 
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SECTION VI.7 	CONSIDERATION OF THE ACCURACY OF THE STRAIN 

PARAMETER ANALYSIS. 

In the last section a very large number of results of analyses of the 

distance measurements in terms of homogeneous strain was presented. 

Of these there were some, in the double-braced quadrilaterals of the 1971 

Reykjanes network, that were presented along with estimates of their accuracy. 

These estimates were all derived from the scatter of the values obtained 

from the four different triangles of which a double-braced quadrilateral is 

composed. 

For the triangles of the original network no estimates of the accuracy of 

the values of the three strain parameters was given, although it was noted that 

the spread of the values of the direction of maximum extension about the two 

peaks was such as to suggest that the standard deviation of the 130°  group was 

about 20°, while that of the 85°  group was about 8°. 

These values of the different standard deviations will now be discussed. 

The formulae from which the three parameters are derived are 
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where a,b, and c are the bearings of three directions from a fixed reference 

( e.4. due north ); 0 is the bearing of the extensional principal strain from 

the same reference; e
a' 

e
b' 

and e
c 
are the strains in the three directions; 

flandziare the shear and dilatation respectively. 

These- equations arelderived from the simultaneous solution of the three 

equations for ei  given in chapter IV. 

Uncertainties in the measured distances influence the values of 0,r" and LI 

,through the parameters ei. 

Estimates of the uncertainties in the values of the parameters e are 

obtained ( when more than two measurements are available ) from the range of 
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possible fits to the distance-time graphs shown ( for Reykjanes original 

network ) in Appendix E. 

It so happens that the short lines, on which a large scatter of the distance 

results would entail a large uncertainty in the strain, are also those which 

have been measured most frequently, so that the total distance changes are 

better defined than on the longer ones. 

The uncertainty in the strain measured on line 1 - 3 at Reykjanes is + 3 

ppm. ( the line is 513 m. long ), which compares with the uncertainty on the 

strain measurement of line 1 - 3 at Thingvellir ( 1620 m. long ), + 2 ppm. 

Thus,for the purposes of estimating the errors in the homogeneous strain 

analysis, the uncertainty in the values of ei  has been assumed constant at + 3 

ppm. 

Using this value and the principle of the superposition of errors in a 

typical triangle ( here assumed to be equilateral ), the estimate of the 

uncertainty in the direction of maximum extension is found to be 10°  for the 

situation where the total strains on each line are of the order of 25 ppm. 

( the lines around the geothermal field at Reykjanes ), and 22° on the rest of 

the original network, where the total strains have not been so large. ' 

The uncertainties resulting from this in the estimates of the shear and 

dilatation parameters turn out to be + 2 ppm. and +.3 ppm. respectively for 

each case. 

These uncertainties are quite large, but rarely approach the actual values 

obtained for the parameters, so that the interpretation of the results is not 

affected by this, except that some of the smaller values of the dilatation 

from triangles away from the geothermal field should not be considered very 

meaningfull. 
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SECTION VI.8 	CONSIDERATION OF THE CHANGES OBSERVED AT THE NORTH 

END OF THE ORIGINAL REYKJANES NETWORK. 

It was mentioned in the section dealing with the main presenta.tion of the 

Reykjanes results that certain of the changes observed at the north-eastern 

end of the original Reykjanes network are best explained by movements of two 

of the stations there in a discrete fashion. Strain analysis has not been,  

conducted in that part of the network because these movements are not deemed 

to represent tectonic effects ( at least one of them probably does not, although 

the other may ). 

The table below summarises the changes found at the north-eastern end.of 

the network. 

LINE 	 CHANGE (mm.) 

23-24 

23 - 26 

26 - 22 

26 - 24 

26 - 25 

0 before 1972, then suddenly 

+ 6 

0 

- 7 

+ 12 

- 6 

• The number of changes associated with station 26 is noticeable. 

The figure,beloWis a detail,ofthe network:in the area. 

1 Km. 

Assuming that stations 22, 23, and 25 have remained fixed, it is possible 

to solve the displacement vector solution for station.26, in which case the 

movement of that station is .7.5 mm..at,N100°W, and the changes on the various 

—lines involved are 

23 - 26 0 
26 22 -6.8 
26 - 25 -6.4 
26 - 24 ' +3.6 
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from which it is seen that the movement of the one station neatly explains 

all the observed changes associated with it except that of line 26 - 24, on 

which there remain yet 8.4 mm. extension unaccounted. 

This 8.4 mm. is certainly of the same order of magnitude as the'other change 

associated with station 24, the sudden 6 mm. increase of line 23 - 24 which . 

occurred 	between the 1971 and 1972 measurements. If it can be assumed 

that the extra 8.4 mm. on line 26 - 24 occurrred suddenly in the same period 

( for which there is no particular evidence one way or the other ) then both 

changes would be explained by ,2a sudden movement of station 24 by about 9 mm. 

in the direction N150°E. 

It can be seen from any of the figures illustrating the original Reykjanes 

network that station 24 lies a little to the south-east of the north-eastward 

extension of the large normal fault which forms the southern boundary of the 

zone of shear. This fault has already been shown from the strain analysis in 

the last section to have been associated with shear and extensional movements 

during the period of measuring, and the fact that the possible displacement of 

station 24 is in the direction N150°E, which is very like the regional extensio-

nal direction found, suggests that this displacement is related to the movement 

on the large fault. 

The movement was sudden, and may have Jeen the result of an earthquake 

swarm. However, its average value over the four years is two millimetres per 

year, which is very similar to the rate of 1 mm. per year extension estimated 

from the strain analysis for the large fault. 

The movement of station 26 however, is not so easily comprehended, indeed 

as it bears no apparent relation to any other process observed on the network, 

it has been assigned to the class of non-tectonic disturbance. 

These isolated displacements, or at least that of station 24, corroborate 

the strain analysis results to some extent, and provide further weight to the 

suggestion that extension across the peninsula is a great deal smaller than 	• • 

shear along it. 
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SECTION VI.9 	DISCUSSION OF THE N85°E PEAK IN THE HISTOGRAM 

OF MAXIMUM EXTENSION DIRECTIONS FROM THE REYKJANES 

NETWORK. 

It will be recalled that figure VI.15, the histogram of extensional direct-

-ions found from the homogeneous strain analysis of the results from the origin-

-al Reykjanes network, showed two distinct peaks. 

The one, at N130°E, has been associated with the regional tectonics of the 

area and shown to agree well with the direction of sea-floor spreading found in 

the region and with the extensional axes derived from other observations. 

The second has been shown to be associated with the geothermal field, and 

as will be seen from figure VI.14, is found also on the 1971 network in one 

quadrilateral. The line joining this quadrilateral and the geothermal field 

strikes at N30°E. 

Some sections ago, in the introduction to the tectonics of the Reykjanes 

area, it was mentioned that during the earthquake swarm that accompanied the 

great increase in the geothermal activity at Reykjanes, a series of en echelon 

north-south fractures opened. These were very noticeable because of the steam 

issuing from them. 

It was also observed that such a fracture system is indicative of left-

lateral faulting on a zone striking approximately at N30°E, exactly the strike 

of the zone showing the N85°E extensional axis discussed above. Indeed extension 

at N85°E ( together with the usual orthogonal compression ) would be expected, 

in a medium whose angle• of internal friction is 20°, to produce left-lateral 

shear planes at N30
o
E. Thus all these facts seem to be self-consistent. 

The problem then is to relate this group of observations to the regional 

structure which is defined, as has been shown, by an extensional axis at N130°E 

(f 20°) producing shear and a little extension along the Reykjanes peninsula 

in a N80°E direction. 

Figure VI.l6 shows an analysis of these directions based upon the observatio 

-ns of secondary faulting on the San Andreas zone by Moody and Hill ( 1956 ). 
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FIGURE VI. 	SECONDARY FAULT ANALYSIS OF 

OBSERVED REYKJANES SYSTEM. 
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This analysis is conducted according to the system suggested 

by Moody and Hill ( 1956 ). 

The anglep is the angle of shear, meaning the angle between 

the maximum compressive stress and the actual shear planes. 

The angle Xis the angle of tension, meaning the angle between 

the secondary maximum extensional axis and the primary shear' 

planes. 

Moody and Hill suggest that typical values for are between 

25
o 
and 35

o
, with 30

o 
most often encountered. 

They suggest too that fl varies between 5°  and 15°. 

The values of each used in this analysis are 5
o 
and 35°, with 

the primary left-lateral shear direction N80°E. 

Using these values, the direction of secondary left-lateral 

shear is N30°E; exactly as would be expected from the field 

observations. 

The secondary extensional axis inferred above agrees exactly 

with the results of the homogeneous strain analysis. 
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The primary shear direction, here ( unlike the San Andreas ) is left-lateral 

at N80
o
E. It gives rise to a secondary extensional axis at N85°E, probably as 

a result of dragging of the surface_ layers. 

The angle of this secondary extension relative to the primary shear is 

shown by Moody and Hill to vary from place to place between 0°  and 15°, so that 

the angle of 5°  used here is well within the possible range. This value for the 

angle was chosen because it fits the observations. 

The angle of internal friction which has been used here is also within the 

. range of values given by Moody and Hill, although at 20°  it is rather less than 

their 'typical' value of 30°. It too has been chosen for this analysis because 

it fits the observations, both of the primary shear direction in relation to 

the regional stress, and of the secondary shear direction in relation to the 

secondary stress. 

Thus it seems very probable that the faulting which occurred in 1967 result  

-ing in the great increase in the geothermal activity of the area was entirely 

secondary to the major shear zone of the Reykjanes peninsula. 

It is worth comparing this observation with information from other Icelandic 

geothermal fields. 

Ward and Bjornsson ( 1971 ) sho\i a map of the Hveragerthi geothermal field 

( their figure 6 ) which shows that the field strikes approximately at N22°W. 

If this were assumed to represent a secondary right-lateral shear zone then the 

primary shear would be left-lateral at N98°E ( assuming the same solid constants 

as for the Reykjanes area ). As this field occurs further east along the Reykjan-

-es zone ( in fact beyond the eastern end of the peninsula ), this would 

presumably represent the same shear zone as has been found from the distance 

measurements. 

Krksuvik is another thermal area on the Reykjanes peninsula, more or less 

mid-way between Hveragerthi and the trilateration network. Here the geothermal 

activity seems to strike at about N30°E, so that the situation is similar to that 

at the trilateration area. 

The numerous other geothermal sites in Iceland have not been investigated 
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in detail by this author so that how well-established the principle is cannot 

be definitely stated, but the indications are interesting. 

It may be remembered that quadrilateral 1 of the Vvatn network showed a 

peculiar ( relative to the other observations in the area ) direction of 

maximum extension. 

This anomalous direction, N146°E, does not however, bear any obvious relat-' 

-ion to the primary direction in the area, which was found to be N60°E, and 

therefore remains unexplained. 

Presumably though, in those places where the secondary faulting idea seems 

to fit the observations, there is only geothermal activity because the secondary 

faulting has broken the ground sufficiently for the hot water, which is found 

in fairly deep aquifers ( usually about one kilometre below ground ), to rise 

under hydrostatic pressure ( Elder, 1965 ). 

It could also be that the observed association of micro-earthquake activity 

with geothermal zones ( Ward and Bjornsson, 1971 ) also reflects this secondary 

faulting, although the mechanisms for events from these zones docnot support 

this idea ( Klein et al., 1973 ). 



Page 133 

CHAPTER VII. 	SYNTHESIS OF THE GEODETIC RESULTS AND CONSTRUCTION 

OF AN OVERALL TECTONIC PATTERN FOR ICELAND. 

In the last chapter the geodetic results from various parts of Iceland were 

presented and interpreted in the light of local structural observations. 

This chapter is divided into three sections dealing with the south, the 

north, and then the whole island. 

SECTION VII.1 	THE TECTONICS OF SOUTHERN ICELAND. 

The results from the Reykjanes peninsula showed predominantly shear, left-

:lateral along a N80°E striking zone about four kilometres wide, on which the 

total annual movement amounted to 25 	16 mm. 

At the surface this shear zone is evidenced by a series of en echelon 

tensional groups ( including fissure eruption axes which were probably 

responsible for building up the peninsula ) which continue eastwards along the 

peninsula as far east as Hengill ( figure VII.1 ). Here the en echelon arrange-

ment of fissure eruptions ceases. 

The results from Thingvellir, which is a few kilometres N35°E of Heqill, 

show mainly extension perpendicular to the strike of the graben, which is N30°E 

with a little contraction perpendicular to it. The extension rate is 6.+3 mm. 

per year, and the contraction is about 1 ppm. per year, although it is not 

known precisely how far this operates and therefore how much it represents in 

actual shortening. 

Figure VII.1 shows that the western zone of post-glacial activity continues 

northwards from Thingvellir along a N30°E direction. This line would take it 

beneath the Langjokull ice sheet. No historical activity has been reported from 

anywhere along this line, although there is a small zone of micro-earthquakes 

on the south-western side of the ice sheet. 

There have been recent eruptions ( probably not historical ) immediately 

—north of Langjokull ( Piper, 1973b ), some of which have been produced b.4/ 

-es striking N05°W and showing en echelon arrangements, indicative of sinistral 
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shear. 

From there post-glacial activity dies out completely, although the zone 

striking N05°W from this point was active during early quaternary time ( Ward, 

1971 ) and was very likely the northern axis of crustal extension. 

Thus the axis of post-glacial activity which passes through at N30°E peters 

out to the north of Langjbkull ( after undergoing another change of direction ). 

The northern end of the axis will be discussed in the next section dealing with 

northern Iceland. 

Hengill marks the end of the well-defined en echelon arrangement of eruptive 

fissures of the Reykjanes peninsula, and thus, it might be supposed•, the end of 

the N80°E striking left-lateral shear zone. 

However, the geological map of south-central Iceland ( Kjartansson, 1960 3 

shows that the rivers Thjorsa and to some extent Hvita have curious step-like 

courses whose longer sections, the treads, all strike around N45°E. 

It is proposed that these tread-like sections of the courses represent the 

continuation of the en echelon structure of the Reykjanes peninsula ( and thus 

of the shear zone ) eastwards to join the south-central zone of post-glacial 

activity a little to the north of Hekla. 

Taken alone this evidence for the continuation eastwards of the shear-zone 

is not compelling, but considered in conjunction with the distribution of epice- 

-ntres given by the J.S.S. 	figure,V4.2,) , it is thought to bear some weight. 

This extension of the shear zone was first proposed by Ward et al. ( 1969 ) 

who considered that the entire zone east from Reykjaneviti was a transform 

fault offsetting the_mid-Atlantic ridge eastwards to the south-central zone 

of post-glacial activity._ 

Ward ( 1971 ) later reiected this idea, principally because of the lack of 

surface evidence fors4cha fault,,and changes the strike of the proposed 

fracture zone ( which, he,considered ;to,be about 80 km. wide ) to N100°E, which 

goes neatly under-waterand,,has,theadditional advantage of being the pure shear 

_direction indicated by ; thepitman and,Talwani ( 1971 ) pole of rotation for this 

part of the Atlantic. This,shear zone would then intersect the south-central 
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active zone to the south of Surtsey and Heimaey, both of which have been recently 

volcanically active. ( Thorarinsson, 1967 ; Thararinsson et al., 1973 ). 

However, there is chemical evidence ( Jakobsson, 1966, 1972, and 1973 ) and 

geodetic evidence ( Brander and Wadge, 1973 ) to exclude both these recent 

eruptions from the true extensional axis of the south-central active zone. 

There is.also evidence to exclude Hekla from the main extensional axis of 

southern Iceland, thus allowing the intersection of the shear zone with the 

extensional axis to occur to the north of Hekla. 

This evidence is primarily structural, concerned with the strike of the 

Hekla fissure, with earthquake. fractures ( Tryggvason, 1967 ), and with obser'ved 

surface faults ( Tomasson, 1967 ). 

The strike of the Hekla fissure is seen from the geological map ( Kjartansson 

1960 ) to begin at N65°E, although it curves rapidly round to N45°E ( the overall' 

trend of the south-central active zone ) as it continues northwards. Although 

there appears to be no evidence of en echelon arrangement of the eruptive centres 

on it, this fissure has the same initial strike as the Surtsey eruption, inter-

-preted by Brander and Wadge as being a left-lateral shear zone. 

Likewise Katla, although ice-covered so that positive analysis is difficult, 

seems to lie on a fissure whose initial strike is N18°E, before swinging round 

like Hekla's, to the general N45°E trend. 

This strike is very similar to that of the Heimaey fissure on which distance 

measurements were made by Brander and Wadge during its eruption, showing it to 

be a zone of right-lateral shear. 

Tryggvason ( 1967 ) showed that the surface break of the 1912 earthquake, 

which was thirty kilometres long and occurred just west of Hekla, was a zone of 

en echelon segments indicative of right-lateral shear on a plane striking a few 

degrees east of north. 	 • 

TomassOn ( 1967 ) identified several surface faults at Borfell ( during the 

course of the construction of the power station there ) which is a few kilomet-

-res north-west of Hekla as being left-lateral and striking ENE. 

Thus the whole area from Surtsey north-eastwards to just north of Hekla • 
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includes both left- and right-lateral shear planes, which suggests that it is 

an area of pure shear showing both extension at N45°W and orthogonal compression, 

whose magnitudes are equal. 

There is chemical evidence for this region's being a shear zone as well. 

Gass ( 1972 ) shows that volcanic products from shear zones are of the alkali 

basalt type, as has been shown conclusively to be thecase for both Surtsey and 

Heimaey ( Jakobsson, 1966, 1972, and 1973 ). Jakobsson ( 1972 ) classes the 

basalts from Hekla and Eldgja ( another eruption in the same region ) as 

transitional between the alkali-rich shear zone type, and the olivine-rich 

tholeiites from extensional axes. Olivine-rich tholeiites occur on the south-

central zone to the north of Hekla. 

Thus the tectonics of southern Iceland seem to be governed by a left-lateral 

shear zone extending eastwards at a strike of N80°E from Reykjanesviti to a few 

kilometres north of Hekla, which ( from the trilateration results ) shows 25 +16 

mm. per year left-lateral displacement ( with, at its extreme western end,a 

very small amount of crustal extension ); an axis of extension striking at N30°E 

which joins the shear zone approximately half way along its length and shows 

extension at about 6 mm. per year ( with a small amount of contraction along its 

strike ); a second extension axis ( the south-central zone north of Hekla ) 

on which Decker et al. ( 1971 ) measured 63 + 31 mm. extension perpendicular to 

the strike in three years; and a zone showing equal amounts of extension across 

its axis and contraction parallel •to it which lies south of the intersection of 

the shear zone with the major extension axis. 

Each of these zones of deformation is illustrated symbolically in figure 

VII.3. 
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SECTION 	VII.2 	THE TECTONICS OF NORTHERN ICELAND. 

Northern Iceland has been greatly less well-studied than the south, and 

most of the work that has been done has already been summarised in the section 

considering the trilateration results from the Piljtvatn network. 

There are however, two further areas that have been studied in some detail, 

from which the results have some bearing on the total tectonic situation. 

The first of these is the area immediately north of Langjokull mentioned 

in the last sectdon as having been studied by Piper ( 173 b ). 

As observed above,he found that the tectonics of the area are dominated by 

N050W trending fissures, some of which show en echelon structure indicative of . 

left-lateral shear. 

It was also noted before that the zone which strikes at N05°W from Langj8kull 

to the coast is considered to have been the northern axis of crustal extension 

during early quaternary time. 

Faults showing a similar tectonic direction to those found by Piper are 

found on the north-east of Langjokull too, and presumably belong to the same 

structural group ( K.Saemundsson, 1967 ). 

Otherwise information from northern Iceland is limited to two observations 

of east-west striking fissures, one to the east of Langjokull ( H.Sigurdsson, 

1971 ), the other the eruptive fissure of the 1961 Askja eruption, and to the 

interpretation of the Snaefellsnes volcanic zone given by H.Sigurdsson ( 1971 ). 

Nothing is known of the east-west fissures. 

The Snaefellsnes volcanic zone has not been mentioned yet at all in this 

thesis, although it has been shown on every map of the island as an area of post-

glacial volcanism. 

It is the westernmost peninsula of Iceland and has been volcanically active 

throughout post-glacial time, with the most recent eruption dated at about 

A.D. 900. 

The peninsula is dominated by the 1400 m. high stratovolcano Snaefell, which 

occupies the centre of a zone of quaternary volcanic cones extended in a north-

west direction. 
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At the eastern end volcanic activity has occurred on two parallel lines 

which strike at N108°E. Of these the easterly one shows the more recent activity. 

H.Sigurdsson ( from whose 1971 paper all the above observations have been 

taken ) interpreted the zone as one of right-lateral shear, which he assumed to 

be a part of the proposed dextral transform fault striking due east and connect-

-ing the Langjokull post-glacial active zone to Askja and the north central 

active zone. This transform fault has been the subject of some debate since its 

first proposal, and has now been rejected as a'result of the complete lack of 

evidence for its except.on the Snaefellsnes zone. 

Thus the tectonics of the north seem to be governed principally by the 

north-Central zone of post-glacial activity, which, from the trilateration 

results and the structural analysis of the Tjornes Fracture Zone given in 

section VI.2, has been seen to be 	north-south trending fracture zone showing 

predominantly extensional movement in an east-west direction of about 5 mm. per 

year. However, it also shows a certain amount of left-lateral motion. 

Otherwise the role of the various structures in north Iceland is not espec-

ially clear, although it is hoped. that after the next section a great unifying 

pattern will emerge. 
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SECTION VII.3 	STRUCTURAL SYNTHESIS OF ICELAND. 

Figure Vii.3 is a symbolic map of the features which have been discussed 

in the last two sections. 

All the structures shown are in the correct spatial orientation, and the 

dimensions of the larger structures are approximately correct. The smaller 

fractures, e.g. the Snaefellsnes, Langjokull, and Askja fractures Save been 

exaggerated. 

Directions of motion are not to scale, and in the case of the mid- Atlantic 

ridge, the South Central Zone, and the Tjornes Fracture Zone, may not be 

indications of the complete movement. 

If the Reykjanes zone is taken to be a zone of almost pure strike-slip 

movement, and the mid-Atlantic ridge ( which has been extended north of the 

intersection with the Reykjanes peninsula in order to include the magnetic 

anomaly found in Reykjavik harbour by Talwani et al. ( 1971 )) is assumed to 

show pure extension, then the only reconciliation between these structures is 

a pole of rotatiorrat 65°N 21°E, as is shown on figure VII.3. 

It can be seen from the figure ( remembering that zones of pure strike-slip 

movement lie on' small circles about the pole of rotation and that zones of 

pure spreading are sectors of great circles through 	the pole ) that 

the Snaefellsnes fissures' ( whose strikes. are at N108°E ) should show almost 

pure strike-slip movement with very little extension. This is supported in a 

- qualitative way by the observations from there, although no estimate can be 
made from the purely geological observations of the quantities involved. 

However, the suggestion of Sigurdsson that the two fissures in eastern 

Snaefellsnes represent a dextral shear zone is not thought to be such a good 

representation of the observations ( especially with regard to the eastward 

continuation of such a zone ) as is i the proposed rotation pole. 

Likewise, the Langjokull zone would be only slightly Extensional, which is 

once again in qualitative agreement with the geological observations. 

The Askja fracture, however, would lie almost on a great circle through the 

pole, so that extension would be its predominant movement, as is suggested by 
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the continued volcanic activity from that mountain. 

This pole position would also explain the rotation along the strike of the 

Reykjanes peninsula of the various tensional groups discussed in chapter VI, 

and more importantly, the lack of extrusive activity on the eastern section 

of the Reykjanes shear zone, which can be seen to lie even more than the west-

-ern part along_a small circle_ about the pole. 

The Thingvellir zone strikes very near to a great circle direction, which 

is in agreement with the observed extension across the zone, although a little 

shear would also be expected, just as is observed. 

The MS,vatn zone would be expected to show a combination of extension and 

shear, with the component of extension increasing northward. It can only be 

said that the trdlateration results of chapter VI agree generally speaking 

with this conclusion. 

The Tjornes Fracture Zone shoUld show almost pure strike-slip movement 

along its entire length, just as has been proposed for it, and the Kolbeinsey 

ridge, which is not shown on figure VII.3, should show pure extension, just as 

has been proposed for it. 

The main breakdown of the proposed pole is the South Central Zone, which 

ought to show considerable strike-slip movement. 

There is no evidence for this ( the geodetic results of Decker et al.(1971) 

were not sufficiently refined to make any definite proposal as to which direct-

-ion their observed movements were in ), and only the chemical evidence against 

it. Also the stub of the south-central zone including Hekla and the area to the 

south of it has been'shown to be predominantly a shear zone, but there the 

chemistry reflects this. 

Thus, until more refined geodetic work has been conducted in the south 

central area this proposed pole of rotation should not be dismissed as being 

tontrary,toobservations, especially as it explains, apparently excellently, all 

the other tectonic features of the country. 
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CONCLUSIONS 

In the abstract the ultimate aim of this thesis was proclaimed as the 

establishment of of a coherent, unifying tectonic picture of Iceland. 

In all honesty it cannot be stated that this has been completely achieved 

since the quantitative effects of the pbstulated pole of rotation have not been 

investigated. However, suggesting such a pole is a new idea arising from the 

observation of shear movements on two of the post-glacial active zones which 

were hitherto considered to represent pure extension. 

It is hoped that further work on the South Central Zone will show whether 

or not shear movements exist there too. 

However, despite the incomplete attainment of the projected goal, this thesis 

has shown that trilateration measurements can 'be made to work, and that provided 

certain precautionS are observed regarding the conditions in which they are 

attempted, the results can be of high accuracy. 

The design of networks, a point not sufficiently appreciated at the beginn- 

ing of the Icelandic work, can be seen from the fact that most of the movement 

detected on the Reykjanes zone is occurring on the 1971 network to be of the 

utmost importance. 

From the practical point of view, probably the most interesting results are 

those relating to the geothermal field at Reykjanes, which show that geothermal 

activity and secondary faulting are very considerably linked, and also that 

an exploited geothermal field shows much the same behaviour at the surface ( in 

terms of horizontal and vertical ground deformation ) as exploited oil fields. 

This result must therefore be considered by engineers designing the installations 

and services of the producing geothermal fields which will surely soon be 

providing much of the world's energy requirements. 

One interesting possibility is that the -observed surface effect-' 	of 

the mass discharge from a geothermal field is some indication of the capacity. 

of the field. 

But one of the most satisfying parts of this thesis has been tying in the 

various structural geological observations with the trilateration results. The 
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secondary faulting analysis provided one of the supreme moments in the interpre- 

° 
-tation, as did the discovery that the large normal fault at Reykjanes showed 

both vertical and horizontal movements in a sensible direction. These are the 

two instances of non-mathematical proof of the technique, which between them 

are considered to validate the entire approach. 

It would be encouraging to the 'author to think that the techniques which 

have been introduced and shown to work in this thesis might be applied to some 

advantage in the wider context of the great social and economic upheavals 

caused by catastrophic ground movements, whether seismically or volcanically 

derived. 

A start has been made on this work with the first measurements, from which 

the results are highly encouraging, of a very long trilateration network ( emb- 

odying all the principles of good network design laid down in chapter II ) 

in the Imperial Valley of Southern California. Some of the results of this'work 

are briefly mentioned in the thesis ( the statement about the width of the 

plate boundary comes from the Californin results ). 

This work has also been begun in Iran, mainly in the east, where after only 

two measurements several millimetres of displacement have been observed on the 

fault responsible for the great 1968 earthquake in which 12,000 people died. 

The thesis makes reference to published work by Brander and Wadge, which 

describes the results of these measurements on the erupting Heimaey fissure 

earlier this year. It is possible that the network established for those measur-

-ements might be periodically remeasured in order to provide warning of any 

renewal of activity. 

On Sicily too these measurements have been made at regular intervals since 

the last eruption of Mt. Etna ceased. Assuming that a new eruption is not far 

away and that another measurement is possible there, then very valuable results 

regarding the surface deformations during the eruption cycle will have been 

obtained. 

Thus it is thought that despite the lack of attainment of the proclaimed 
. 	. 	1 

goal, this thesis does provide sufficient evidence of tangible results to be of 

some value. 



Page 146 

APPENDICES. 
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ILLUSTRATION OF THE DISPLACEMENT VECTOR SOLUTION TECHNIQUE. 

Figure A.1 shows the model used. Stations 1, 2, and 3 form an isosceles 

triangle whose apex is station 1, the origin. 

The co-ordinates of the stations are 

( 0,0 ), 	( 0,1 ), 	( 1,0 ). 

A'faulti  crosses the figure at y = 0.5; displacement occurs on this 

fault such that station 2 is displaced 10-4  in the positive X-dirction. ( The 

scale used here corresponds to 10 mm. movement in a 100 m. distance; a great 

deal by the normal standards of this work.) The displacement of this station • 

may thus be written (10-4,900 ), where the reference direction is +Y. 

Table A.1 lists the old.and new distances, and the changes. 

LINE OLD LENGTH• NEW LENGTH CHANGE 

1 	- 2 1 1.0000000049 +4.9x10
-9 

2 - 3 1.41421356 1.4141428534 -7.1x10
-5 

3 - 1 1 1 0 

Thus applying the analysis technique described in Chapter IV., and taking 

stations 1 and 3 as stationary, 

component of Z 	towards 1 = -4.9x10
-9 

component of Z2  towards 3 = 7.071x10
-5 

where 
	
is the displaCement vector of station 2.,  

I 1_ 	10 	.1 I 
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Figure A.2 shows the vector diagram for this problem. 

From this it may be seen that 

A.cose 7.071x10
-5 

A.cos(135-9) 4.9x10
-9 

A.cos135.cos9 A.sin 135.sine = 4.9x10
-9 

A.sin135.sine = 4.9x10-9  7.071 2  x 10-5  

A.sin9 = 4.9 x 10
-9 
 + 7.071

2 
x 10

-6 

.7071 

dividing by A.cos9 = 7.071 x 10-5  

tang 1 

9 450  

A 10
-4 

Referring to the vector diagram ( figure A.2 ) shows that this implies 

displacement in the positive X-direction of 10
-4

, exactly as originally 

assumed. 
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APPENDIX B 

ILLUSTRATING THE STRAIN-PARAMETER SOLUTION FOR A SQUARE 

UNDERGOINGA  STRIKE-SLIP DEFORMATION. Y  
2 
FIGURE B.1 

Figure B.1 shows a square of unit side cut in half by a 'fault' 

parallel to the X-axis. 

Stations 1 and 2 each move 10
-4 

right-laterally along the fault 

	

The change on line 1 - 2 	= 	0 

	

on line 3 - 4 	= 	0 

	

on line 1 - 4 	= 	4.9 x 10
-9 

	

on line 1 - 3 	= 	-7.071 x 10
-5 

	

on line 2 - 3 	= 	4.9 x 10
-9 

	

on line 2 = 4 	= 	7.071 x 10
-5 

Applying the strain-parameter solution described in chapter IV. to 

each of the four triangles gives the following results: 

TRIANGLE SHEAR 

(x105) 

DILATATION 

(x10
5
) 

DIRECTION OF MAX. 

EXTENSION 

4 - 1 - 2 14.1 0 45
o 

 

1 - 2 - 3 14.1 0 225°  

4 - 1 -2 14.1. 0 45°  

4 - 2 - 3 14.1 0 45° 
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ILLUSTRATING THE STRAIN-PARAMETER SOLUTION FOR A SQUARE 

UNDERGOING PURE EXTENSION 

Figure C.1 shows a square of unit side cut by, a tension fissure 

parallel to the X-axis 

Stations 1 and 2 each move 10
-4 

 in the -FY direction. 

1 	'-, 	2 = 0 

3 - 4 = 0 

1 	- 4 = 10
-4 

2 - 3 = 10
-4 

1 	- 3 7.071 	x 10
-5 

2 - 4 = 7.071 x 10
-5 

The change on line 

on line 

on line 

on line 

on line 

on line 

Applying the strain parameter solution to the four triangles gives 

the following results; 

TRIANGLE SHEAR A  
( x 101 

DILATATIgN 
( x 101 

ANGLE 	OF 	MAX. 
EXTENSION 

1 - 2 - 3 1.08 - 	1.00 169°  45' 

4 - 1 - 3 1.08  1.00 -11° 15' 

4 - 1 - 2 1.08 1.00 11° 
  • 
15' 

4 - 2 - 3 1.06 1.00 11° 45' 

where the angles are measured clockwise from +Y. 

These results indicate that the calculated shear, which was zero in the 

original model, must alternate between left- and right-lateral in order to 

average zero. 
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APPENDIX 	D. 	THE DISTANCE - TIME GRAPHS FOR THINGVELLIR. 

In the following twenty five pages the distance against time graphs for all 

the lines measured at Thingvellir are shown. 

On each, time is measured in years from the beginning of 1968, the name of the 

line and its approximate ( whole number length ) are shown in the top right-hand 

corner, and the excess of the length over a whole number of metres is shown as 

the ordinate. 

Straight lines have been fitted to all of the distance-time graphs. 

The error bars shown associated with each plotted point are derived from 

the square root_of the sum of-the squares of the expected error for the length of' 

line concerned and the_standard deviation of the readings from which the measure-

ment is derived. The expected error is given by the formUla of chapter III, and 

is usually very much larger than the standard deviation. Indeed only in the 

1968 measurement ( when the effects of unsuitable atmospheric conditions were not 

appreciated ) is the standard deviation a significant part of the error bar. 

The results of these measurements are discussed in chapter VI. 
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APPENDIX E 	THE DISTANCE.- TIME GRAPHS FOR THE REYKJANES 

MEASUREMENTS. 

The following forty_five pages show the distance-time graphs for the lines 

of the original network atReykjanes. 

On each the whole number distance and line name are shown on the top right-

hand corner; the ordinate expresses the excess in the measured distance over an 

integral number of metres. 

Time is measured in years from the beginning of 1968. 

On some curves it will be seen that two different symbols are employed. 

Small triangles indicate that the line was measured in the direction given 

by the line name; small circles indicate that the line was measured in the reverse 

reverse direction. 

Error bars are the square root of the sum of the squares of the expected 

error for the length of line concerned ( as given in chapter III ) and the , 

standard deviation of the group of readings from which, the measurement was deriv-

-ed. 

Straight lines have been fitted to the plots of almost all the lines. In only 

one or two cases does there appear to be no justification for fitting a straight 

line to the results. 

These distance measurements are interpreted in chapter YI. 
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