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ABSTRACT

Horizontal movements of the earth's crust have been
investigated using a MekOmeter,-a modulated light-beam distence
measuring device, deveioPed at the United Kingdom's National
Physical Leboratory, Teddington, by K.D. Froome smd
R.H. Bradsell. The Mekometer, which times the return flight df
a light pulse from itself to a target réflector, has a range of
up to three kilometres, and a sensitivity of O.1 mm, or 1 part
ih 107,‘which ever is the greater. The accuracy is normally
limited by uncertainty of the refractive index of the air along
the light path. Methods have been developed to increase this
 accuracy.

The measurements were made in Iceland to provide
informatioﬁ concerning the tectonic movements associated with
mid-ocean ridges. In one of the areas stﬁdied a2 shear strain
with a maximum extension of 5.0 parts per million per yeér, in
a diréction 53°east of north has been measured. The orientation
of the stress field suggested by this strein is consistent with
the surface cracks observed in the aréé., Possible origins of

this stress'field are also'discuséed;
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CHAPTER 1

INTRODUCTION

1.1 The Theories of Continental Drift and Sea~Floor Spreading.

In recent years the theories of continental drift and
sea~-floor spreading havé become widely accepfed as providing
the best explanation of global tectonies. Work on thevmagnetic
.anomalies ceaused by ocean crust has furnished estimates of how
~ the motion has taken place over the last few million years.
The work described in this theéislwas aimed at providing
information about how the processes are taking place at‘the
present time, | |

_ The idea of sea-floor spreading was'first put forward

by A. Holmes (1944). The theorvaas‘enlarged upon by Dietz
(1961) and Hess (1962), and since then much new evidence has
been put forward to support these ideas. A brief summary of ‘the
theories is given here, a fuller version of the present ideas
is given by Isacks, Oliver and Sykes (1968).

The surface of the earth is thdught to be composed of .
a strong rigid layer, the 1ithdsphere, which is up to 100 km in
/thickness.‘ Beneath the lithosphére lies the asthenospheré ‘
" which has no étrength on the geologicalytime‘éeale..‘It is made

up of plastic rock which may creep and flow.
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The lithosphere is divided into blocks of varying size
.which are thought to be floating on the asthenosphere. The
boundaries of these blocks are the zones of seismic activity in
the earth, i.e. the ocean ridges, the island arc énd trench
systems and the major strike-slip faults., The differing tectonic
features found on the earth are the results of various relative
movements of these blocks.
Where the blocks move apart ocean ridges are formed.
For example, the Mid-Atlantic Ridge is caused by the separation
of the Americas from Africa and Burope. Where the blocks are}
‘_moving together'one underthrusts the other to produce a trench
and island arc when the two blocks are ocesnic, or an ocesn
trench and coastal range if one block ié continental. An
}‘example of the former is the Japanese island arc with its
associated trench, and of the latter, the Andes bordering
South America. Where the blocks are moving alongside each
other major strike-slip faults occur of which the most famous
is the San Andreas fault system.
A strength of the theory is that it ié supported by

- evidence from widely differing fields of experiment. The
theory of sea=-floor sPreading suggests that new crust is formed"
- at an ocean ridge and then carried away‘from the ridge, as on a
~ conveyor belt, as more‘crust is generated. Early evidendé,for
this was the ihcreasing age of oceanic islands with their
distance from ridge axes.

 The most spectacular evidence in'support of the theory
- came from the characteristic ocean floor magnetic anomalies
which were first reported by Mason end Raff (1961). Thése.‘

magnetic enomalies are long strip-like anomalies parallel to the
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ocean ridge and symmetrical about it. They were explained by |
Vine and Matthews (1963) as‘being due to normally end reversely
magnetised érust being formed between geomagnetic reversals.
Experiments carried out on rocks to find their directions of
magnetisation have shown that some are magnetised in the
opposite direction to that expected. It is thought that the
earth's magnetic field has two stable states, one normal as at
-present, and another reversed, which is a field of the opposite
sense. From various dating experiments the periods of normal |
and reversed field have been firmly established fdr the last

10 million years and less well for older periods.

Vine and Matthews showed that by assuming a constant
spreading rate the linear magnetic anomalies cduld be explained
in sense and magnitude by crust being magnetised in the
prevailing earth's magnetic field as it formed. The magnetised

crust was then trensported from the ridge rather like a recording
on a magnetic tape. |

Large off-sets of the magnetic pattern have'beeﬁ
noticed along fault zones. Some of these off-sets'suggested
.;tfanscurrent faulting with displacements of up to thousands of
kilometres. Seismic evidence however suggested that displace-
ments were taking place'in an opposite éense to those indicated
by the off-sets of the magnétic ahomaly. This préblem was
‘solved by Wilson (1965) who postulated the transform fault.
The latter is formed wherever.thekécean,ridge is off~set. - EBach
branch genérates‘Crust in the normal way’céusing a counter

‘current between the two branches.

r.
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The mechenism of crust generation is thought to be by
dyke injection énd fissure eruptions. This has been supported
by work in Iceland (Walker, 1965). .

More recent support for the new theory of global
tectonics has come from seismology. Fault plane solutions have
been carried out for earthquakes from many parts of the world.
It has been shown by Le Pichon (1968) that the slip vectors
derived from these studies are compatible with the motion of
large rigid blocks of the earth's crust.

Other evidence frdm many disciplines supports the idea
of continental drift and sea~floor spreading. ZFloral and
, faunal evidence suggests that the Americas and Europe and
 Africa were once joined. The coastlines of the two land masses
can also.be'made to fit together closely (Bullard, 1965). It
has been shown that the ocean sediments are thicker away from
the ridge axes (Ewing, 1964). The ages of the oldest fossils
on thé ocean bedialso increase away from the ocean ridge
~ (Funnel, 1969). |

The theory of the formation of island arcs and their
associated deeps by ‘one block of lithosphere underthrusting
andther also seems to fit the evidence Very well. ;The island
arcs are marked by high isostatic gravity anomalies. The
islands or. continental margins are notéble for evidence of
severe compression normal o the arcs.

The island arcs are also noteble as heing sources of
deep focus éarthqﬁakeg. The fault plene solutions and focal
lposition of these‘earthquakes are consistent with one slab of

lithosphere underthrusting another. Seismic refraction studies
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of islaﬁd arcs also support this structure (Badgley, 1965).
Graben-like structures are found at the position of downwarping
caused by the local tension on the seaward slope of the trench.

| The strike-slip motion of the plate boundaries is best
characterised by the San Andreas feult. This seems to be a vast
transform fault connecting ridges off Oregon wifh those in the
Gulf of California (Isacks, 1968). Displacements ofvup to
500 km have occurred along this fault. Most of the earthquake
activity is confined to the upper 5-10 km so that at depths of
20 xm the deformation must be by plastic creeping.

Little is known at present about the driving

mechanism for these movements. It has been suggested that the
: motion is due fo large scale convection currents within the
" earth's mantle. (Bott, 5967), The shape of the required
convection cells however seems'rather unlikely if the convection
cells are to penetrate to great depth. To overcome some of the
difficulties the movements have been postulated as arising from
currents caused by the interaction of a proposed asthenosphere
with the.lithosphere. The‘asthenosﬁhére is supposed to lie
between 1001km éﬁd several hundred‘kilometrés beneath the
earth's surface, It coincides with & layer which strongly :
attenuates seismic S-waves. Soméilight should be thrown on the
problem. by globalﬁgravity,frends beingyestabliéhed ftom“
satellite data. ' R '
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1.2 Previous Work.

The direct measurement of some crustal movements has
already taken place, mosfly in California along the great
'San Andreas fault system. Extensive work has been carried out
| by the State of Ca;ifornia's Department of Water Resources
(1968), who have a practical interest in the movements along
the San Andfeas fault zone. |

Their work was started in 1959 based upon measuring
| the lengths of isolated lines across the fault zone. During
the period 1965 to 1967 further lines were added, many in the
- form of clésed figures. The measurements were made using a
Geodimeter M2A, a light beam distance measuring device. These
measurements have shown thaf side-slip movement is taking place
| along the San Andreas fault at a rate of about fdur centimetres
a year. The individual lines were 8-20 miles long and measured
with an accuracy better than two centimetres.

In the Dixie Valley-Fairview Peak area of Nevada
(Meister, 1968) strains of up to 3 x 10~% have been measured by
the convéntional methods of geodetic surveying. These strains
occurred during four earthduakes in 1954. Near the féult, the
extension was generally greater then the compression and at
right angles to it. The fault line was approximately at 40
degrees to the direction of maximum compreésion. This work was
carried out using a theodolife on a triangulation network. |

Repeated measﬁrements have also been made in Japan by |
~ Kaszhara et al (1968) using‘a’geodimeterion specially built vase
lines. Their networks, consiéting of three lines meeﬁing at a

point, were built to monitor the horizontal deformation
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.associated with the very strong Matsashiro earthquake swarm.
" The lines were about three kilometres in length and measured
with an accuracy quoted as "probably about + 10 mm". Repeated
measurements have been made since October 1965. The deformations
reached a climax in October 1966 when one of the networks showed
changes in the three lines of +116 cm, +72 cm and -22 cm. The
strain ellipse postulated agreed with thé polarity of P-wave
first arrivals noted at nearby seismic stations.’ During the
phase of decaying seismicity the 1ines.recovered slightly and by
'March 1968 had recovered by approximately 10 per cent. Ground
fissures suggested that the original.movements had taeken place
by means of left latferal strike-slip faulting.
‘ - Some similar work has also been carried out in
Iceland. A network in the Myvatn ares in the north of Iceland,
was cohstructed and first measﬁred in 1938 by Niemezyk. This
was remeasured in 1965 by Gerke (1967) who found that the errors
in the earlier measurements‘were so large that no movements
could be detected.

In 1967 Decker (1968) made geodimeter traverses across
both of the active zones in southern Iceland and measured some
lines on Askja, a volcano in‘centralyIceland. »As yet this

survey has not been repeated.

1.3 The Present Work.

As yet no direct measurement of the horizontal strain
associated with ocean ridges has been reported.‘ Apart from the
- work on the San Andreas feult system, the deformations ° |

measured in both America and Japan have been associated with

’
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violent earthquake swarms resulting from stress build-up in the
| crust and lithosphere. On ocean ridges however, the crust and
lithosphere are greatly thinned making Stress'buildaup and
major earthquakes. less likely. Of 175 earthquakes with a
magnitude greater than or equal to 7.9 reported by Richter
(1958) only five originated in the world rift system. Nearly
all the large earthquakes on the rift systeﬁ seem to occur
along the major transform faults.

Since the crust is so thin over ocean ridges any
movements should be closely connected with convection currents
or movements in the asthénosPhere. The most favourable place
to study the movements across an ocean ridge seems to be
Iceland. Iceland is unique in being astride é typical section
of ocean ridge; it exhibits many of the features expected of
sea~floor spreading. | ‘

Iceland extends dutside the active zone of the nmid-
Atlantic ridge to the east and to the west. It_is divided by
- an active zone running from north-east to south-west which has
a characteristic graben structure. In the'southern half of
Iceland the zone divides into two branches. The isiand is
nearly entirely'made up of basalt4in the form of gently dipping
lava piles and central volcanoes. Recent activity is.well
marked by the characteristié palagonite formations formed
during the last ice age, and better still by fhe narrow zones .
of post glacial activity. |

) The older rocks are found to the east and west of
‘Tceland with the younger rocks in the central zone. The post

glacial activity has taken the form of sometimes 1arge fissure
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eruptions and the formation of open fissures. These features
are largely parallel and are suggesti?e of tension across the
Zone. |

The older lavas geﬁtly dip towards the active zone
(Walker, 1965) and Qere erupted through dykes which are mostly
rarallel to present day fissures. As é result of extensive
work in the easfern part of Iceland Walker suggested that
erustal drift in Iceland was taking plaée by the forcing apart
of east and west by dyke injection at the centre. The open
fissures were-visualised as being due to dykes which had not
reached the surface. -‘

Since the active zones mark the boundaries of the
blocks of c¢crust in Iceland, the relative movements between the
blocks can be determined by studying the deformations ocecuring
in these active zones. The aim of the present work was to
study the deforﬁations taking place, or at least develop a
method by which the deformestions might be measured.

Since these active zones are at least a few kilo~
~metres wide the problem is one of accurate surveying. As the
-aim was to measure movements over periods of only a few months
"of less the expected strains were very smail, 6f the order of
10-6. Distance measurements of this accuracy have recently
been made feasible in the field by the development of electro-
magnetic distance measuring instruments. These instruments
measure the times_of‘flight of electromagnetid pulses along the
line to be measured. Their accuracy is theorétically limited
by a knowledge of the refractive index of'the air along the

measured lines.



20—

, The most advanced of these instruments over the range
of 50 m to 2 km is tﬁe Mekoneter developed at the National
Physical Laboratory, Teddington by Froome and Bradsell (1966).
The Mekometer has a sensitivity of 0.1 mm or'1'part in 107, and
an accuracy normally limited by uncertainties of the atmospheric
temperatures. This instrument is not yet commercially

- available, but a prototype was kindly loaned to us by N.P.L.

: The first field season in Iceland was-from June until
‘October 1967. During this period two geodetic networks were
set up in the south-~-west of Iceland at Reykjanes ahd Thingvellir,
‘and some preliminary measurements made. These networks
consisted of concrete pillars laid out in rigid triangulation
grids. The points of reference were the centres of mounting
platee cemented into the tops of these pillars.

The second’period of measurements was'dﬁring the last
week of March 1968. The third field season was from July until
September 1968, during which time the Reykjanes network was
extended and completely measured, and the Thingvellir netﬁork
partially measured. The fourth field season was from March
duntil May 1969, when both networks were completely measured.

The results from these four'surveys are discussed in'this thesie
.} and the work continues.

Significant movements of the order of five parts per
"millibn per year‘have been detected. In many cases these |
strains are assdciated with surface cracks, so an attempt has
also been made to relate these observed deformatlons and cracks

to the pronounced flssure patterns seen elsewhere in Iceland.
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The range and sensitivity of the Mekometer are such
that it was found convenient to use a modulation wave-length
approximately two feet long. For simplicity of'operatioﬁ for
the general user it was decided to make the instrument read
_ distances directly in feet. Throughout this thesis therefore

Mekometer readings and results are quoted in feet.
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CHAPTER 2

THE MEKOMETER

Much of the information contained in this. chapter is
teken from papers published by Froome and Bradsell by kind
permission (Froome and'Bradsell 1966; Bradsell 1966; Froome
and Bradsell 1968).

The Mekometer is a distance measuring instrument
designed and made at the National Physical Laboratory by
Dr. K.D. Froome and Mr.'R.H, Bradsell. It can measure with an
“accuracy up to 0.1 mm and operate ovei distances of up to three
kilometres. It uses a modulated light beam and counts the
 rumber of wavelengths between itself and a target reflector.

The Mekometer was not designed for geophysical use
‘but for'civil engineefing projects and short range surveying,
for example in towns. It has been used for,layiﬁg out the |
existing and proposed radio telescopes at Cambridge. It has
béen used to 1§y out the new storage ring and particle
.accelerator 8t C.E.R.N. in Switzerland. The new railway tunnel
for Heathrow Airport has also been surveyed by the Mekometer.
For prbjects such as these the Mekometer produces answers as
/good as, if not better than, by taping, in a fractlon of the
time, at a fraotlon of the cost. It is extremely costly ‘o lay
vinvar tapes across runways or thraugh builtaup areas.

\
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It is impqssible to lay tapes from receiver to
receiver on a radio telescope array, as the points to be
measured are high off the ground. Because of its high accuracy
the Mekometgr now makes feasible measurements of dam deformation
and rock creep, which could‘only be indirectly inferred
previously., _

The commercial applications of this instrument are
limitless. Where accurate work previously had to be done by
taping, it can now be done by Mekometer. This makes surveying
by traverse much- easier than before; ~triangulatibn is impossible
in tunnels, buiit—up areas and mines. .Triangulation networks
can also now be surveyed more accurately by trilateration than
ﬁy theodolite.

Because of this wide range of applications and possible
users the Mekometer has been designed to be as simple fo use as
possible. By referring distances to a compensating reference

'>cavity the need for refractive index corrections is eliminated,
.'except-in.extreme Qonditions, or where the highest éccuracy is |
'required. The distance is obtained directly in feet without any
need for calculation except perhaps:to‘subtract a two feet end
correction. The Mekometer is light and portable, being divided
into the instrument itéelf and a power supply and battery unit;
The two units each weigh about 5.5 kg (12 1bs). The power
consumption is only about 16 watts; enabling an average day's

work to be done using the internal battery.
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2.1 The Modulation Principle.

The heart of the lMekometer is the modulation system.
.The light beam is modulated at 3ﬁst under 500 MHz to give a
modulation wavelength of two feet. Modulation is achieved by
means oflKDP (potessium dihydrogen phosphate) crystals which
exhibit.a linear electro=optic effect (Pockels effect).

KDP is a un;axial crystal having two_equal refractive

indices. The indicatrix thus has the equation
/ﬁ(X +5 Z'j f
‘
For an electric fleld in the Z direction the refractive indices

- becone

Ny s N+ 4V E,

Ng = N = %V'Ez

nz. s n¢

where I* is an electro-optic constant.
'The crystal axes are in fact at 45° to the axes‘df the
indicatrix, thus if plane polarised light is propagated along
the 7 axis with its plane ofvpolarisation parallel to the X or
lﬁcrystal axes there will be a phaee difference 9 between the
X;and Y; components given ‘by
0= 2—’{-4 (ﬂx:"":!;)-

where d = the thickness of the crystel

A= the wavelength of light. _
This will in general give ellipticelly polarised light (plane -
polarised for © = 0° and circularly polarised for & = 90°%): |
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Substituting for MNx; and Ny; we get

_oamvV
0: A

where V-‘- Ezd ’ the voltage across the crystal.
The phase difference along the optic axis is thus a function of
V only. If the spplied field is alternating, the phase

difference is

A
9'. ~v—": sin (wt)

where Vm s 'ZLV' is the value of voltage (30 kv) which will
produce maximum elec‘tro—optic effect, i.e. produce plane
polarised light perﬁendicular to the initial plane, i.e. @2
If the light is now allowed to travel to a reflector
a.nd. then return through the crystal where will be an additional

phase difference of

0,: l\T/'.‘.’Y sin (wt@@ll’-é) +e

where O = length of light path to reflector
| L = modulation wavelength in air :

€ = any additional ellipticity added along the light path,

- €48+ by the reflector. |

The total phase différen.ce‘e is equal to 6,+6,

i.e. v .. 2718 21é
0= 27 sin (wt+ 212) cos (3] )+e
If the light is now passed through a second polariser |

crossed relative to the first the resultant. intensity can bve

shown to be

Ie sin’(%) :
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The photodetector output is proportional to the time
average of this. t _
L [ [TV sin(otr 22 cos (228)+ £1dt
I v, L Lo 2
t i |
o .
This reduces to '

. 5
I- %—94- .Izscose{¢.}o (237 cos Z‘E')}

where .L is a Bessel function of zero order.

This function is shown plotted for various values bf )kﬁg and e .

The photodetector output is minimum for | '
8: N‘é!’ + _|4-:

where N is an integer.

This shows that the system is an error-free modulator and .

demodulator. Any change in ellipticity &€ along the light path.

weakens the minimum, but does not alter its position.. It can

also be seen that it is best to use high values of quh, which

makes the minima sharp and the maxima broad and double.

2.2 [The Optical System.

R

‘The light source is a Xenon flash tube. The light is
made parallel, plane polarised and modulated. The beam is then
imaged down by a short foéal length lens at the focus of‘the
transmitting objective. The emitted beam is limited to ome
milliradian‘divergence'by a stop at the focus of the objective.
The light then passes along the line to be measured

and is reflectedAback by the.target, a‘retro—reflector. The
 returned light is deflected sideways by a mirror in front of
fhe centre of the transmitting lens onto a trombone-like

variable light path made up of plane mirrors. On emerging
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from the variable light path the still parallel light is focussed
. by the receiving objective onto a very fine stop, which limits
the diameter of the returned beam and thus cuts down the back-
ground light. The light is eagain rendered parallel, demodulated
and plane polarised by a polariser crossed relative to the first.
Pinally, the beam is spread élightly and passed onto the
photomultiplier detector.

Aiming the Mekometer is achieved by using two
eyepieces, The first, the target-finding eyeplece looks onto
‘a reflector at the focus of the transmitting objective; = +this
mirror in fact contains the transmitting stop which is seen as
| a black spot. This system forms a moderately powerful telescope
which is used for locating the target.

The returned light is séen through the receiving
eyepiece, which looks onto a small reflector which can be made
to intercept the returned beam just before it reaches the.
‘photomultiplier. This system forms a powerful telescope with a
very small field of view ( 1 millirédian) which is used for the
final aiming. The practicel details of aiming the Mekometer

are described in Chapter 4.

2.3 The Electronic System.

The Mekomé%er is a pulsed instrument and recycles
100 times per second. | |

Modulation of the light'takes place in thé modulating
cavity, which is a coaxial quarter-wave cavity resonator. This
vis driven into strong VHF oscillation by pulsing a ceramic

discseal triode valve producing about 100, W peak power. The
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anode is impedance matched near the short-circﬁit end of the
cavity. A low-Q tuned loop dips into the magnetic field at the

~ high qurrent end and'feed UHF energy fo the cathode of the valve.
The cavity is in oscillation for 40 us . |

The KDP crystals are situated at the high ippedance-
end of the cavity with their Z axes parallel to the electric
field. . ‘

The frequency of the cavity is controlable by a tuning
ring which slides inside it. This is used for the gross |
freduency ehanges'required in resolving'the number of feet in
a given distance. There is also a small screw plunger which is
- used for fine adjustment of the modulating frequency.

The-frequency is referred to a standard cavity, which
is the frequency stendard of the ihstrumenf; The standard
'cavity-is an accurately made high-Q half-wave coaxial-line
resonator. It is constructed of fused“quartz,’silver plated
o produce conducting surfaces and mounted in an aluminium
v.casing; It has a resonant frequencyvof‘nine times the funda-
mental modulating frequency. The modulation frequency is
:sampled by a small capacitive;pick-up in the modulating cavity.
This is fed across a step-recovery diode producing rich
harmoniés and loosely coupnled by a small loop to the standard
cavity. The resonance is then picked up by another small loop,
detected and amplified. This gives a D.C. volfage which is
displayed on the cavity meter. ?his»may be set to a maximum~f
value by tuning the‘modulating cavity. The setting is quite

'brecise, as the standard cavity has a Q of 3,500.
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The frequency setting is much enhanced however by an
ingenious frequency wobble method. By making alternate pulses
" of the modulating cavity slightly above and slightly‘below the
- nominal frequency and reversing the sign of alternate D.C.
voltages to the meter a null setting is obtained which effectively
compares the voltages on either side of the resonance curve, If
these voltages are on the steep sides of the curve the setting
‘can obviously be made very precisely. When the modulating
cavity is on tune the cavity meter will read zero. .

This‘frequencybwobble is achieved by switching in and
out of the modulating cavity a very small capacity, which is in
‘fact a reed switch operated‘at 50 Hz. The synchronousvswitch which
reverses the meter on slternate pulses is also a pair of reed
‘switches. The circuit is shown. ‘

With the modwlation frequency being wobbled in this
fashion the light phase minimum detection is also‘enhanced in a
‘similar mannera; Thé high tenéion'voltage across the photo-
multiplier isbadjustable by‘a‘gain control to allow for the-
great variation in Iight infensities‘to be measured. The fifth
dynode of the photdmultiplier is pulsed to its operating
potential for 40/us which very greatly increases the photof
maltiplier sensitivity for the duration of'thé pulse.. This
effectively gates the photomultiplier on only when there is a
signal to be received.

The output from the anode of the photomuitiplier sets
a tuned circuit ringing as a ringing pulse stretcher. The
“frequency of this rihging circuit is so arraﬁged that the output

due to a square wave input of 40 us duration, as would be the
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case with uniform background illumination, is very small. The
first half of the pulse cancels out the second. So successful
is this device that a 60 W light bulb may be held at the front
of the Mekometer and the system will not saturate.
' Thé ringing pulse is emplified, detected, and displayed
on the phase meter as a D.C., voltage. As with_the standard
cavity resonance, when frequency wobble is being employed the
voltage is reversed to the meter on alternate pulses. There is
also a 1,000 uF capacitor which can be switched in parallel
across the meter to provide a time averaged reading when
measuring conditions are unsteady. |

The amount of freqﬁency wobble which is best for the
- resonance setting is not nécessarily best for determining the
‘.photomultiplier minimum. At long distances it is.found that
,the wobble may‘be such as to take one right off the sharp light
intensity minimum. For this reason two degrees of wobble are
~provided, a high wobble of 1.5 cycles change per pulse, or just
under 40'kHz, and a 1qw wobble of about 0,25 cycles per pﬁlse,
or just ovei 6 kHz. | '

The phase setting system is so good that the phase
may be set to about 0.0003 £t (0.1 mi) up to distances of
3,000 £t (1 km), provided that atmoépheric conditions are
suitable. | .

The flash tube is triggered by a smgll igniﬁiqn coil
providing 8 kV. The tube produces a.flash about 1U's duration
with an energy of 0.1 joules; The fiash is timed to occur‘just

after the modulating cavity has broken into resonance.
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The Mekometer uses a modulation freqdency which makes
it ideal for operation in feet (a metric model has been made |
which works in units of 30 cm). The modulation wavelength is
two feet exactly. When the instrument is set on a phase
minimum there is, in effect, a one foot standing wave pattern
between the Mekometer and target. The change that has had to
be made in the variable light path to achieve this is the
distance above a whole number of feet between the Mekometer ang
target. This distance may be read from a steel tape which is
directly attached to the variable light path.

The frequency is now lowered by 10 per cent so that
the modulation wavelength is 2 x ﬂ0/9 ft, producing another
- wave pattern. This pattern will beAin phase with the first
every 10 ft. By now adjusting the variable light path to again
sef up a standing wave a measure is obtained of the number of
feet above a whole number of tens of feet in the distance. The
.light path will have to be moved 1/9 ft from the original
setting for 1 ft, and 2/9 £t for 2 ft, and so on. The‘number of
feet is in fact read from a units dial which is correctly
geared to the steel tape. The method is the inverse of the
ﬁuVernier principle. |

Similarly, the number of tens of feet is formed by
changing the fundamental frequency by one per cent and reading
the answer from a dial to two significant.figures; this is a
check on the units settihg. The number of hundreds of feet is
-found by changing the fundamentallfrequency by 0.1 per cent and
'fhe answer is againvreéd to two significant‘figures. The

number of thousands of feet is read from a map. It could also
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be found by counting the number of phase minima passed when
tuning from the hundreds frequency to the fundamental. This
‘can be doné on the hundreds mode.

These various frequencies are achieved by moving the
tuning ring, which.slides inside the modulating cavity, to |
predetermined positions. These positions are selected by =
mode switch which is connected by a pulley to the tuning ring.
‘The frequencies are again referred to the standard cavity.

The 10 per cent change is controlled.by tuning the .
10th harmonic of the modulating cavity to the standard cavity;
‘The one per cent change is mohitored by mixing a 44 MHz signal
from a crystal oscillatof with the signai from the ﬁodulating
cavity and tuning to the upper sideband. The 0.1 per cent
change is.determined'by miiing 4.4 MHz with the modulating .
signal. | |

The pulses, delays and square waves reguired to
| operate the varioﬁs systems are derived from the Mekometer pulse
circuits, which divide up the basic 400 Hz supplies from the
power unit. These functioné are now done mainly by integrated
circuits. All the vdltagesvrequifed are derived from‘the 12
Avolt batteries by a saturating core D.C./A.G; convertor
operating at 400 Hz. The high voltages are transformed up from
this and rectified in the normal way. }When the power supply is
~switched on, thefvalve heater current is immediately supplied
and the other supplies delayed by a timing‘circuit and relay

‘for 20 secoﬁds.

s
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2.4 The Refractive Index Compensation.

So far no mention has been made of one of the main
features of the Mekomefer which makes it so attractive to the
general user as compared with other instruments. The Mekometer
standard cavity compensates for changes in temperature and
pressure. The caVity is filled with dry air which can take up
atmospheric pressure by means of a partially filled soft
polythene bag. The cavity is aspirated by a fan so that it
takes up the prevailing air temperature. It is so constructed
that the capacities between the end aluminium plates‘and the
fused quartz section change in such a manner as to change the

6 per degree Centigrade.

- resonant frequency by about 1 part in 10
It can be made to exactly compensate fér chaﬁges in the
velocity of light arising from chenges in air temperature.

 This means that thé Mekometer can be used to measure
‘a distance in feet directly without thé need for correcting for
atmospheric temperature and pressure. If it is used oﬁ lines
which deviate much from the horizontal e smsll correction due to
changing pressure will have to be made. 'The instrument end
~correction, which}is combined with the reflector end cofrection,
~will also have to be subtracted. |

Under normal conditions in this country the answer

given should be gdod to +#0.1 mm +3 parts per million. This
~allows for a mean air temperature along the line differing by
up to 3%C from that sampled at the Mekometer, which is usually

sufficient. For more accurate results the air temperature will

‘have to be sempled along the light path.
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The limiting accuracy of possible measurements is

- +0.1 mm, the setting sensitivity, +0.5 parts per million, the
| limit of the knowledge of the standard cavity frequency, +dt
parts per million where 4t is the deiiation of the assumed air

temperature from the actual mean air temperature.

2.5 Other Distance Measuring Instruments.

There are other electromagnetic distance measuring
devices which are however less accurate for the work considered

in this thesis. The two best known will be mentioned briefly.

2.5.1 The AGA Geodimeter, Model 6.

The Geodimeter also uses a modulated light beam. The
modulation frequencies'are'obtained from crystal oscillators and
the phase of the modﬁlation of the: returned light is compared
ewith the phase of the modulator by means of a variable delay
line. |

In the Geodimeter the liéht from a Kerr cell is
amplitude modulated and transmitted as a parallel beam to an
,array of cube corner reflectors. The Geodimeter uses three
frequencies 29.970 MHz, 30.045 MHz and 31.469 MHz, derived from
ovened crystal oscillators. These frequencies are fed to the
Kerr cell and to a photocell via a variable electric delay line. .

Feur'phase adjustments are made to ﬁeasure a distance.
These are made by adjusting the delay line until the modulated
photocell records a minimum output. ‘The makers suggest that
under perfect conditions the phase setting can be made good to
about 0.3 cm., These readings are then converted to length with

the aid of a calibration table.
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The delay line is calibrated by moving a target
knbwn intervals on a short line and computing a smooth calibration
curve from the results. The makers say that the delay line
errors can give answers differing by up to 1.5 em for the three
fundamental frequencies used for a newly calibrated instrument,
aﬁd that this difference might increase to 4 or 5 cm with ageing.
The frequencies of the oscillators are claimed to be
good to 1 part in 1 million initially, but likely to change by
“about 1 part in 1 million per year. This need not produce an
error if the fre@uencies are measured. |
The makers claim a daylight range of three kilometres
" end 15 km at night, using their stendard lamp. With a high |
pressure mecury discharge'lamp the ranges are 6 km and 25 km.
It is of interest to note that the instrument and case weight
30 kg, and that the mecury lamp consumes 300 W supplied by a |

petrol generator weighing another 16 kg.

2.5.2 The Tellurometer Model MRA-101.

The Tellurometer system depends upon measuring the
phase difference of a modulated microwave radio beam before and
after travelling the distance to be measured.

The Tellurometer uses a microwave beam modulated at
about 10 MHz. The Tellurometer system consists of two similar
instruments one at each end of the line to be measured.
.Observatibns are made at one station, the master, andfthe
‘operator at the other, the slave, acts upon instructions. The
carrier wave is also used for communication.

1 Measurement takes place between two parabolic

reflectors. The modulated wave is received at the remote
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station where it is instantaneously re-radiated back to the
master station and the phase shift is measured. Four frequencies
aﬁd combinations of these are used to resolve the distances.

The Tellurpmeter will measure up to 50 km. The
makers claim that short lines can be measured to within 1.5 cm
under favourable conditions and to within 2.5 cm under average
conditions. Medium and long lines are also liable to an error
of +4 parts per millionm.

One ad&antage of the Tellurometer over light beam
devices is that it is capable of shooting through light
vegetation, but with reduced rangé. A measurement will take at
least 20 mimutes with experienced opérators. The Tellurometer
lodel MRA-101 weighs about 12 kg per unit, with 12 volt
batteries additional as required. The power consumption is 36 W,

The use of a microwave carrier has the advantage of
giving a long range. There are, however, drawbacks. The
nicrowave refractive index is much more sensitive to changes in
humidity. The biggest drawback however is due o ground swing
- which is caused by the receivers picking up signals which have
undergone reflections off the intermediate ground‘and any other
Iarge objects sudh as buildings. This can produce large errors
in a single reading.of up to one metre. This however can be
estimated by varying the frequency and observing the apparent
change»of distance. The trénsmissioh and reflection

characteristics of microwaves are however & serious weskness.
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2.6 Adventages and Disadvantages of the Mekometer over

other Systems.

An undoubted disadvantage of the Hekometer at present
is its shoxrt fange. At present the 40/zs gating pulse limits
the lekometer to an‘absolute range of about 4 km. During the
day, light scatter and background light limit the range to
about 2.5 km. We have not attempted any distance records but
have successfully measured a line 2.4 lm long at mid-day with
the light path travelling at about 0.5 m above ground level for
~a considerable portion of the line. If we had known the line
was so long it would not have been attempted during daytime.

The superiority of the Mekometer over the other
instruments lies in its high sensitivity'and'accuracy. The
sensitivity is due fo the high modulation frequency and the
sharpness of the interference minima. The accuracy is due to
the phase settingvsystem. This is error-free. Wifh the
Geodimeter, phase is determined electronically by mixing a
delayed signal. This is prone to cyclical errors and varying
characteristics with age and circumstances. The mixing systenm
used on the Tellurometer is also prone to cyclical errors but
this will be overshadowed by the ground swing. Also, different
Tellﬁrometer frequencies have slightly different focus points on
| their reflectors. Cyclical errors have been looked for in the
Mekometer and have been show to be less than + 0.05 mm in
magnitude.

Other adﬁantages oi the Mekometer to the general user
ére lightness, compacitness, low powér consumption, quickness

and simplicity of use.
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2.7 Possible liodifications for Geophysical Use.

The Mekometer system is extremely flexible and may be
modified for a number of specialist uses. For the study of
small changes in the lengths of lines, as in the présent \
investigations in Iceland, the highest accuracy is fequired.
For preliminary earthquake studies in general, a greater range
is desirable, although it seems that the deformation in fact

takes place over a very limited area.

2.7.1 Increasing the range.

There is nbthing inherent in the lMekometer system
.which prevents it from attaining a range comparable with the
Geodimeter. One obvious step would be the replacement of the
single reflector by a cluster of refleétors. At the moment the
returned light being deflected away from»the receiving mirror
seems to be the limiting factor; a cluster of reflectors would
increase thé range at which this happened. If accuracy was not |
‘to suffer, the reflector array would have to be made and aimed
so that the reflecting poinfs of the individual ieflectors were
all the same distance from the Mekometer to within 0.1 mm.

A more powerful 1ight source could also be used, an
obvious choice}being some sort of laser. With a laser there
would be no focusing problems and the whole optical system
could be simplified.

With increased range the pulse length of the modulator
would also have to be increased. The problem here is ﬁhat.if
the pulse length is increased the crystals will start to heat.
ADP, in.particular, has a dielectric constant that varies

considerably with temperature. This varying dielectric constant
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inside the modulating cavity would produce frequency variations.
KDP is less temperature sensitive but does not display the
electro-~optic éffect so strongly. Another crystal, Lithium
Niobate, is very promising, but as yet rather expensive.
Possible solutions to the problem are larger crystals and a
lower modulation level, some form of temperature compensation,
or on very long distances a double pulse. ‘

With longer lines the modulation frequency would have
to be lowered because atmospheric shimmer would tend to make it

difficult to stay locked to a particular minimum.

2.7.2 llaking the fraguency more certain.

For the highest accuracy the prevailing atmospheric
conditions are measured, together with the cavity temperature
to determine its frequency, so that the benefits of a
compensating cavity afe lost. In fact the compensating standard
is a disadvantage for this work because there are ﬁncertainties
in the frequency while the cavity temperature is changing,
especially when the Mekometer is first switched on.

For geophysical work, the frequency would be better
derived from a constant frequency source. This could either be
an ovened crystal or a sealed ovened cavity. The crystal
oscillator would not be of a high enoﬁgh_frequency but could be
'multiplied. Instead of compering the modulation frequency with
this standard, as is done at present, the standard could be used
.'to drive the modulator. The modulator W&uld then no longer be
an oscillator but a'highly tuned amplifier. At-present on long
'iines when the modulating cavity temperature is unsteady the

cavity setting does introduce errors, although small and random
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With the amplifier arrangement the operator could concentrate
entirely upon the phase setting; automatic recording of the

' phase error would also be possible,

2.7.%5 Atmospheric refractive index determination.

. BEven at present, however, a limit is set by
uncertainties about atmospheric conditions; 1increasing the range
is only likely to make this uncertainty even greater. There is

a method whereby this difficulty might be overcome.

If the instrument could measure the distance with
light of two different wavelengths the average temperature along
the line could be estimated, provided the pressure and humidity
were known. With a third wavelength, 6r a Tellurometer
measurement, fhe average humidity could also>be resolved.

This method has its limitations howevef. It can at
best only yield a distance with an accuracy 1/10th of the
accuracy of either of the individual optical path lengths. For
exémple, if the optical path lengths in blue and red light were
both determined to 1 part in 10 million the average air
temperature could be determined to the nearest degree yielding
a corrected distance good to 1 part in a million.

| On long lines this would be a considerable improvement
over merély measuring atmospheric conditions at the terminals.
The high sensitivity of the Mekometer makes.it particularly
' favourable for this kind of study. '

The method would produce no benefit on a fairly
pniform line where there Was-atmospheric'turbulence or shimmer;

" the average temperature would be better determined with a
thermometer. It would give gréat benefit however when shooting

across water or across varying terrain under a stable atmosphere.
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A feasible method for doing this would be by converting
the lMekometer %o laser operation. The use of conventional light -
sources would involve focusing difficulties. With lasers,
however, reflecting optiecs could be used almost throughout.

The transmitted beam would need no focusing. The variable light
path could be in the transmitting system, be more folded, and
use smaller reflectors. The received light would be collected
by a parabolic reflector and focused before a small lens¢ for
demodulation.

This instrument would require two lasers or one laser
‘and a frequency doubler. It could be made to operate over long
distances. Even wi%ﬁout dual wavelength facilities a long range
Mekometer could produce useful results on a horiiontal line
over water, for éxample, from one island to another. Away from
~continental influence the air should be highly uniform and
would only need sampling at one point; the middle Would be the

best.
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CHAPTER 3

THE CORRECTIONS

To determine the distance between two points there are
two indepéﬁdent types of correction which have to be applied to
the Mekometer réadings, firstly those like the refractive index
| arising from the preﬁailing conditions at the time of measure-

_ menf and secondly the geometry of a particular line.

| fﬁe Mekometer has a sensitivity of about 1 part in 107
or 0.1 mm, whichever is the greater. Over Iong distances
1 in 107 is the bound, and over short distances 0.1 mm. Ve set
out to make our atmospheric and geometric corrections bettier

than or equal to these limits.

3«1 fThe Theory,bf the Atmospheric Corrections.

The Mekometer transmifs modulation at a frequency F
6n a light beam which has an effective wavelength[ + Using
this value of [ the group velécity‘\’of.the modulation for the
prevailing atmospheric conditions may be calculéted. We can
read from the Mekometer the numberﬁ!; of cycles or waveleﬁgths
‘of modulation between the transmitted and returned besms. The
-moaulatidn wavelength is afranged to be two feet. Thg.measured

. distance is then one half W divided by F multiplied by the -
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modulation ,velocityV, i.e. one half N times the average

modulation wavelength. - ‘
. LY
The lMekometer thus reads distances in feet.

3.17«7 The effective wavelength.

Thé Xehon flash tube light source in the Mekometer
enmits not one single frequency but several. The photomultiplier
does not respond equally to light of all wavelengths. The
effective wavelength [ of the Mekometer light was estimated by
determining with a spectrometer the power distribution of the
light‘going through the instrument as a whole just before
falling on the photomultiplier. This was done using the Iight
viewed through the receiving eyepiece after travelling through
_ the instrument and reflector. This method was used because the
effective wavelength will probably vary with the focusing and
absorption of the various lenses, reflectors, polarisers and
crystals.

The photomultiplier has a known frequency response
and by combining these responses the effective wavelength

was calculated.

%.1.2 The dispersion of the atmospherec.

Air is disPersive and so the modulation velocity will
differ from the phase velooity. The refractive index ns for
dry ‘air at normal pressure and 1500 is given by (Bengt Edlen,
1953) R
(n,-1) 10°= 272509 + 153588 + 138/t (4

where { is the wavelength in um.
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The variation of refractive index with atmospheric conditions

is given by (Barrel, 1951)

o (148, pisi5a) = (00624-0-000680/( 3107 -
(e =1) = 5= ) 750(,,,. /5}(; ‘) (1+«t)
where { = air temperature °C
P = pressure mm Hg
h = water vapour pressure mm Hg
= 0.003661
A= (1.049 = 0.015 )107°

Ais= 0.813 x 10°.

In a given atmosphere the Mekometer light beam may be considered
as a group @p of waves each with its own wavelength L,
amplitude { , phase, end phase velocity y, &iven by the

- dispersion equation (1).
’\;” ?“ce

The condition for modulation to be propagated at a certain

2l (v - x)

velocity V will be stationary phese for different phase
Ve1001t1es, and hence stationary phase for dlfferent wavelengths,
since the phase velocity depends only upon wavelength for a

given atmosphere.

Q (wt-x). v wt,x .0
ai(t <)e FoE- Yo X

X . v_.[ Vi
t o

i.e. mo&ulétion travels at a velocity
V=v-5f M

This is the standard expression for the group velocity of a
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packet of waves in a dispersive medium. The phase velocity'%

is given by

£

¢ = velocity of light in vacuo

Therefore ¢ . ef o
Ve fr & ff

We caloulate B and O/ from the expressions above.
The effective wavelength { has been found by direct measurement
to be 0.486/1 m. An eri-or of 0.002 Um in { will give an error-
in fl; of 1 in 107. Substituting in (1) we have
(n,-1)= o0-00027933748

From (2)
Aoy = | + 0:00027923748% - 00000000575 h
I+0-003661%
where s- P+ {1089 0.0i58) p 154 ){0001387185)

(14 o Qﬁsééli)
[5%% . [-205258)-40:319) [ 167 (-Zx0.000029)h16
{ [ (*(1+00036611)

= = 0000013494501~ O 0("0009&9567}1
(14000361t}

4

The corrected distancejﬁ is then

p- N ( < s @.?
2 F ﬂﬁ?‘l‘ ﬁi’ph M

The value of ¢ used is that determined by Froome (1958).

3.2 The Freoguency Measurement of the Mekometer.

The modulation'frequency F of the Mekometer depends
upon the temperature of the standard cavity and the pressure of

the dry air inside it.



53~

During the first Icelandgc field season the frequency
was measured in the field simultaneously with the distance
measurements. During subseguent seaéons the behaviour of the
cavity frequency with temperature and pressure was so well
known that the cavity temperature and atmospheric pressure were
measured and the frequency found from avtemperature-frequency
calibration curve, which was checked at frequent iﬁtervals
under laboratory conditions.

The modulation of the Mekometer consists of 500 MHz
bursts of 40/us duration at a2 100 Bz repetition rate. When the
Mekometer is in the "high wobble" mode successive pulses have
frequencies approximately 1 part in 10,000 above and below the
nominal value. The modulating cavity‘is trimmed by a screw
plunger until it is exactly the right frequency to resonate the
standard cavity. The standard cavity is a precise high Q
(3,500) passive resonator). In fact it resonates at 10 times
- the modulating frequency. In the "high wobble” mode the two
modulation frequencies are respectively above and below nominal,
and resonance is determined by balancing the responses of the
two frequencies. When this condition is satisfied, as shown by
~a null on the cavity meter, the two frequencies are symmetrically
disposed about the standard cavity resonance peék. The
adjustment of this setting is clearly much more sensitive than
setting on the peak itself.

Frequency measurements are.done in the high wobble
~mode, since iﬁ this mode the cavity meter is most sensitive.

: Measuring thé frequency of these pulses-is not easy‘and is donek
by using a device which has come to be called WILLEM (Wavelength

Investigator of Lightlodulation).
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WILLEM consists of a controlable crystal oscillator
of 15.3%63 llHz, a times-32 multiplier and UHF mixer. The
principle of operation is that a dontinuous-wave oscillator
operating at a submultiple frequency of the iekometer is
measured accurately as .described below. This submultiple
frequency is then multiplied up to the Mekometer fréquenpy.

The Mekometer fregquency is sampled by holding a quarter wave
aerial near the modulating cavity. There is enough radiation
from the modulating cavity to‘pick up and mix with the continuous
wave generated by WILLEM. The beat is observed on an oscillo-
scope. -

Two traces can be seen, one for eaoh modulation
frequency. When the phases of the pulsés are correct and
. WILLEM is ggneraéing é freqﬁency haif-way between the two
modulation frequencies the fwo traces can be superimposed.

The phases are adjusted by the positioning of the quarter wave
aerial and other nearby bodies. The frequency of WILLEMI is |
controlled by a variable capacitof in the tuned circuit of the
crystal oscillator. The frequency of this oscillator is )
measured by a counter which is referred %o a frequency standard.

To make a measurement of the Mekometer frequency the
modulating cavity is tuned by the screw tuning plunger until
the two oscilloscope traces‘aie superimposed. WILLEM's
frequency is then adjusted until this condition coincides with
a null on the éavity'meter, The counter reading multiplied by
32 is then the modulation frequency F.ofvthe Mekometer., Under
Jgood condltlons the frequency may be determined to w1th1n about

3 eycles/sec in 15 million or 2 parts in 107.



~56—

The standard cavity is working in the'microwave region
and its frequency is thus very dependent upon water vapour
present inside the caﬁity. To obtain reproducible results the
air must be completely dry. In the prototype cavity there aré
- slight air leaks at the various input and output terminals, so
a silica gel dessica#or is prbvided in the cavity enclosure and
this must be changed regularly. A noticeable drop in freguency
occurs before the silica crystals.turn pink, so daily frequency
checks are the best method of ensuring that all.is well.
| This also guards against'any frequency change due to
accidental shocks. It has been found that the standard cavity
is not prone to disturbance by normal use and required its
silica gel to be changed abbut every fortnight. |

In Britain the frequency measurements are referred to
the B.B.C. Radio 2 Droitwich 200 kHz transmitter. The
frequency accuracy of the Droitwich carrier is better than 5
parts in 109. This carrier is received and used to phase-lock
2 1 MHz crystal oscillator. The'crystal oscillator acts as a
flywheel during periods of very high modulation. The output of
this oscillator is used as the time-base of the counter.

A commercially available oscillator unit, the Advance
O.F.5.1I. Off Air Frequency Standard was used during the third
season, but Waé found to be very unreliablé with weak signal
owing to a Vefy wide-band front end which will pick up nearby
stations. It could only be used after midnight when the local
radio station had shut dowvn. It was fhen used to check the

counter's internal time-base, which proved to be very stable.
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Daring the first two field seasons the N.P.L, off-air
standard incorporating an Air-lMek front end was used. This was
bmore selective but in Iceland receptive difficulties arose.

During the fourth field season an accurate ovened
crystal oscillator was used, which was checked against Droitwibh
at the beginning and end of the expedition. This oscillator was

used to check the counter whenever frequency checks were made.

- 3.2.17 Description of WILLEM.

WILLEM was designed by N.P.L. specifically for
- Mekometer measurements, although the principle is applicable to
all UHF pulses. The N.P.L. apparatus is integrated into one
box, with a counter and frequency stendard. As we needed our
counter for other field measurements all our units were kept
separate. 7

The first stage is a 15.3%63 MHz crystal controlled
Clapp oscillator. This is made tunable by having variable
' capacify in the crystal feed-back loop. The output is fed to a
common emitter buffer amplifier. The frequency is then
mualtiplied by a series of class-C doubles. After the third
doubler the signal is smplified back to a Working level and two
more doublers follow before the output ampiifier. The last two .
steges have trough-line tuned circuits. The output is thén
mixed with the‘radiatioh signal from the Mekometer and the beat
observed on an oscilloscope

The circuits are all screehéd from one another in
separate compartﬁents'of a long braés box, except the mixer

stage, which is in a cigar box.
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2.3 Obtaining the Atmospheric Corrections.

The effect of pressure on the standard cavity is knowvm,
so0 all frequencies can be reduced corrected to 760 mm of Hg. By
'plotting freqﬁency against cavity temperature, the variation of
F with cavity temperature is determined. In the field, cavity
temperature is noted as a parameter determining F. The
variation of F with pressure is the inverse of refractive index
and in frequency checks is teken to be -5.82 Hz per mm of Hg.

For the general uséf the frequency temperasture
coefficient of the standard cavity has been adjusted to be very
vnearly the inverse of the refractive index of air.' The standard
- cavity has air drawn over it by a fan so thet its temperature
should follow that of the external air. 'Thus, in a uniform
atmosphere with the standard cavity at air temperature the
Mekometer will read correct distances. However to obtain the
highest accuracy from the ihstrument it cannot be assumed that
these conditions are met.

The refractive index of air decreases by about 1.1
parts per million per degree Centigrade, increases by 0.4 ppm
per mm of g, and decreases by 0.05 ppm per mm of Hg of water
vapour pressure. To obtain corrections which are good to 1 part
in 10 million air and cavity‘temperatures must be measured tb
the neareét O.1°C, pressure differences along the line to the

nearest 0.2 mm of Hg and the humidity to the nearest 2 mm of Hg.

3.3.1 Pressure.
~ Pressure was measured using an accurate aneroid
barometer capable of resolving 0.1 mm of Hg. The pressure

difference between end stations on a line was calculated From
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the length of the line and the angle of elevation of one station
from the other, as measured by theodolite. These pressure
differences are accurate to about 0.02 mm of Hg, which is well
within the required accuracy.
3.3.2 Humidity.

Humidity was measured using a wet and dry bulb

whirling hygyfometer.

%3.%.3 Air temperature.

Air temperature proved to be very difficult to
measure. At a given instant the averasge temperature along the
light path is required to Within 0.1%c. Except during very |
favourable atmospheric conditions this could not be obtained.

The air temperature was measured using mecury-in-glass
‘thermometers, and, on some occasions, temperature probes.
Temperature probes were light-weight sensors designed to be
carried by hydrogen‘balloons or kites, and are described in
detail in section 3.3.3.1.

During the first two field seasoné air temperature
was measured by mecury-in-glass thermometers held in shade by
the observer and read at various points along the line. These
temperatures were takeh as near to the height of the light
path as possible, This mefhod proved very unsatisfactory in
sunmer as the observer was usually below the iine of sight,
‘where the air‘was warmer. There was also the difficulty of
“preventing the reading being inflﬁenbed by heat from the

observer.
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During the second field season in the Spring of 1968,
the weather was too cold for using the new temperature probes
but the temperatures wére very constant as the ground was snow
covered.

During the third field season temperatures probes were
used on some lines. These probes are electronic temperature
sensors which transmit the temperature back to a receiver, The
‘air was always sampled at both ends of the line. By the nature
of things the end-points were usually on high ground so that
the air sampled at either end was more likely to be typical of
the light path than air sampled half-way at the wrong elevation.
The end poinfs were measured by mecury—inpglass thermometers
which were held in stands so that they were shielded from the
sun. These were quibkly read When required and>were not heated
by the observer. Operatofs at the two ends of the line were in

communication by portable radio.

3.3.3.1 ‘Deseription of temperzture probes.

For field use these devices‘had to be strong and yet
light enough to be flown on a balloon or kite. They would thus
be able to measure the air temperature wherever required.

Many possible transducers were investigated, but a
thermistor was finally chosen because it was small, light,
sensitive and fairly.cheap. The next most favourable transducer
‘would have been fine platinum wire but this would have been
bulky end rather fragile.

The thermistor was uéed in a unijunctibn relaxatioh

oscillator. This was chosen because it contains few components

and is inherently voltage-independent.
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The thermistor resistance decreazses by about four per
cent per degree Centigrade at 20°c. A cepacitor is charged
through ihe thermistor until the unijunction peak point isv
reached. Then the emitter diode junction is forward biased and
a sharp pulse occurs, discharging the caepacitor. The frequency
of discharge will increase with temperature. Values were chosen
so‘that the frequenqydha@md100'Hz per degree Centigrade. |

'The pulse from the unijunction is amplified and fed %o
a DTL integrated circuit flip-flop. This divides by “wo and ,
gives out a square wave which is amplified and used for
modulating a 27 MHz transmitter. |

It was decided to transmit on 27 ¥Hz because of the
cheapness and availability of crystals used on this, the model
radio-control band. . The transmitter consists of 2 free-running
crystal oscillator which is coupled to a tuned push—pull‘péwer
amplifier modulated by the square wave. This is coupled to a
”resonant dipole aerial, |

The probe ia powered by eight pen cells, giving 12
volts. As these quickly polarise in continuous use, the supply
o the front end was stabilised by a single transistor zener:
stabiliser. The zener diode was placed in the base circuit of
a transistor, as the brezkdown voltage of a zener diode is
slightly dependent upon current. In this arrangement powef is
not wasted by resistive dissipation. The voltage dependence of
the probe was tested. It was found that-the probe reading did
not register an error until ‘battery volts had dropped below
'eight volts, as shown in the graph. There is no mora than 3 Hz
- difference in 2,000 Hz between the reading at eight volts and
that at 12 volts; +this corresponds to a tempera%ure~error of

less than-O.OBOC.
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As a fast response was required from the probe a small
thermistor bead was chosen, mounted upon a thin black metal
disc. A gréat danger in this typé of instrument is self-
heating of the thermistor. A thermistor was chosen having a
high dissipation comstant of 1 mW/°C, i.e. 1 mW is required to
raise fhe thermistor 1°C above ambient in s+till air. The
thermistor was run at about 0.05 mW. No temperature rise could
be detected from self-heatihg, except’When the bead was placed
in a small insulated enclosure. When a fan was turned on the
bead it was warmed slightly by the fan rather than being cooled.

While investigating the probe it was found that air
temperatures are very variable. This variation increases with
sampling rate‘and clearly if will never be possible to measure
the air temperature continuously all along a line %o 0.1%C.

_ A calibration curve was plotted by dipping the
thermistor covered by a polythene bag, into stirred water of
. various temperatures. The water temperature calibration agreed
with air temperatures as well as could be measured.

The probe was radiation-sensitive and could detect a
person or a Cup'of tea from several feet away. For this reasen
. the thermistor bead was shielded by several layers of
aluminium foil separeted by insulating foam pbl&styrene in the
form of a cap, which protected the bead from direct radiation
but allowed a free flow of air. |

The prototype probe was built of balsa wood end its
Tirst flying test was done from a tethered hydrogen balloon on
a windy day. 'It was found that tethered balloons were unsuited.
to windy conditions and that balsa wood probes weré incapable

of withstanding crash landings.
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Past experience had shown thgt Iceland was a windy
place, so tests were carried out using kites. An improved probe
was built, mounted on a bslsa wood circuit board and enclosed
in so0lid expanded polystyrene, which could be opened for battery
aécess. The batteries'were contained in a plastic battery
- holder, held in a separate compartment from the circuit board.
This design has prdved extremely strong and weighs about é70
grams. The weight could be reduced, but probably at_the expense
- of strength.

Four such probes have been constructed operating at
frequencies separated by about 100 kHz. |

The signals from these prbbes were picked up using a
modified Heathkit 'Mohican' communication receiver. This is a
super hetrodyne recéiver using transfilters in the i.f. stages.
Thése’have a 2 kHz pass bandwidth, making the receiver
extremely selective. To avoid time consuming tuning‘in~the field
the i.f., oscillator was modified using four crystals separatéd
in frequency by 455 kHz (the i.f.) from corresponding probe

crystals. These crystals are switched into fhe feéd-back loop
of the i.f. oscillator aé required} The main tuning control of
the receiver can be left in.a}compromise position and the probe::
signals received by switching to the four crystalé in turn.

This allows the four probes to be sampled in about seven
seconds, allowing a 6ne second counter diéplay for each.

The output to the loudspezker was amplified so that
‘with all but very weak signals the amplifier ran into
'saturation, producing a squared output and noise immunity for
the counter. The counter signal was taken from a headphone

jacke.
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The range of transmission depends upon the receiver
atenna but no difficulty was encountered up to about one
kilometer ranée. The batteries last for up to six hours
continuous use, and longer with intermittent use.

Thermistors are notorious for drift, and to guard
| against errors, frequent calibration checks were made. Each
time a probe was‘ﬁsed its reading was compared with a
thermometer. in air., All these checks were recorded to see
whether there was any noticeable drift. No drift was detected
during the few weeks of field work, but nine months later three

of them had slightly different calibration curves.

| 3.4‘ The Geometrical Fnd Corrections.

In addition to the corrections necessary for
atmospheric factors certain geometrical end corrections have to
be made, to reduce the measured distance to the distance between
the centres of the holes in the surveying plates. The plates
are cemented into the tops of the pillars w1th thelr tops
approx1mate1y level. In the centre of each plate is an
accurately reamed one inch diameter locating’hole. These holes
are about four inches deep. The Mekometer mounting bracket s1ts
on this plate, 1ocated by a three inch long spigot maklng a
‘good fit in the locating hole. The cube corner reflector mounte :

also have spigots which fit these holes.

‘3.4.1 The reflector cslibration.

There are six cube corner reflectors and one.
Mekometer mounting bracket. In none of these does the reference

axis and the effective plane of reflection, or trahsmission,
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coincide. The discrepancy has to be determined and applied es 2
correction. The end.correction for each of the reflectors was
measured on‘the N.P.L. 50 m etandard tape bench, whose length
~1s accurately known to the nearest 0.01 mm.

Two of the mounting plates with their holes drilled.
right through were mounted vertically on carriages above the
tape-bench marks. The plates were levelled with an accurate
bubble. . A one foot long tube was made which was a good fit in
the plate holes. This had two, close, parallel hairs stuck
across one end. With two lenses and a paper tubeAit was made
into a microscope which could be used to position the plates
accurately over the tape bench marks. These positiqns'were
checked before and after each lMekometer measurement.

The tape bench room at N.P.L. is thermostatically
controlled and thus has a relatively uniform atmosphere.
Mekometer measurements were made to each of the reflectors. A
small cosine correction was applied to allow for the fact that
the lMekometer was further above the bench than the reflector.

The differences between these readings and the bench
- length are the corrections tonbe applied in measuring from the
trunion axis of the Mekometer to the intersections of the
principle axes of the cube cerner reflectors with their
rotation axes. The aéimuth rotation axis of the Mekometer
~intersects the trunion axis. These corrections are about1.7ft,and
are always subtracted from Mekometer»readings. 7This high value
arises from nearly two feet of light path inside the lMekometer.

The correctlons necessary +to convert dlstances measured
to distances between plate centres may be divided into separate

correctlons for the Mekometer and reflector.
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3.4.2 Geometrical corrections at the Mekometer end.

If the mounting plate has a tilt € in the direction
of the target and the elevation of the light path, measured from
the Mekometer, is & then a correction h,,Sif (OC-G,..) must be added,
where ’%,is the pérpenducular height of the Mekometer trunion
axis above the plate. There is no angular error produced by
the Mekomgter as the line of sight goes through the trunion
axis within a millimetre. Fof 1 mm off—set of the line of
‘sight from the trunion axis a vertical aﬁgle of 6% will produge

~a 0.1 mm error.

The vertical angle X was estimated from a theodolite
sﬁrvey and is corrected for the .height differences of the
Mekometer, reflector and theodolité above the surveying plates.
Since h, = 17.3 cm, & must be known to within two minutes of
~arc. o was measured using a Watts Microptic No. 1 theodolite,
- which is capable of reéolving vertical angles to within 20

seconds of arc.

3.4.2.1 The tiltmeter.

The plate tilt 9% was meaéured using a tiltmeter
especially designed for the purpose. It has three feet which
rest on the plate, and a bubble mounted upon a hinged bhar.

The bubble is levelled by raising one end of the bar on which
it is mounted by means of a micrometerbscrew. The nicrometer
reading'is a measure of the plate tilt. |

The two brenches of the:tiltmeter are joined byva
cross spring hinge made of phosphor brbnze, This is é perfect
error-free hinge for small angles of rotation as are involved

here.
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The bubble used has a sensitivity of six seconds per
division. There are crude gun-sights on it so that it can be
oriented to measured the tilt in a particular direction.

The tiltmeter has been calibrated on a tilting table
at N.P.L. It was dropped during the 1968 summer season btut only
the zero changed, and this was noted. The zero may be checked
at any time on a flat surface by finding the direction in which
the tiltmeter reading does hot change when rotated through
180 degrees.

The plate tilts are measured each time a pillar is

used, as a check against the pillar having moved.

3.4.3 Geometrical corrections at the reflector end.

The reflector correction is more complex because the
optical_path length aepends upon the angle of entry of the
light beam into the cube corner.

To compute this variation requires anzalysis of the
paths of light throuéi a éube corner reflector.

Consider the cube corner shown, with cube sides of
- length 4 and refractive index# .

(i) The front face is the plane x4+ y+z=a
Consider a ray incident at B (X,Y,z,) with direction
" cosines =, -8, ~¥. '_ | | |
| The distance d, to point 1 on the first face, say
g:o s 1is givén by . 3
X,z X, -xd, Yz=y,-pd=0 z,:Z,~¥d,

(ii> | d'z Yo K

————

B

The direction cosines of the ray are now -09/5;-X



Path of .ligh'f ray through cube-corner reflector
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The distance dz to point 2 on the second face, say
C : ,

is given by

X, = X -d,-xd,=0 gz:/ad, z,:2,-¥d, - ¥d,

(1ii)

X
d, = = d,
The direction cosines of the ray are now o(,/e,-é'.
Similarly .
(iv)

4 zo — -
dJ' ‘Sf' dn dz
- The new direction cosines are 0(,/3,3’,

(a) The ray returns parallel to its original path.

4 -
ale =

(o)

The distance d,, to the cube corner front face is given

by x=edhtad, 34=f;d, rpdorpd,  z,-¥d,
by (i) | o
(v) Xyt Y, +2,=0

substituting we get :
| d, - a -de -4d; - ¥d,
K+p+)
from (ii), (iii), (iv) (v) we get

drd,+d +d, - o(f,fﬂ('

This means

(b) The distance a ray travels in a cube corner depends

)

only upon the direction of entry.
- - &XZ - BZ
Z,= ¥d, = b’(a ELok Xt Y, /"x"
| | X+p+Y¥

= . 2&1" Zo
AP

2 line from 0 with direction cosines O(/éb’ cuts the front face

Ya
X4B+Y

> .08 +(¥% _7z
4 4B+ a3/ ad

"at a point with Z:=




result(c) The incident and reflected rays are

symmetrical obouf a paraliel line though O

End correction for

rotation -about pivot axis
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This shows ‘

(¢) The incidént and emergent rays are reflected in a
parallel line going to the épex 0. (see diagram). -
Coﬁsider a ray travelling to the apex at an angle?. ¢ is the
angle of refraction at the front face. The optical distance
the ray travels in the cube corner is onh/cos v, where h is the
height of the cube corner.

By result (b) all rays parallel to this ray also
travel a distance 2nh/cosy . Result (d), the optical distance
a ray travels in a cube corner reflector is 2nh/cosr .

, Wé may'now.consider the actual case of a reflector
mounted for rotation about an axis distance D in front of the
front face. From result (c¢) we see.that for an inclined
'reflectbr'nOt 21l the front face is used. Considering
measurement to the pivot point, the correction C is

c=Dcwst + nhcosy
and varies with { (see diagram).

It is of interest to note the best position for
pivoting the reflectors. By differentiating we find thataC/ﬁi
is minimum for D =-hj,. This result is to be expected since en
air-filled cube corner should obviously be pivoted about its
apex. For a glass-filled cube corner the apparent apex is 'hAq
in front of the face.
| | The reflectors'héve all been calibrated for normal
incidence. The ahgular correction E.of measured distances is

given by

E- '])(l-cosi)+ nh (1-/:— (§l_;l]_£)z)
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FPor the reflectqrs used the correction is as shown in the table.

OO 10 20 30 40 50 60

Omnm | -.008 =.019 =.045 =.075 =-.120 -.175

Compare with D= ~h/

0° 50 10° 20°
0 mm .000 "0002 —0030

These correctiong will not be significant for
horizontal rotations because the reflectors were aimed by eye to
within about 320. The vertical correction may be significant
in some cases. In our case therefore i=‘*+€k.where O, is the
tilt of the reflector plate. -

If the reflector plate has a tilt O, and the light
is coming up-hill with an angle of elevation & then a correction

-h, siﬂ(o"i’e.- must be added, where M, is the height of the
cube cornef apex above the plate.

The total geometrical reflector éorrection is thus
~h,sin(x+6,) + D(1- cos(x+6,)) +n hr( /- ﬁ -(Sm(:wr)f)

' The primary use of these geometrical corrections in

the present case is to be able to compare distances measured
frqm A to B with distanceé measured from B to A. It should be
pointed out, however, that if the reflector apex was arranged

tq be the same height above the‘feflector plate as the Mekometer
trunion axis above the Mekometer plate then the distances A to
B eand B to A could be compared without correction.

By making these corrections, other workers can

compare measurements of the same lines with different
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instruments. The plate tilts should be measured in any case,

- as a precaution against post movements. The angles of elevation
must be measured to determine the pressure corrections. It is
also best to mount the Mekometer and the reflectors as low as’
possible to reduce any errors dﬁe t0 accidental tilt in the |

| plates.

Where lines have been measured in both directions,
no significant differences have been found between the two
measurements after the appropriate corrections have been

applied. The latter range up to 1 cm.

‘3.5 The 48 Hour Watch as a Check on the Atmospheric Corrections.

As a check on the various atmospheric corrections a
single line was measured for 48 hours with readings taken at
10 to 15 mimite intervals. The line chosen was 3-1 at
~ Reykjanes, which is in the thermally active area. This was
Athought to provide a good test because of the large temperature
variation in time and Space;

The line was sampled by three'temperature probes,
approximately on line, hung from poles, and one mercury
'thérmometer. Recorded air temperatures ranged from 15°C to
3°¢. Fortunately, the conditions were extremely variable during
the 48 hours, renging from still air with suishine to cloud, |
high wind and low temperature.

A tent was erected around"the.Mekometer pillar so
that measurements could continue through rain, if necessary.

- This had the effect of raising the cavity temperature further

above air temperature than normal. On the first day which was

r
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still and sunny, the cavity temperature was up to 9°C above air
temperature. 6n the second day, with intermittent cloud and
more wind, the cavity was only two to three degrees above air
temperature. For three hours while the wind was trying to blow
the tent down the cavity temperature was within 0.5 degrees of
air temperaturé. |

All the distance readings were corrected for
- atmospheric conditions, as described. A mean air temperature
- was used which was the unweighted arithmetic mean of three probe
values and a mercury thermometer reading.

As expected,vthe readingé had a high scatter. They
followed a'normal distribution with the'unqorrected measurements
having a standard deviatién of 0.0048 £t and the corrected
. measurements a standard deviation of 0.0040 ft. ' |

To test wvarious interdependences a coumputer progfam
was written which would give the linear correlation coefficients
between various parameters. |

The results are shown in the table.

Quantities Correlation Coeff. Significance Level
distance-cavity temp. -0.1342 80% -
Mekometer-cavity temp. 0.5337 100

red-red 1.0000 . 100

red-black c - 0.9187 100
red-thermometer 0.9357 - 100
red-cavity temp. - 0.8356 , 100
black-thermometer 0.9255 100
Mekometer-red ‘ 0.3538 . 99.9
distance-red ~-0.1141. . - 50
Mekometer-black - 0.3950 . ’ 99.9
distance~black -0.1314 ) - - 80
.Mekometer-thermometer = = 0.4491 , 100
distance-thermometer - =0.0657 60
distance~tide 0.0973 . 75

red-tide . -0.5037 100
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It was found that there was very high.correlation
' between various air temperafures measured. There was very high,
but slightly less,.correlation between the aif temperatures and
the cavity temperatures. There was high correlation, 0.53,
between the uncorrected'Mekometer readings and the cavity
temperatures, as might be expected. .The correlation between
eorfected distance and cavity temperatures was -0.13. For
random figures the probability of a correlation less than this
is about 80 per cent. This is not very significant, t coupled
with the behaviour of the air temperatures warrants investigation.
The correlations of the air temperatures with the

uncorrected Mekometer readings were 0.4991, 0.3950 and 0.3538
in order of fheir.increasing distance from the llekometer and
‘also increaSing height above the Mekometer. The correlatibns
with the corrected readings were -~0.0657, =0.1314 and -0.1141
respectivel&. The similar behaviour of the effect of atmospheric
‘corrections on the correlations of distance with air and with
cavity temperatures is a product of the high'oorrelation between |
air and cavity temperatures and cannot be used to argue about
the‘cprrectiens themselves.

‘,To test what magnitude of.systemetic errors could be
v eoncealed withiﬁ these results the cavity frequency/temperature
coefficient was‘adjuéted by an iterative process to obtain zero
correlation between cavity'temperatures and corrected distances.
The adjustment required to do this was only 0.0844 pafts per
million per degree. Using this new value of cavity coefficient
'}it was found that'fhe small correlations between air temperatures

and distance also nearly vanished, being 0.0639, -0.0071, 0.0033.

»



This means that the same result could also have been obtained by
adjusting the alr temperatures or cavity temperatures by 0.08°¢
per degree. It is indeed likely that the air temperatures are
in error by this amount. The sense is such that the air

~ temperatures should vary more than they did. One of the probes
was at point 1 on the top of a hill so this point might have
heated upiyess during the dey than the line as & whole. As the
effect is not significant, no definite answer can be found.

The result is looked upon as a tribute to hours of careful
frequency measurement of the Mekometer and probee_alike.

Even though the measurements were not of a high
quality an investigation wae carried out to see if there was any
detectable effect due to earth tides. Gravity values were
}computed for each of the measurement tlmes end these were
correlated with the corrected distance. The correlation was
0.0638, which is not significant, especially when it is realised
that the correlation of tide with air temperature was -0.5037;
as they both are diurnai effects this is not surprising. Vhen
the temperature dependence was removed from the readings the
tidal correlatlon was 0. 0473, which is not significant above
- the 50 per cent level. |

An attempt was made to make use of the different
characters of the two uan. The first day was warm and sunny‘
and the second dey cold and windy. On the first day  the
correlation between distance and cavity temperature was -0.17
(90%)‘and on the second day +0.10 (75%). ‘Because on the first
']day the cav1ty temperature was varying more w1th respect to air
temperature than on the second, it is tempting to thlnk that

this is evidence for the cavity coefficient being in error,
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rather than the air temperatures, if either. However, because
the first day was warm and sunny Wifhout much wind, any air
témperature bias is also likely to be larger. Irom the nature
of the terrain there was little choice as to where the probes
were to be situated, if they were to be at the correct height.
This effect of an uhrepresentational sampling of the air
temperature is going to produce an error which cannot readily
be estimated. It will vary from 111.1ev to line and day to day.
The effect is discussed more fully in Chapter 5.

It was interesting to note that while the standard
deviatioh of the reédings was 0.004 £t for the two days, the
gtandard deviation of the readings taken from sunset until
-1.00 a.m. was 0.002 ft., This confirmed what had been noticed
‘previously, that thesé afe the hours whénvthe air is most
steady. During this time the temperature is dropping steadily.‘

Dawﬁ was not so good. The physical explanation of
this is that when the sun is above the horizon, the rocky ground -
heats up very quickly and thé air warms from the bottom up.

The warm air rises and mixes with the cooler sir, causing.
turbulence and erratic air temperatures.

The temperature variations during the day showed up
very well. A+t 1.00 a;m. the scatter was 39.200 from a smooth
-curve, and this lasted until sun rise at 5.00 a.m., when the
scatter increased until noon, when_it was i1.0°C. During the
afternoon the scatter. remained constant at about +1. 0°C until
sunset, when it suddenly dropped to +0. 1°C and remalned at this

level until 1 OO 2.M."



The reasoning used in working out the above correlation
figures is as. follows. The best estimator of the correlation
coefficient between two veriables X; and y; is

| . = -x)(y-§)
"* o nf 2 (y8)

The significances quoted are probabilities that there is in

fact some correlation as opposed to no correlation. In other
'words, for a correlation coefficient estimated as 0.5 there is
a 99.9 per cent chance that there is some correlation, i.e.
that when X increases, so-also does . The significance is not
a i_neasure of how well Xx;and Y follow each other. The
correlation coefficient is itself a measu:_"ev of how good‘ a

straight line ca.n} be put through the points X;Y;.
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CHAPTER 4

PRACTICAL CONSIDERATIONS

Work was étarted in Icélénd during the summer of
 1967. Thingvellir was choéen as a site for one of the networks
_vkon the recommendation of Dr. GePole Waiker, a geologist from
Imperial Collége. This recommendatioh was based on Thingvellir
having some of the best formed and most dramatic open tectonic
fissures in Iceland. Thingvellir is also served by a good
road from Reykjavik. The appéal of Thingvellir for geodetic
investigations was demonstrated by the number of other teams
- working there in 1967. They included.Professor R.L. Decker
- (1968), ?rofessor K. Gerke from Brunswick, who.measurgd some
lines by Geodimeter and Teliurometer respectively, and
Professor Eysteinn Trygvasson (1968) who very precisely levelled |
across the active zone.
After the Thingvellir network hed been built the SW

tip of Iceland, Reykjanes, was rocked by an earthquake swarm.
- This took place during the first few days of October 1967 and
cdnsisted of 16 shocks, the four largest being poofiy located
‘events of magnitude 4.3 to 4.4 on the Richter'scale}, New cracks
,’Were reportedvon the ground,and the Reykjanes Iighthouse, the

oldest in‘Icelahd, was cracked. Although it is a long established.
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thermal area steam was now éoming up in new places. There was
fear of an eruption and the possibility of further earthquakes,
g0 it seemed an obfious area for geodetic investigation.
Accordingly, a network of posts was quickly constructed, limited
because of shortage of time to eight posts. It was planned and

almost completely built in a day.

4.1 Description of the Pillars.

As the aim was to keep the corrections to within
0.1 mm the Mekometer had to be relocatable to within this limit.
Some experimentslwere tried using tripods and optical plumbs.
It was not felt that these Would be suitable for the highest
precision in'the field. 'Itvis a lengthy procedure setting an
optical plumb to better‘than 0.5 mm, as the reference point has
to be placed in the centre of a circle of error. There is also
- & chance in using a tripod that it will be accidentally
| disturbed by,fhe wind or other factors.
Geodetic pillars seemed to be the answer. On
'consultation with Lendmaelingar Islands, .the Icelandic Geodetic
. Survey, it was decided to build pillars baéed upon concrete
pipes. These pipes were filled with concrete and anchored to
the rocks by knurled steel stressing rods grouted into holes
drilled in the bedrock, as: shown. The pillars are 1.3 m high
" to set the instrument at a convenient height for use and to
eliminate theworst ground shimmer. fThéy are of two types. At
- Thingvellir the lines are each divided by an intermediate
- pillar enabling the linés fbwbe measured in*twb halves;} The

verticesvof the triangular network at Thingvellir have pillars
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35 cm in diameter while the intermediate points have pillars
25 cm in diametef. At Reykjanes all our pillars are 25 cm in
diameter. |

The pillars were built on solid rock, which, as far
as could be judged, was continuous to depth. In regions of
pahoehoe or ropey lava and palagonite tuff this cen be done with
fair confidence. Regions of aa or blocky lava were avoided
.where possible. Where this was not possible, the posts were
built on the least blocky and most stable looking area, usually
away from the edge of the flow.

v The pillar sites were prepared by knocking away the
‘mossy or weathered surface with a pick. This work gave a good
indication as to the goodness of the rock being built on. Holes
-were drilied 3 cem in diameter for the stressing rods. Four
stressing rods were used for the larger pipes and one or
'occasionally two for the smallei pipes. When the foundation was
basalt we drilled about 30 cm and on‘palagonite tuff about
75 Cm; Most of the holes at Thingvellir were drilled with a
 large two-stroke percussion drill lent to us by the Icelandic‘
Telephone Company. The remainder were drilled with a core
sampling drill developed for palaeomagnetlc work.

At Thingvellir the cement was mixed at a local hotel
~end carried in oil barrels to the site. Sand was obtained from
: the shore of thellake.‘ At Reykjanes we mixed the cement on site
-and used sand from the desert. A rich mixture.of three parts
sand to one.paft cement_was'used to’make the concrete Water.and
~frost prcof. - Stones were bﬁilt into therpillars to economise

on cement.
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The plates for the top of the pillars are required to
position the Mekometer mounting bracket_aﬁd reflectors uniquely.
They are flat plates with an aceurately reamed hole 1 + 0.0003
inches in diameter and 4 inches‘deep, into which a well-fitting
spigot will fit and may rotate. The Mekometer bracket and
reflectors are mounted on these spigots. The plates, together
with the Mekometer bracket and reflector mounts were madevof |

gunmetal bronze. The holes were protected by a cap.’

4.2 The Laying out of the Networks.

When the work was first started there was some doubt
as to the optimum length of the lines. The Mekometer has an
absolute range of 3-4 km and an effective range depending upon
local conditions. The network at Thingvellir was set up with
the aim of covering»the’area as efficiently as possible with
pillars not more than 2 km apart.

A triangular network of points was laid out with
| eides 3-4 km long which would be measured in two halves., The
‘mid-points of these sides, the smaller pillars, were situsted
as nearly ong line between the end points as possible, and
always close enough so that the'cosine of the deviation could
“be determined by theodolite to better than 1 in 10'. Thus if
one of the small pillars were knocked or fell down, it would
- sti11l be possible to determine the distance between the end
points. AThe end points themselves were also mede inter-visible‘
so that a longer range instrument, or‘even the present
'/Mekometer could measure the‘whole 1ength, if expedient. The

vertical misalignment of the mid-points was made as small as
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possible and ﬁere chosen to bisect the line fairly'closeiy on
solid rock. These requirements are sitringent and would have
been impossible to satisfy in some terrains.
‘' In the Reykjahes network, shorter lines were used,

and mid-points were not necessary. Three pillars were placed
on each side of what looked like the active zone so that as
many lines as possible could be shot across the zone to evaluate
both side-slip and extenéion. Additional pillars were placed
on each side away from the active zone to act as reference ,
points and to enable the lateral extent of the disturbed zone to
be evaluated. |

In the summer of 1968,‘oh the basis of preliminary
méaéurements-on the early posts the network was extended ﬁith
the object of iqvestigating the extent and direction of the
 disturbed zone.

It has beeh,foundithat the Mekometer is most sensitive
at a range of one kilometre; Since this is also the distence
at which thé Mekometer has the greatest theoretical accuracy,

this would appear to be the optimum length for measurement.

4.3 Field Procedure for Méasurement. -

This section is meant as a users guide to the
‘Mekometer and field measurements, |

The.minimum practical number of personnel in a
Mekoﬁeter party is fpur when'using temperature probes and three
~when not. With extra people theré would be some redundancy
} some of the time, With fewer than theSe nﬁmbers therevwould be -

waiting, with sacrifice of speed and . probably accuracy. Speed



is an important economic factor because, with the poor weather
encountered in Iceland, it was found that in two six week
periods of measurement on both occasions about half the

measurements were made in 10 days.

One man operates the lMekometer full time during a line
measurement, another acts as meteoroloéist and book-keeper af
the Mekometer station, while the third takes the reflector to
the target pillars.n The last is in communication with the book-
keeper by radio and gives the air températures at the target'
end when asked. -The fourth men would be responsible for setting
out the probes along the line and operafihg their receiving

system.

With the present probes it is essential to be able to
drive close to the‘Mekometer pillar. This is because the radio
receiving systeﬁ for the probes requires a battery énd invertor
to run the counter and receiver. As every line can be shot in
two directions, this is generally possible with a Land Rover
and perseverance.

The Tirst operation on reaching the Mekometer pillar
is to unpack the Mekometer, place it on the pillar aﬁd then |
connect the power supply ahd‘switch it on., This is to allow the
maximum possible time for the standard end ﬁodulating cavities
to reach equilibrium. Tests carried out by frequency
measurement under such conditions have shown that this will take
up to 20 minutes. Until the modulating‘caVity has reached
equilibrium the tuning screw has to be_continually adjusted,
'this makes measurement difficult and increases the scatter of

the readings. A thermometer is-placed in contact with the
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A  TYPICAL RECORD

Date Maach 30,#? Pressure Q995 mb.
Time 20.30 Wet bulb temp. 51
Line 4~-5 Dry bulb temp. 56
Reflector &£ Wind strangth Kight . Fovee |
Tilt-meter .-2¥22 Wind direction £. .
Shimmer None .
Weather  Clowdl all auound . Vew wel & b mvﬂv
Nearly " nson - Cotun.
Comments J{.w‘&/ Mwum:y n:;dé )
Mekometer Reading Temperatures
H T U|Fractions | Point4| Probe | PointS5 | Cavity
74 43 2| 2240 | 2.45 996 2:28 5 8
| a2z | 295 | aqr 22% | gy
,2200 | 297 | q56 | 168 | 47
22210 | 2076 | ag6 | 1-88 | 4.7
2215 | 295 | g8k | 2948 | 45
2215 | 295 | 983 | 167 | 44
2230 | 293 | ¢qg3 | 2% L3
2215 | 2.97 979 18§ L2
2220 | 2:96 | Q%0 | |-G0 | 4-2
22215 | 2.7 | 978 | ;.89 | 42
‘2215 1 295 1 919 | g9 | 402
2218 | 2% | 918 | 1-88 Lot
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standard cavity and when this approaches a steady reading
measurements can begin.

During this period a temperature étation is set up,
which consists of a thermometer held in a stand shielded from
the sun. This is placed up wind of the observers in an exposed
position. The pressure and humidity are measured. The time,
day, 1ine>name and general weather conditions are also noted
together with any c;mments which may be useful in interpretation.
A typical record is shown., |

| The reflector man aims the reflector at the lMekometer
by eye. With our reflector mounts this can be done with
sufficient accuracj. He also sets his thermométer up in a
~ suitable place. Usually it can be strapped to the reflector
mount., The reflector mounts have shields which keep rain off
the surface of the reflector and also act as sun shields. If
the front of the reflector does become wet it must be dried
because water droplets on the front face produce random phase
. and effectlvely reduce the return signal.

The probe man should set out the probes aléng'the
line, If the wind is strong enough then kites are uséd. These
have proved compact and very conveniént. The probé batteries
should be checked and replaced when below 10.5 volts. The kite
is let up to about 80 m say and then a probe attached to the
string. Having‘the.kite well above thé probe gives a more stable
-probe height. The probe is positioned on instructions by
simple semaphore from the Mekometer operator.
| Balloons are used in still air or light wind. One

small pilot balloon produces enough 1ift. They have practical



~98-

drawbacks howéver, Hydrogen cylinders are big, awkwardly shaped
and possibly dangerous things to drive about with in a short
wheel-based ILand Rofer, and should probably be towed in a
traeiler. When the balloon is inflated it cannot be moved around
above 5 m.é.h. With erratic weather conditions the balloons
could not be left tethered over night and had to be placed
inside a large tent. It has been found that quite a large
hydrogen bank is needed if much balloon work is to be done.
It seems likely that a'hovefing device powered By a model
diesel engine woqld be more suitable.

With the probes in place the'receiving system is set

ﬁ\up. The counter is powered by a lead-acid accumulator via an

invertor; the receiver has its own dry cells. It was found
that a screened lead from the receiver to the counter had to be
used to prevent pick—up'from the invertor. The receiver is
tuned and the probes selected by a switch which erystal controls
the i.f. oscillator to the required frequencies.

The probe temperatures are displayed on the”counter as

frequencies in the region 1-2 kHz. These are read whenever a

distance measurement is made.

4,3.1 Mékometer operation.
| The Mekometer is first aimed at the reflector. . This

is done by means -of “two eyepieces. The first looks through the
transmittinngystem and is equivalent to a normal~t¢lescope°'
?his field of view has a black spot on it which is in fact a
-stop for the transmitted light. The elevation of the Mekometer
'/is adjusted by a screw on the Mekometer bracket, and the azimuth
by rotating the bracket in the mounting plate until the black
dot is over the reflector. The reflector is now receiving light

from the Mekometer. '
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The other eyeplece looks through the receiving
system., It is sampled by pulling a little reflector into the
light patﬁ‘just before the photomultiplier.' The image here is
highiy megnified -and only subtends one miiliradian. Since no
eyepiece lens has been inserted the observer has to focus his -
eye at infinity. He should then see the reflector and the
reflectediiight somewhere inside a circular field of view.

The élevafion and azimuth are slightly adjusted until the
réturned light is in the centre of this field of view. The
}ittle reflector should then be pﬁshed.back and the eyepiece
‘closed., The Mekometer is then correctly aimed.

<The mode switch marked ¥, H, T, U for fractions,
hundreds; tens, units is switched to F. The FM switch should
be switched on and the high or low wobhle selected by switching
| to HI or IO. Higﬁ wobble should be used for short distances
up to say 300 m and low wobble used on longer distances.

The cavity‘tuning screw should_be adjusted in search
- of the resonance position. On cold days the screw will have to
be screwed out and on hot days, in. The resonance position is
close when the needle on theAéavity meter starté to deflect.

As the tuning is continued the needle will go full scale and
then sharply back through the zero and full scale the other way.
Wind baék to the zero énd the moduléting céVity is at thé
correct frequency;

‘The distance measﬁremeht can now be made by‘setting
the variablé light path to its correct position as Shown by-the
- phase meter. This is‘dbne'by'turning the large knurled wheel

at the end of the Mekometer. All the phase controls are on the

[
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end paﬁel. Typically the phase meter.will be deflected at this
stage. If it is not then either the Mekometer is set on a

| broad maximum of interference or the photomultiplier gain is
too low. Wind the wheel until some deflection is seen on the
phase meter, If this cannot be done increase the photomultiplier
‘gain by turning the gain knob clockwise; if it can, turn the
gain knob until the deflection is greatest. This sets the
photomultiplier gaiﬁ to optimum, i.e. just before saturation

by returned light. If the phase meter deflection is to the
left turn the wheel clockwise. Unless the light path is very
'éearly in the-cqrrect position the meter needle will deflect

to the right, and then very sharply back through zero, and then
deflect to the left. As with the cavity.sétting wind back to
the zero. If the phase meter needle is to‘the right of zero |
turn the wheel anti-clockwise. This then is the position of
the interference minimum requifed. If all is well a slight
movement of the cavity tuning screw will send both meter |
needles the same way. If they move in opposite directions the
Mekometer is set on a maximum. |

| With both meters set oﬁ zero the fraction of a foot,
above a whole number of feet, in the line being measured may

be read from a tape at the top of the front panel, graduated

in thousandths.of a foot. Usually the.phase meter cammot be

- held steadily on zero because of variations in refractive index
along the light path. In this case the phase is adjusted until
the deflections are symmetrical about the zero. This requires

‘estimation, so for very accurate work several settings should

be made, If the deflections are rather large and wild the time

c
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cohstant switch should be switched to high. This should not be
used except at the final setting because it makes the meter
deflections very sluggish. This effectivelj integrates the
meter deflectlons over a few seconds and presents a time
averaged deflection.

.When the fraction has been obtained the hundreds, tens
and units of feet can be measured. While the tape is in the |
fraction se%ting, the pointers on the fwo rounding dials
should be set on zero by turning them; they are friction
driven. " Now turn the mode switch to hundreds and trim the
éavity. The cavity tuning serew should not have to be ‘turned
very much, * If it is the wrong resonance will be found. The
resonance position is determined as before. The phase is also
adjusted as before only'this time the answer is read from the
: hundreds.and tens dial to two significent figures, c.g. 3.7
hundreds. _ _
) The mode switch is now moved to the tens position
and the proeessbrepeated to give, say 6.5 tens. The mode switch
is finally moved to the units position, the meters set to zero,
end the units read from the units dial. The pointer will
unambiguously be pointing af some nunber, say 4. In the
example given theh,'the distance would be the enoroﬁriate 
mumber of tnousands of feet plus 364 plus the orlglnally
determined fractlon of a foot.

The hundreds setting shouid give an estimate of the
tens, e.g. 6.5 tens agrees with en estimate of 3.7 hundreds.

_If one of‘the settinge"is obviously out then it ean,be ohecked,»

if they are all in disagreement then the fractien should be
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rechecked. It is good practice to return to fractions to do

another setting as it can be used to check that the rounding

dials return to zero, prevehts time being wasted by doing the
next fraction setting on the units mode, and giveé another

fraction estimate.

This procedure is quickly learned. All the switches,
knobs and meters work in the expected and natural directions
s0 that nearly anyone can operate the llekometer successfully

first tinme.

. 4.3.2 Problems likely to_be met with in the field.

' Each extreme weather condition produces characteristic
measurement problems. In Iceland nearly all conditions except
intense heat have been experienced. Most of the effects are

readily explained and some can be reduced by simple measures.

4.3.2.1 Wind.

Light wind in general improves measuring conditions

since it reduces the temperature gradients. During long periods
- of constent sunshine the wind should be as high as force 4.

| 5 If the wind increases to strong it is nearly%always

gusting. This produces two undesirable effects, TFirstly, the

standard caﬁity pressure becomeé erratic and secondly the

modulating cavity temperafuré becomes unsteady.

The standerd cavity in the Mekometer is arranged to
be at atmospheric pressure. Vhen a strong gust blows on the
Mekometer the pressure is instantaneously increased, producing

| ~a frequency change in the'étandard cavity. This is observed as

& sharp deflection of the cavity meter needle with the érrival |

of a gust. The effect is greatest when the lMekometer is pointing
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directly into the wind beczuse the Mekometer is open at the
front.

When fhe wind is gusting it also produces temperature
fluctuations of the modulating cavity, which normally has an
operating temperature affew'degrees above ambient. This is also
seen as irregularities oh the.cavity meter. These two causes
combine to make the frequency setting more difficult and less

accurate,

4.3.2.2 Rain.
Light rain does not completely inhibit operation.
The main problem is keeping the Mekometer dry; being a proto-
type instrament it is hot Water-proof.
| ~ For protection, an umbrella on a pole with guys was
.used like a parasol with some success. Since rain is usually
assocliated with some wind the best form of protection was found
to be a polythene sheet cover,in the form of a box,which could
be strapped onto the Mekometer. The portion over the side
panel was liftable so that the operator could work undérneathvit;
If the rain becomes at all heavy wdrk is stopped by
| poor visibility. After working in rain the Mekometer frequency
‘ e

must be checked at frequent'interVals'in case the standard

cavity has become damp.

4.3.2.3 Intense cold.

; Intense cold produces tuning difficulties. The
Mekometer at present'cannot‘be tuned-when the standard cavity
~ temperature drops below -4.0°C. At this temperature the tuning
screw must be taken fully out. Below this temperature the

Mekometer has to be ertificially heated. Since iﬁtense cold is
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usually associated with clear skys the greenhouse principle

works well. A double thickness of polythene over a dexion

frame was used.

4.3.2.4 Background light.

The Mekometer has to pick out its own signal from the
background light around the reflector. If there is,for instance,
~ bright snow behind the reflector, the signal to noise ratio is
decreased. This can often be restored by the reflector man .
standing behind the reflector, although on long lines he will.
not be\big enough. Severe noise is introduced by a background

of sunlight on a lake and work must be timed to avoid this.

4.3.2.5 Prolonged sunshine.
| The worst effect of prolonged'sunshine is the high
temperature variation produced in the atmosphere; This effect.
is discussed in Chapter 5. |
| During dry spells in Iceland it was found that the
atmosphére became very dusty, particularly in the desert regions.
,‘This caused many moving parfs of the instruments to become
stiff. Dust also entered the modﬁlating cavity and caused
arcing. The dust had to be removed'using compressed air.
In general it is best to avoid adverse conditions
‘rather than fight them because only under favoura%le
circumstances can the best measurements bé made. When the
weather is sunny it is best to work during the evening and at
Cnight. | '
“Working at night has obvious dfawbacks however,

Aining at reflectors is more difficult. A good method for
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locating reflectors at night was found tb be for someone at the
Mekometer end to shine a torch in the genersl direction of the
reflector, The reflector can then be seen as a spot of light.
At night it hes also been ' found that the Mekometer operator
and book-keeper both need torches strapped to their heads to

be able to perform their mammal tasks.
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CHAPTER 5
THE RESULTS AND THEIR ERRORS

N .
5.1 The Computing of the Results.

As outlined in Chapter 3 the Mekometer readings have
- to be corrected for the atmospheric paranmeters, pressure,
temperature apd humidity. This was done using the University
of London_Atlés computer. The pressure correction requires a
"knowledgevof'the preésure difference between the two ends of
the line; +to determine this was the object of the first
‘program. Finally a third program corrected for geometrical
factors to give the distances between mounting plate centres.

- In the'firstvplace the pressure differences between
the ends of each line were calculated. The preésure exerted
,by'1 cm of air at standard pressure and 839'at a latitude of
649 is 1.232 :ec“lO'3 mb. This value was assumed to hold for all
the air throughout our work. This assumption at the most could
introduce a two per cent error in the pressure correctioﬁ'which '
is negligible. A simple pfogram was Written to calculate the
pressure differences. The data used was:

1. The circle right theodolite reading for the
- vertical angle.
2. The circle left theodolite reading for the

vertical angle.
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3. The uncorrected Mekometer reading.

4. The line name.

There was a bubble error in the theodolite used so
that angles given by the two theodolite readings were
systematically different. The'vertical angle was computed
together with the random difference between the theodolite -
readings, having taken into accouﬁt the bubble error. The
difference was used to show up gross errors. Using the slope °
length of the line, the height difference between the  ends and
the corresponding pressure difference were computed. The
theodolite readings generally diffefed by about 0.00005 radians
or 10 seconds of arc. The vertical éngles however are not this
good as will be discussed later.

Atmospheric corrections were then made to the
Mekometer readings. To do this a compufer program was written
using the following data.

1. The atmopsheric pressure measured at the

.Mekometer station.
2. The pressure difference between end statidns

(previously computed from the surveying results);
3. The humidity as measured at the Mekometer station.
4,' The particular reflector being used, i.e.'A, B,

C, D, Eor F. |

5. The air temperature as measured by thermometers

at the Mekometer station. |

6. The temperaéﬁreJProbe readings when the probes

| were being used. | |
7. The air temperature as measured at the reflector

station.
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8. The Mekometef reading.
9. The témperature of the standard cavity.
10. The namé of the line and the date when it was
measured.
The program corrected the lMekometer reading for atmospheric
conditions by using the estimated mean pressure on the line;
the mean of the air temperatures, and the humidity, which was
assumed.to)be constant along the line. The distance was also ~
corrected for the Mekometer frequency via the cavity
temperafure. Finally the appropriate reflector cdrrection was
epplied to'give a line length between the Mekometer trunion
axis and the reflector rotation axis. The program had sub-
routiﬁes which computed the Mekometer frequency from the cavity .
temperature and the air témperature from the‘varidﬁs probe
readings. | |
These results were prihted'out, together with their
.,mean and the estimate df the stgndard deviétion of this mean,
aséuming that the results were normally distributed.
o These meané were then used in another prbgram which
’fcomputed the geométfical corrections. The data for this
program was as follows: |
| v1, The tiltmeter'reading for the mounting plate at
’the Mékometér ététion. |
2. The tiltmeter :eqding for the mounting plate at
- the reflector station.. |
3. Thé height difference.bétween the plate centres'
as computed from the surveying results.'
4. The atmospherically corrécfed Mekometer results.

5. The line name and dafe of measurement.
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. The program converted the tiltmeter readings into angles and-
- then computed the correction to be applied to convert the
results to distances between plate centres as outlined in
Chapter 3. ' This correction was output together with the
corrected distance and the hérizontal distance. In no case
has a significant error been found due to this geometrical

" correction, i.e. measuring from A to B gives the seme answer
as measuring from B to A.

The results were as follows.

" 5.2 The Line Lengths.

At Reykjanes

Line Distance (ft) = Estimated error (ft) Date measured
1=2 " 1404 .54490  .005%0 5 Oct 67
54610 © . .0050 ‘ 9 Jct 67
« 54940 0050 ’ 30 Iiar 68
55310 .0050 2 Apr 68
.55290 .0075 31 Jul 68
. 55670 - ’ .0020 ' 6 Oct 68
.55512 .0006 : ' 27 liar 69
2-1 . 55481 .0050 S 2 Apr 68
54751 .0020 = o 3 Aug 68
55397 -~ .0026 o 29 Apr 69
1=3. 1684.20046 .0030 - -5 Qct 67
.20566 . 0030 : 9 Oct 67
. 20456 .0030 2 Apr 68
21726 ‘ 0686 31 Jul 68
« 20366 ' .0036 6 Oct 68
S . 19787 - 0024 27 Mar 69
Bl ' . 20455 .0030 3 Apr 68
| .20015 .0098 2 Aug 68
19735 - .013%4 13 Aug 68
« 20035 «0005 6 Oct 68
1-4 2180.12823% . .0050 - 5 O0ct 67
: «12973. . 0050 9 Oct 67
11723 ' 0050 2 Apr 68
.11683 ~ .0060 - 31 Jul 68
.12193 - - .0050 5 Oct 68
11354 0016 30 Mar 69
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Line Distance (ft) Estimated error (ft) Date measured

1-5 2606.09155 .0050 5 Oct 67
07025 .0050 "9 Oct 67

05745 .0050 2 Apr 68

07355 0131 31 Jul 68

07375 .0034 5 Oct 68

07031 ‘ .0010 27 Mar 69

1-6 1684.%1106 : ‘ .0030 5 Oct 67

' . 30646 0030 9 Oct 67
«31176 0057 2 Apr 68

« 31516 .0035 31 Jul 68

+31566 » 0029 5 Oct 68

« 30874 . .0020 27 Mar 69

.31431 .0009 29 Apr 69

1=27 592.58068 - .,0005 31 Jul 68
« 58327 ' .0019 27 Mar 69

| . 58342 ~ .0016 29 Apr 69
2=3 - 13%1.73516 .0010 6 Oct 68
‘ : 72793 .0015 29 Mar 69
| | 73113 . .0017 29 Apr 69
3=2 . 73949 , .0022 3 Apr 68
J 713519 , - .0014 2 Aug 68
3%367.0043%35 . .0145 3 Aug 68

.98439 .003%6 ' 29 Mar 69
4 ‘ «99429 . .0027 = = 27 Apr 69
2=-27 1138.72223 .0021 3 Aug 68

: .72556 - ,0015 29 Mar 69

- .72856 . .0016 29 Apr 69

3-4 1829.42713 .0109 3 Apr 68
‘ 42443 - ,0048 2 Aug 68
«42003 . - .0094 7 Apr 69

4-3 © 42249 .0014 3 Aug 68
3-6 2303.49858 . 0113 3 Apr 68

‘ .49988 ' 20141 2 Aug 68
-48054 - ,0039 7 Apr 69

48634 , - .0024 29 Apr 69

3-7 2453.94866 20109 3 Apr 68
| 494646 .0024 > Aug 68
«95596 . .0027 6 Oct 68

«94450 - .0029 29 Mar 69

+ 94780 © 0022 29 Apr 63
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Line Distence (ft) . Estimated erfor (£ft) Date measured
- 3=27 1821.94312 : .0265 ; 2 Aug 68
«35432 "« 0004 6 Oct 68
«34677 .0039 _ 29 Mar 69
4-5 1740.46084 .0057 ‘ % Apr 68
46294 0037 7 Oct 68
45855 - ,0020 30 ilar 69
5-4 «45611 .0055 1 Aug 68
46411 .0011 29 Apr 69
4-6 1155.5038% .0057 3 Apr 68
’ «49513 0070 3 Aug 68
5-6 989.78957 . .0057 4 Apr 68
« 79117 .0015 : 7 Oct 68
« 79755 - L0021 ; -29 Apr 69
6-5 ' 79448 .0109 : 31 Jul 68
5-8 3364.51204 .0087 - . 4 Apr 68
| .51134 0141 1 Aug 68
.52594 .0029 .7 Oct 68
«51232 ‘ 0040 29 Mar 69
5-9 2153.41674 .0029 : 7 Oct 68
: .40954 © +0015 , o 1 Aug 68
40497 0021 : -4 Apr 69
. 406737 _ o 4,0025 . 29 Apr 69
6-8 3809.39160 . .0050 x 4 Apr 68
« 40865 .0031 S 30 Mar 69
8-1 4344.60882 .0047 5 Oct 68
.60551 .0055 30 Mar 69
. 60581 ' .0036 29 Apr 69
8-9  43%64.36532 0022 5 Oct 68
: « 36075 0051 '30 Mar 69
10-8 3389.08637  .0043 1 Aug 68
' .10207. .0051 | 7 Oct 68
09808 .«0025 SR 31 Maxr 69
10-9  3259.86587 0162 © 1.Aug 68

.85598 .0015 31 Mer 69
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Line = Distance (ft) Estimated error (ft) Date measured

10-11  2564.13906 0010 1 Aug 68
. 15951 . .0030 31.lar 69
11-8 4773.78015  gross 1.Aug 68
.80309 gross 2 Aug 68
.30220 .0020 31 Mar 69
31840 .0029 5 Apr 69

11=13  3408.16069 0423 4 Mug 68
T 13201 S .0078 5 Apr 69
11-14 453%2,27596 gross 2 Aug 68
. 26044 gross 5 Aug 68
- .76193 .0070 5 Apr 69
12-9 5311.96905 - gross - 5 Aug 68
45841 .0043 7 Apr 69

12-10  3141.66125 .0236 5 Aug 68 *
64242 ~ .0035 5 Apr 69
12-11  2899.64617 - .0021 5 Oct 68
«63760 | .0031 5 Apr 69
12-13  2356.00680 | .0069 " 4 Aug 68
.00357% ~.0020 5 Apr 69
12-15 = 4041.97250 ~ ~  .0890 5 Aug 68
.90296 .0091 7 Apr 69
13214 2482.85405 - .007T 4 Mug 68
.85503 .0026 4 Apr 69
.82432 T L0047 4 Apr 69
13-16  3845.32660  .0691 5 Aug 68
.33589 .0294 4 Mg 68
.29902 .0052 4 Apr 69
14-16 - 3862.88265 - ,0385 5 Aug 68
82362 A .0039 7 Apr 69
15-16  2187.32859 .0098 5 Aug 68
| | 32361 . .0010 7 Apr 69
17-15  3674.67492 .0208 7 Aug 68
T .65569 ~.0019 9 Apr 69
'17-16 - 2891.20859 .,0084 7 Aug 68
: : 12 Apr 69

21212 ~.0037
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Line Distance (ft) Estimated error (ft) Date measured
17-18  1263.99120 .0031 7 Aug 68
.98989 . .0010 9 Apr 69
i18-16  2825.80298 .0068 7 Aug 68
.81967 0036 9 Apr 69
18-19  1440.01522 .0021 7 Aug 68
02116 . .0016 9 Apr 69
19-18 .01955 0047 9 Aug 68
.02025 0026 10 Aug 68
19-16 . 2989.55713 .0100 10 Aug 68
| .56199 ~.0030 10 Apr 69
20-17  3225.78242 | .0402 10 Aug 68
.76122 ~.0100 11 Aug 68
.76702 .0287 12 Aug 68
. 76665 ~.0025 10 Apr 69
20-18  2849.99692 - 0113 10 Aug 68
.98322 . .0120 10 Aug 68
.98952 - . ,0107 11 Aug 68
.98042 - .0084 12 Aug 68
«99077 - .0024 10 Apr 69
21-20  2404.3%0818 .0066 10 Aug 68
, 230612 .0047 10 Apr 68
21-18  2426.55935 ,0074° 10 Aug 68
| 55587 .0031 10 Apr 69
21-19  18%3.80016 - .0052 10 Aug 68
.79565 . .0026 10 Apr 69
21-22  1816.86906 . .0048 10 Aug 68
T .86586 - .0021 10 Apr 69
21-25  2230,61950 .0042 10 Aug 68
23-22  2362.21647  .0044 11 Aug 68
.21437 .0033 11 Aug 68
26771 | .0052 12 Aug 68
23-24  2337.09197 - .0028 11 Aug 68
' ' .09323 .0050 - - 12 Apr 69
23-26  1795.83569 | .005% 11 Aug 68
.8%550 ~.0026 12 Apr 69
25-20  2028.37775 . <0086 11 Aug 68
37735 .0030 12

Apr 69
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Line Distance (£ft) Estimated error (ft) Date measured
25-26 . 2933.88443 .0386 11-Aug 68
’ «84020 .0102 12 Aug 68
.86900 0026 12 Apr 69
25-22  2799.02914 0094 11 Aug 68
01312 .0020 12 Apr 69
26-22 2743.94627 .0058 11 Aug 68
- 94979 0073 12 Apr 69
26-24 3720.61026 .0059 11 Aug 68
.56891 .00534 12 Apr 69
28-27 1001.55503 0017 4 Aug 68
55472 .0015 7 Apr 69

28-8 4001.77315 gross

4475.60017 - 0030 7 Apr 69

Note. Errors for the 1967 results were estimated from
subsequent readings under similar conditions.

At Thingvellir

Iine - Distance (ft) Estimated error (ft) Date measured

31 5318.0004 .0039 25 Sep 68

-~ 5317.9918 .0025 = 13 Apr 69

3-3/4 4418.3989 | . 4 Oct 67
T 4176 - .0033 ‘ 25 Sep’ 68

.4070 .0024 13 Apr 69

3-3/6 6002.9716 0193 19 Aug 68
| .9873 ©..0019 | 25 Sep 68

.9981. -~ ,0105 | 13 Apr 69

4-1/4  3402.1804 0118 21 Aug 68
~ « 1973 .0041 26 Sep 68

. 1970 ©.0047 15 Apr 69

4-2  5330.8885 . .0058 R 9 Oct 68
9155 L0110 15 Apr 69

4-3/4 3997.1050 B 4 Oct 67
| <1339 .0105 - | 3 Oct 68

| 1292 . .0058 . 15 Apr 69

" 4=4/5 556%.,2623 .0057 9 Oct 68

« 2806 - 0090 o 15 Apr 69
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Line Distahce (£t) Estimated error (£i) | Date measured
4-4/6 7353%.4908 .0169 . - 3 Oct 68
.4876 0045 16 Apr 69
447 4332,3651 .0070 23 Aug 68
.383%4 .0098 3 0ct 68
« 3827 - L0043 15 Apr 69
4-4/8 5498.8348 ~.0026 9 Oct 68
\ 8754 .0057 15 Apr 69
1-1/2 7379.2979 .0073 10 Oct 68
1-1/4 4306.7615 .0035 ' 26 Sep 68
.7623 .00%4 23 Apr 69
2=1/2 3001.1438 .0015 10 Oct 68
| . 1326 .0005 20 Apr 69
2-2/5 3175.9925 ~.0016 10 Oct 68
‘ .9805 .0022 20 Apr 69
5-2/5 6147 .8584 .0436 ' 9 Oct 68
.8452 .0021 | 20 Apr 69
5-4./5 5995.0431 .0102 9 Oct 68
.0638 0047 | | . 20 Apr 69
5-5/8 3593.5015 .0024 | 9 Oct 68
5104 .0059 20 Apr 69
5=5/9 3072.8371 .0007 - 24 Apr 69
6-3/6 2473.8114 : 7 Oct 67
, .8165 .0055 i 19 Aug 68
.8207 .0029 28 Sep 68
.8089 .0026 : 13 Apr 69
6=4/6 . 2004.524% ' R 7 Oct 67
- W.5192 .0054 ‘ 19 Aug 68
5302 .0020 28 Sep 68
6-17 6247.2171 : S 7 oct 67
| «2431 .0050 28 Sep 68
<2450 ~.0083 14 Apr 69
6-6/11  '5306.8571 .0075 28 Sep 68
8501 .0182 ' 14 Apr 69

.8345 ~.0021 | 27 Apr 63
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Line Distance (ft) Esfimated error (£t) Date measured

T=4/7 2370.3039 7 Oct 67
« 3074 .0055 . 23 Aug 68

.3080 .0029 29 Sep 68

43094 .0022 16 Apr 69

7-8 5690.9002 .0047 8 Oct 68
8724 0057 25 Apr 69

7-7/11 7103.4621 6 Oct 67
4572 .0095 23 Aug 68

4635 .0155 % Oct 68

<4752 .0231 16 Apr 69

4336 .0038 27 Apr 69

T-7/12 6783.3807 . +0063 23 Aug 68
3994 .0121 16 Apr 69

3974 .0067 25 Apr. 69

- 8-4/8 - 3024.3944 0010 8 Oct 68
- .3836 .0022 25 Apr 69
8-5/8 3743.3942 0057 8 Oct 68
8~8/9 2530.1835 L0037 25 Apr 69
8-8/12 5408.9794 .0038 8 Oct 68
.9791 © .0036 25 Apr 69

9-5/9 4275.9982 " .0004 24 Apr 69
9-8/9  4352.8699 .0043 24 Apr 69
9-9/12 4091.3242 .0021 - 24 Apr 69
929/13  2681.1455 .0032 24 Apr 69
10-10/11  3450.3454 .0017 28 Apr 69
10-10/14 4324.0386 .0022 28 Apr 69
11-6/11 - 6626.3972 0347 27 Sep 68
| 3680 .0044 20 Apr 69
11-7/11  3552.0412 | . 8 Oct 67
| 0226 .0039 27 Sep 68

0066 «0037 20 Apr 69

11-11/12  4138.8234 .0037 27 Sep 68
48016 0036 . 20 Apr 69
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.0048

Line Distance (ft) Estimated error (£+) Date measuréd
11=-10/11 4586.1486 .0026 28 Apr 69
11-11/15 4976.6459 .0035 27 Sep 68

6221 .0042 20 Apr 69

12-7/12  5672.9547 .0052 - 23 Aug 68
-9680 .0048 2% Apr 69

12-8/12  6496.9482 .0096 9 Oct 68
.9492 .0044 23 Apr 69

12-9/12  7435.9151 . .0065 23 Apr 69
12-11/12  2933.4966 .0024 23 Aug 68
.5032 .0038 23 Apr 69

12-12/13  3276.4236 0011 23 apr 69
12-12/15  4017.3263 ~.0039 27 Sep 68
. | <3178 .0055 23 Apr 69
13-9/13  4182.1099 .0026 24 Apr 69
13-12/13  5291.6175 .0027 24 Apr 69
14-10/14  3005.3671 .0021 27 Apr 69
14-14/16 3406.2421 .0028 27 Apr 69
15-11/15 4530.9%01 ,0024 26 Sep 68
.4316 .0035 27 Apr 69

15-12/15 "4301.1082 .0091 26 Sep 68
<1067 .0022 27 Apr 69

15-15/16 2229.1313 .0028 . 27 Apr 69
16~14/16 6631.5430 .0080 27 Apr 69
.5384 .0042 27 Apr 69

'16-15/16  3811.3852 27 Apr 69

Note. No estimate of the errors of the 1967 measurements'

Can yet be made.
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5.3 Estimation of the Various Errors.

5.3.1 Errors due to cavity and phase settings.

There will be a frequency error if the standard.

cavity has not reached equilibrium. The field setting up

procedure is designed to give the liekometer as long as possible
to reach equilibrium. Nevertheless on some lines there still
appears to be a one-way change of distance with time. If this
is noticeable from the results the offending readings are
ignored.

Experimenﬁs have been conducted to investigate the
behaviour of the sténdard cavity while attaining equilibrium.
It hes been found that the cavity reaches éQuilibrium by over
correcting by up to 20 per éent in the first seven minutes and
then more slowly relaxing back to equilibrium in another 13
minutes. | _

The -initial quick frequency change is due to the
aluminium outer case of the‘standard cavity quickly reaching
air temperature. This changes the capacity at the ends of the
quartz cavity and produces over compensation.' As the quartz
eventually reaches equilibrium temperature the frequency
becomes correct. | ‘ |

If the Mekometer has been kept at an even
temperature for a few weeks it is found}that the frequency
changes take place in sharp jumps. These are_caused by the
quartz outer‘line not moving smoothly over the aluminium case,
-This movement is facilitated by PTFE spacers.' These Jjumps
become‘much 1ess marked if the standardvcavity is first cycled
through the required temperature range as occurs on field

expeditions.,
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After the cavity has attained equilibrium and the
cavity temperature is slowly fluctuating with air temperature
the frequency errofs will be random and should only introduce
a small error to the mean.

A Systematic error will result if the frequency cavity
temperature calibration is in error. This calibration on each
expedition,‘except the first, has been derived from upwards of
60 frequency measurements spread over a range of 20°C. It is
estimated that the calibration curve is known to within 0.13
parts per million for temperatures ranging from -2°C to +22%.
The error produced will be negligible in our work,

In frequency measurements the cavity null can only be
set to about 0.2 parts per million. On a distance measurement
on a calm day'it can probably be set slightly better. This is
because in frequency meaéuxements a rather unstable oscilloscope
pattern has to be held stationary at the same time. On a
distance measurement more attention can be given to the cavity
setting. If the modulating cavity temperature is fluctuating
however the cavity setting may become less precise. The error
from this setting will be random, -

The phase setting also involves a random error. It
is interesting to note however that the first reading is
sometimes péor even when the standard cavity has reached"
~ equilibrium, as would be the case of measuring a second line
from one Mekometer station. This seems to be more noticeable
when the line being measured is a poor one. The first readings
seem to act as a "sighter". The phase which is randomly
varying with time is initially approached from outside the

range of deviations. The first reading is taken_when'thé’phase
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needle is steady on zero., The phase then changes, usually
towards its ftrue mean and is followed. These following phase
settings should then be inside the aétual phaSe'distribution '
.and produce more consistent results.

When the first reading of a set was outside the range
defined by the following readings it was ignored. It seems
likely that most measurements of this kind will produce first
readings which are Worse than avérage. It is believed that
this is why the 48 Hour Watéh producéd such 2 high scatter in

readings. It was the equivalent of a series of first réadings.

5.3.2  Errors due to errors in pressure measurement.

The Mekometer physically compensates for pressure
changes in the air so}that the readings are very insensitive
{0 pressure ohanges,’ The pressure need not therefore be known
. Precisely. The khowledge of the differenée in pressure between
the ends of the line however is important. This is determined
| from theodolite readings and the correction is good to 0.01 mb
for average conditions. This is équivalent to‘a’OiOQBwpartswper‘
million change in distance correctioh.: The correction will
}change daily with the air density appropriate to the particular -
conditions. This change at the most will be two per cent and
is ignored. |

The same pressure correction is used each time the
lline is measured so that the changes in line length will ﬁot

be affected by & slight error in the altitude correction.
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5.3.3 Errors due to errors in humidity measurement.

The humidity measurement is generally good to better
than 1 mm of Hg, for normal temperatures and rather better at
temperatures below about 4°C. This means that the correction
is good to 0.05 par%s per million and produces a negligible
error. The humidity veried only slowly throughout.the day and‘
seemed uniform in the area at Reykjanes, but 1ess so at
Thingvellir, especially near the lake. VThe effect of humidity
on the refractive index of light is very small so that even at
Thingvellir the error would be no more than 0.2 parts per |

million at the very most.

5.3.4 Geometrical errors.

The angles of elevation of the lines are good to
0.5 mimute of arc as determined from the reverse measurement
of several lines. This could produce an error of 0.017 mm
(0.00006 f£t), which is negligible. The same angles are used
for 21l the measurements so that there will be no error
- produced in estimates of the changes of line lengths.
The tiltmeter readings when repeated on a post had an
" error with‘a standard deviation of 0.0008. This is equivalent
to an angular error of 30 seconds of arc, This uncertainty is |
equivalent to a distence error of 0.024 mm at the Mekometer
end and O. 007 mm at the reflector end.

If the pillar tilted it would be detected or produce
an error of less than 0.15 mm (0.0005 ft).

There is another possible error in the reflector
rcorrection. It is assumed fhat the reflector man can aim the

reflector horizontally to within about one degree. This would
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produce an error of up to 0.008 mm. If the reflector was five
degrees off target the error introduced would be 0.12 mm.
Another end error is that due te the uncertainfy of
location of the Mekometer on the pillar. The Mekometer
mounting bracket has got a three inch spigot on it. Even though
the holes in the plates have been machined to within 0.3
~thousandths of an inch, it is possible to wobble the spigot in
- the hole. At the Mekometer end this can produce an error of
0.03 mm Wthh is negllglble. '
In the same category is the\iocation of the trunion
axis on the Mekometer itself. The trunions are on plates which
- are held by screws on the sides of the Mekometer. One of these
plates did not locate uniquely and could be tightened in
slightly different positions. This plate was screwed onfo the
Mekometer in‘a standard fashion and the resulting.errdr was

estimated to be less then O.1 mm.

~5.3.5 Errors due to uncertainty in air temperature.

So far the errors considered have been random, or if
systematic not greater than about 0.1 mm. If the error due to
temperature fluectuations was random the mean stamdard deviation
and confldence limits could be computed and the results would
be self cons1stent.

| Assuming that the computed distances g. in & given
set of N readings are normally distributed about some mean, the

best estimate of the mean y is glven by

'ﬁ* /i Z.‘fa
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The circumflex accent is used to denote the estimate of a
quantity. From a sample such as considered here the true mean
may never be known, it can only be estimated. The best

estimator of the standard deviation O is

A Z(y;‘g)z
s/ n-1

Clearly the more readings‘taken, and fhe smaller the standard
deviation, the bétter will be the eétimate of the true mean.
For a normal distribution as considered here confidence limits
for the estimates may be evaluated. |

The 100(1—00% confldence level is given by

5t (tys 5 "")r
fgé yN=l -is tabulated in any book on statistics under

Student's Tables. N~| are the "degrees'of freedom" for the
estimate. The degrees of freedom are M~] and not ¥ because
one parameter has already been estimated from the readings.

S0 per cent confidence 1imifs were evaluated for the
readingsvand they did not make sense. With 90 per cent
confidence limits it wouid_be expecfed that a smooth curve
through the distanceg pPlotted against time should go through
about 90 per cent of the eveluated limits, but it did not.
This means that either the distances are fluctuating randomly
and rathe: quickly over periods as short as one day, or there
is en error which has not been accounted for.

This error is believed to be due to systematic
 temperature changes along the line which‘are giving rise to
. mean temperatafes different from those being calculated. To
understand thé effect various atmospheric’stfuctures must be |

considered.
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5.3.5.1 The equilibrium states of the atmosphere.

| | Meteorologists describe several different states of
vertiéal stability in the atmosphere. They are derived by
considering an elemental parcel of air and seeing how it will
behave when displaced by some event.
| The most unstable state is Autoconvective Instability.
This is said to occur when the'atmospheric density increases
with height. This happens when the temperature decreases with
: height by more than 3.4°C per 100 m, and will only occur nearf‘
strongly heéted ground. Thé refractive index of air varies
with densiéy so theat autocohvective instability will produce
ray bending concave upwards. When this occurs mirages are
seen. Very strong shimmer will be seen as the less dense air
rises and mixes with the denser air causing turbulence. This
state'oniy occurs in Iceland on warm sunny days over -the black
rocks and sand. Mirages are fairly rare and only occur at
glancing incidence near the ground. | |

The next most unstable state is Unstable Equilibrium.

In this state air density decreases with height but if a
parcel of air is displaced upwards it does work and cools but:
not sufficiently to lower its density to that of the surrounding
air. This means that if some of the air is disturbed by an -
eddy say, the displaced air will‘continue travelling upwardsA
disturbing more air. This state occurs for vertical
temperature gradients, lapse retes, ofA1°C-3.4°C per iOO m.
These conditions will also produce shimmer caused by the
f’turbulent'mixing of inhomogeneous air. This state is common in

Iceland; occurring over the bareyground Whenever the sun is

shining directly on it.
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Neutral Equilibrium is said to occur when the work
done by rising eir.cools it just enough to keep it neutrally
boyent. This is an adiabatic condition which means there is
no vertical heat flux. This condition will occur around dusk
and dawn. .The vertical temperature gradient depends slightly
upon humidity, as there is latent heat to take into account,
but is nearly 1°C.per 100 m.

Stable Equilibrium occurs when the lapse rate is less
than 1°C per 100 m. This will happen whenever the ground is
cooler than the zir above end includes all temperature
inversions. 'This condition is also quite common in Iceland.
The bare ground radiates and loses its heat very rapidly and
stable equilibrium occurs at around sunset to last until after
dawn. Stable equilibrium also occurs over snow and weter.
Where the water or snow are‘intermittent however the stable
equilibrium may not last for any great height above the snow or
water. On sunny days both snow and water produce temperature
‘inversions, that is negative lapse rates, due to cooling by
vevapoﬁration.
| On a sunny day then there will be considerable
- variation of the vertical temperature gradients.' Over bare
rock a lapse rate of up to 3¢ per 100 m can be expeoted, over
- vegetation "there would be less, and over water a temperature
inversion. 1In a veried terrain there will also be horizontal
'_ temperature gradients which‘may be considerable near fhe :
ground; The’extent.of these varietions will depend upon the
ftime of day or how,lohg_the‘sun.has'beeh shining, and also upon

the wind’strength.
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The temperature veriations at a single puint can slso be
considerable. Lander and Robinson (1965) measured the

| temperature over a lawn in Surrey on a June afternoon and in

30 mimutes at a height of 0.25 m they observed temperatures

varying over 6°¢c.

5.3.5.2 Ray bending.
With so much temperature variation it might seem that

errors could also be introduced by ray bending. With a uniform
refractive index gradient it can be shown simply that the light
travels in a circular path with a radius of 1/(the refractive
index gradient). Except under mirage conditions the ray path
will be concave downwards. The ray bending will be gfeatest
'when the air is most stable. This is why the best conditions
for theedolite measurements‘are the worst for distance
measurement and vice versa. |

In an atmosphere with no vertical temperature gradient
the radius of curvature of a ray path is about 29,000 km. The
radius of the earth is about 6,400 km, considerzbly less.
This is one of the reasons you cannot see the back of your
head on a clear déy. If the refractive index gredient was aboﬁt
five times greater the sun would not set and the earth would
look concave.

The arc to chord distance error caused by a radius
of curvature of 29,000 km is 8 x 10”2 mm on a line 1 km long,
but 0.08 mm on a line 10 km 1eng.f701ear1y these curvatures
/will not affect any of the dlstances, although they would upset

theodolite measurements.
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Oné Way of estimating the vertical temperature
gradients along a line is to measure the vertical angle
preferzably at both ends. On a line 1 km long the difference
in vertical angle as measured at the two ends will be = measure
of the vertical refractive index gradient. The difference in
angles will vary by ‘IO"8 radians for each degree in 100 m
temperature gradient. To get the temperature gradient to the
nearest degree in 100 m we have to measure,the vertical angles
to the nearest two seconds of arc. Over the short distances
that are being considered our theodolite would not be sensitive
. enough to produce useful results. On a line 10 km ldng however
the method could produce useful information. |

Differences were noted between reverse angles but
these were almost entirely due to the earth's curvature.

When the air is very inhomogeneous or on long lines
there is a problem with ray‘bending.‘ The returned light beam
is deflected from on its path to the lekometer., This means
that the returned signal is randomly amplitude modulated pro-‘
ducing a high scatter in thé readings. The problem is common
to both,ﬁhe Mekometer and Geodimeter and may bé‘reduced by
using a larger reflector.

~ 'If the conditions become worse or the line lengthened
the returned 1ighf may miss the Mekometer altogether. Under
these circumstances the returned light appears to go-:on and
off. The working beam diameter is that subtended by the
reflector at'thevMekometer. The 1 milliradian beam spread is
- 'the aiming tolerance. If the air was still, any 1ight reaching

the target reflector would be returned. This means that in
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10 microseconds the refractive index gradient must change by
an amount sufficient to make the working beam miss. A simple
, célculation will show the order of disturbance involved.

The reflector diameter is 6 cm. Considering a line
2 km long the beam must be deviated by an sngle of 3 x 1072
 redisns in a path of 2 x 105 cn., This is a radius of curvature
of 2/3 x 1010 cn or the equivalent of a temperature gradient of
1°C in 2/3 x 10* eu or about 0.1°C/km. This might seem low but
is equivalent to a rate of change pf temperature gradient of
20 degrees per cm per second. This confirms the conclusion
from work on tempersture prbbes that the smaller the air samples

in tiﬁe'and space the more inhomogeneous the air appears 1o be.

" 5¢3.5.3 Causes of the random scatter in'the observed readings.-

Random errors arise both from the normel instrument
and operator limitations, and atmospheric varlatlons. Some of
the causes have been mentioned earlier.

The scatter will always be bounded by the ability to
set the phase and frequency. On short lines the phase is more
important and on 1ongllines the frequency is more importaﬁt.,

The atmospheric causes of random error vapy in
importanée with the distance being measured. Light going from
the Mekometer to the reflector and back again undergoes a
- random walk in velocity space. This will produce a scatter
, proport:@onai to/D , whereD is the ‘distence being measured.
This effect is only important on short lines where the signal
to noise ratio is very high.

/  As the light path‘increases the signal to noise ratio

is decreased. The noise immunity to constant background light
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is very high. On a day with shimmer however the background
light is not constant but varying rapidly.‘ The ratio of this
| noise signeal strength will vary as If because the signal'
strength is varying according to an inverse square law, and
the noise increasing with .‘Dz .
As the light path is further increased the signal
itself starts to be amplitﬁde modulated. At first the outgoing
| and returned beams are randomly focused and defocused and bent
- slightly. ILooking through the Mekometer one sées the returned
light come in and out of focus and move about slightly; the
light twinkles. At this stage the scatter will very with a
higher power of distance, probably'If, -The Mekometer still
works quite well under these conditions although it will be -
- found best to use the higher time constant for the phase meter.
If the distance is furfher increased there comes =z
stage when the returned light appeéré to go on and off. This
is caused by the returned beam missing the Mekometer and sets'_
a working limit on the length 6f line that can be measured, or
the pobrness of measuring conditions along the line. |
These fluctuations can be reduced by averagiﬁg as is
_'ddne by the Mekometer, the operator and the measurement
procedure. An empirical expression for the scatter would be
of the form | % 2, s, |
seatter = a(§T)D*+ b(§T) D' +((8T)D + dexp (£D)
where 8T is some measure of the temperature variations. There
is no point in trying to fit coefficients to this expression |
;because they will vary’from‘day«to.day, frdm line to line, and

from operator to operator. To get some idea of how the scatter



-0t

--008

‘to0s Variation of standard  deviation

~with distance

4000 6000  distance ft

1



~146-

is varying, the results from Thingvellir taken during the
Autumn of the third field season are plotted, the standard
deviation versus distance. This period was notable for

generally fine and sunny weather extending over 10 days.

- The graph shows that with a few éxceptions the
results beha&e aé predicted., The scatter possibly decreases
until about 3,000 feet. This, it will be remembered, is the
most sensitive range of the Mekometer. After 3,000 feet, the
scatter increases gently until about 6,000 feet, when the
scatter rises steeply. This critical distance is where the
returned light starts to flicker. |

If the weather had been warmer the critical distance
would have been lowered. In mid-summer this eritical distance

can be as 1ow as 3,000 feet.

5,3.5.4 sttematlc temperature errors.

~ When the scatter of readings is high the systematic

: error-&uévto a‘wrong average temperatiure-is also-likely to be
© high. | |
| The only proper way to resolve this uncertalnty is
to fly temperature probes along the line. If the line is some
- way above the ground one probe will give a reasonable estimate
of the temperature structure.

_ Short of this we must approximate the atmospheric
structure by some model. »Eagh line has a fixed situation,
profile and ignoring snow and seasonal végefational changes, a
}fairly constant terrain beneath it. Thié}should give rise to
~ a characteristic pattern of,iSOthermal surfaces. These

surfaces would approximate to the ground topography but dip
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over water and thick vegetation and rise over bhare ground.
The form of these surfaées may vary with ﬁind direétion but not
appreciably with wind speed.. Vhen thé sun is shining the
isothermal surfaces should become more closely spaqed but not
appreciably alter their form. |

If this model is valid it would suggest corrections
to the distances of the form .

§D=-k &7

where §D is the correction,

51'15 some measure of the temperature changes along the
line, : , A

K 1is a structure constant of the line itself.

The way o test and use this model would be to
thoroughiy invesfigate the temperature structure on the line
-so that an accurate estimate .of 8D can be found. Some estimate
of‘ST'must be.chosen,Athe vertical temperature gradient would
be best, if the line is sloping the difference in temperature .
between the end points may be used. Another measure of 6T
would be the scatter in the distancé readings themselves.

Prom a knowledge of 6D andéT, a K can be determi_negl and used ,
to correct other measurements.

Rather than risk introducing bias to the corrections
the following reasoning was used to allow for the systematié
error based upon the above outlined temperature structure.

An investigation was made to see whethér the scatter in the
readings themselves would be a suitable.measure of the
;temﬁerature variatioh, | v ' ,

| During the fourth field éeasdn balloons were uséd to

hoist temperatures probes on several of the lines at Reykjanes.
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On some lines the probes gave readings varying up to 1.5°C
from the temperatures measured at the ends.. Using this
information the difference in the line length as computed with,
and without, the probe information was found. This difference
was then compared with the standard deviations of the readings
themselves., On the lines ihvestigated surprisinély close
agreemenf was found between the computed differences and the

standard deviations.

 Temp. diff} - Line length 'Change in computed Standard devn.

oC T (£t) length (ft) = (£1)
0.8 4464 . .0035 .0034
0.75 4344 ‘ .0033 .0036
0.4 3809 .0015. .0020
0.3 1155 .0004 .0010
0.5 1740 » 0009 .0012
0.4 3259 .0013 - «0009
0.4 2564 .0010 ' .0018
0.25 4773 0012 0017,

Thesé results suggest that if the distance evaluated using
the prbbe'reading is taken as correct, and the standard
J'de,v:i'.ation of the readings as 87, then the structure constant
has a value of about unity. The reason for the structure
appearing roughly,tﬂe same for each 1ine is the similar terrain
:or each. | | |

The consideredAlines were shot at,Reykjanes whichAis
fairly flat and barrah. It is also intéresting to note that
these readings Were taken}o#ér two days,‘the,first hot, sunny
and fairly still, the geéond cloudly'witﬁ rain showers and a

light wind.
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On the basis of this invéstigation it was decided to
add the systematic error §D: 1x8T +o the random error. Iﬁ
other words the error on a particular line was estimated to be
the 90 per cent confidence limit on the mean of the readings
| plus the standard deviation of the readings themselves. It was
hoped that this would cover the error due to teking the wrong
mean temperature. There is in fact}a statistical method of |
testing how well this method is working on some lines. It will
be demonsitrated in section 5.4.

On the expedition during the summer of 1968 probes,l
flown on kites, were used to a considerable extent. When the
wind was stfong‘enough to support a probe on a kite the air was
fairly uniform. This gave small temperature differences and
fairly small standard deviations so that the readings were not
as useful for error investigations. The general behaviour was
the same as in the table shdwnﬂfor 1969, but the values of the
temperature‘error and standérd deviation are generally loﬁer,
‘and the agreement with the computed change in.length not S0
striking. -

Por the Thingvellir fesults the error was estimated
) in the same manner but with less justification. At Thingvellir
the lines were neither over uniform terrain nor flét‘ground.. |
Most of the lines have only been measured twice so that there
is no independent estimate of the errors. The lines at
Thingvellir are also much longer than thise at ReykjaheS'which o
gives room for much greater systematic temperatufe errors.,

Qualitative reméfks can be made concerning verious
measurements but quentitative corrections camnot be determined

without further experiment. It is most unfortunate that probe
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CHANGING TEMPERATURE

CONDITIONS AT THINGVELLIR

79°C 1968
4:9°C 1969

5.7°C 1968
6-4°C 1969
~ rd
e/u |

- Thingvallavatn

A profile from 6 /11 to Il at Thingvellir
showing the differing air temperatures during the

two measurements. in 1968' there was @ marked

temperature inversion.
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investigations could not be carried out at Thingvellir. On
the last exPedifion our hydrogen supply was stolen before work

was started at Thingvellir.

The first measurements of Thingvellir were during
the late summer of 1968, and the second in the spring of 1969.
The air was generally warmer during the first measurementg.‘

To illustrate some of the difficulties the mean temperatures
recorded at the ends of line 11-6/11 are shown for the two
measurements. Point 11 is about 100 m above 6/11 and the line‘
is partly over water. The line was‘firSt measured at about
one hour before sunset. There was a strong temperature'
inversion over the leke influencing the temperature at point
6/11 which was 2.2°C below that of point-11. The line was
'next measured during the afternoon and this time the temperature
at point 11 was 1.5°C below that at 6/11, a reversal of the
previous trend. From these readings it is quite difficult to
hazard a guess as to the average temperature glong the line.
In the first case the average temperature could be as low as
3°C or as high as 7.0°C. In the second éase, which is rather -
more normal, the average femperéture should be somewhere |
| between 4.5°C and 6°C, If;the temperatures half-way along the
- 'line had been known these limits could have been considerably
~ reduced.

The measurements when corrected using the mean bf the
terminal-temperatures suggested that-the line had decreased-by“'
five parts per million. If the lower femperature limit -is used

:for‘fhe firét measuremént:and the upper for the second an

increase Eould be inferred. This is an example of a rather‘
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poor line. It is interesting to note that nearly all lines
which were shot over water, including a river, have shown an
| apparent contraction between their two measurements. -
Corrections for the systematic errors in the Thingvellif :
readings have not been attempted because they would have to be
subjective and without check. It is suggested that future
measurements at Thingvellir require intermediate temperature

stations.

5.5.6 ZErrors due to equipment féults and operator mistakes.
| The errors discussed in this section are particular
to a few readings and unlikely to recur.

At the time of the first meesurements the standard
cavity was still under development and the temperature
coefficient had not been finally adjusted. This meant that
there existed no unique relationship between cavity temperature
and frequency. For this reason the frequency was measured for
each line measurement. Despite the difficulty of doing this in
the field it is estimated that the frequencies were asccurate
to 0.7 parts per million and 0.2 parts per million respectively
for the first two measurements at Reykjanes. These measurements
were of five lines, 6 and 10 days after the 1967 earthquakes.

During the next two expeditions difficulty was

"experienced in.receiving the Droitwich frequency standard, but
no error was introduced as the counter frequency was known and
stable;

During the early part of the third field season the

' Mekometer optics slowly became misaligned. This coincided with

warm weather and measurement of the desert and interior regions
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of the Reykjanes network. This resulted in flicker of the
returned ligh+t occurring at much shorter distances. The
instrument finally became unwofkable and a succéessful attémpt
was made at realignment in the fieid.

| . Later in the same field season very'fine atmospheric
dust, which is cdmmon in Iceland during summer, entered the
modulating cavity and caused intermittent arcing. Both of
these faults produce random errors.

| While working at Thingvellir on the first half of
the second field season some of the readings were exactly 0.5‘
feet in error. This has not been completely explained, but
the following are possible causes.

1. The Mekometer was being erroneously operated
o on high wobble instead of low wobble.

2. The phase was being set on a maximum.

3. There was some switching faultkreVersing the
phase response. A‘faulty earth on the 100 Hz
square wave to one of the wobble systems might
produce suéh:a fault.

The lines were all measured and no harm resulted.

The most serious fault occurred during the fourth
series of measurements. This was due to UHF pick-up in the
phase detection system. An earthing screw for the amplifier '
and detector board came loose. So great was the pick-up that
the system became completely saturated. When this had been
fixed slight UHF pick-up wés still noticed occésionally.

 UHF pick-up can cause a change in the phase meter

reading if one of the two modulatioh frequencies is picked up



more strongly than the other. This would produce a systematic
error, so to counteract this field checks were made from tine
to {time by tuning the Mekometer when misaimed, unsymmetrical
.UHF pick-up would be seen as a meter deflection. As the error
- produced is essentially thaet caused by working on a wrong zero
the possible magnitude was investigated. The effect of a two

division deviation of the phase meter was found for various

;ine lengths.

Mode Distance 2 div deflection
(ft) (f1)
Hi wobble 620 .0026 -
' 1000 .0080 ,
Lo wobble 620 .0032
2050 : .0032
2650 , 0031
4000 .0050
- 5000 " .0090

It is felt that ény deviation of the zero by more
than two divisions would have been seen in the field. This
'happened on two occasions. Once before the earthing screw
‘became completely loose énd the second time was bn.the last
day. The pick-up mainly occurred on the units mode and always
produced an error of the same sign producing a systematic
| ihcrease in lihe length. No evidence of this effect was seen
in the readings and it is cénsidered that no undetected errors

were caused by the effect
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5.4 Determination of Rates of Movement.'

The ‘various distances together with es’cimatés of
their errors were plotted against time. Most of the lines
where the measurements were of sufficient number,or quality, show
some trend of movement., DBecause the changes over one year are
generally of the same order of magnitude as the estimated
errors it was decided to try and fit straight lines to the
measurements, and thus deduce an average rate of growth.

Straight lines were first fitted by eye. The slop'eA
error was also estimated by eye but this was rather difficult.
In order to eliminate human bias and to evaluate the errors a |
statistical treatment was used.

' Vie havé distances Y, and times X; when they were
. measured. We wish to fit a straight line of form g=a+bx
to our 9;;3". . The y; and X; are related by ' ;=a+bx;+_e;
where €; is the error or devia’cion from the straight line of Y;
The Xj are correct. We assume that €; is one from a sample
with zero mean and normal distribufion o; . Ve can find least
squares estimates of @ and. b giving a corresponding estimator g;
' The circumflex accent is used to denote the estimate of a given
quantity. | Given a sample of readings s, X; with verrors, it
will never be known what the true values are, we can only form
| estimates of +them. The estlma’cor of y; is y » Where |
g a+bx
Let the dlfference between Y; and y be d

; d ) |
"‘./The condition for the bestyes I:E’.mators O B is"
5_’ >3 wi‘ i is a minimum,

where ;= 1/0;7'
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Wiis a weighfing factor and this form can easily be shown to
give the least error and is the one widely adopted.
A » 2
S: Zw; (g:-a-nbx;)

is a minimum w1th respect to & and b

23

Setting -a—r and T we obtain the normal equations

aZwo-l' wax. Zw.y,‘
aZw.x.-i—wax ZwiX Yy, =0
Solving for b we get
b Zwy Zw.x- Zw.iw.g.
(Zw,x. - Zwy Zwx? .

-We can also get an estimate of the varilance of_b since it is a

linear sum of the Y; which each are subject to random errors

W:Lth standard deviations ¢;

Patting X (wa)z Zw Zw-x
Y: Twx; | L=z Zw

we can write Q: .-)1‘.2 (Y-'Z xi) Wiy
Note. The variance 0> of a sum of qu‘antities‘ with standard

deviations O; is given by o 210'32
The estimate of the _Varianée of gis then

y (S) . Z(Y—-Zac;)2 wia?

This simplifies to

VB f(2zam-zy)

' This tells us how good the estimate of the slope is. We can set
’ ~ o . .

conf:.dence limits on the value of b.

a: S wy - GZw.x;'v
Zw; Z w;
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Ve can now calculate the d;. Each d; is drawn.from a sample
with standard deviation O so that %% will be random with a
standard deviation & of unity. |
S wid . g

N-2

number of points

i.e.

where N

the number of estimated parameters. There are N-2

n
fl

degrees of freedom. _

By estimating O we can see how well the estimetes of Oy
fit. If we get a low value of 6"11; means that the error

"estimates are too large. If we accept the model discussed in

' vsection 5.3.5.4 this in turn means that the structure constant K
is too large. |

A program was'Wriﬁﬁen to perform this analysis for
each line with three or more measurements and the results were

- as follows. The results are a11 from Reykjanese

Iine No. of Rate of Extsn. Standard Devn.

i

G)dnn\nﬁnﬁnh\xkn

A -~ Rate by
points £t/yr ___of Rate (£1) o _.&ye Tt/yr
"'4' 6 -O 00076 000029 006 —000087 .
-5 5 - 0.0024 0.0023 1.1 0.0052
-6 6 . 0.0032 0.,0018 - 0.7 0.0028
27 3 ~0.0038 0.0019 0.1 0.0034
3 5 ~0.0034 0.0017 0.8 =0.0075
=7 5 -0.0055 0.0047 0.8 -0.0080
-6 . 4 "'000129 000096 007 "0-0122
-7 5 -0.0036 - 0.0038 1.0 -0.0040
=27 3 -0.0155 0.0082 0.5 -0.0114
-6 . 5 -0,0063 0.0033 0.3 -0,0057
6 - 6 0.0107 0.0031 " 063 0.0105
-8 5 ~0.0008 0.0045 1.0 |
-9 4 -0.0067 0.0031 - 1.4 -0.0078
-8 4 0.0306 - 0.0045 - 1.8 0.0283%
-1 4 0.0141 0.0058 1.2 0.0122
10-8 3 0.0115 2.0 0.0056

0.0069
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The line 3-4 was considered as a special case and
gave the tesult ~0.0187 ft/year with a standard deviation of
- 0.0037 £t from 5 points. If we exclude the last reading which
seems low we get a +0.0249 ft/year with a standard deviation
| estimated as 0.0095 ft. The reason for treating 3-4 as a

Special case is that a steam well was opened late in 1968,
almost on the line, so that only in high east winds can 3% be
seen from 4. Evén then the efféct will most likely be
‘disturbing. ‘The effect would be that of a large rocket engine
firing parallel to the line about two thirds of the way along.
The line is now of little value but it might be hoped that the
steam will be turned off at some future daete. At present the
line is of little value and was not used in interpretation.
The esfimates of a'are what one would intuitively
. expect. They measure the amount a particular line deviates from
the norm which was considered when making the error eétimates.
For instance 1-2, 1=3%3, 4-6 and 5-6 are lines which are parallel .-
"to, and only about 10 feet above the ground level for most of
| their 1ength; these give low values ofa’. 1-27 is very short
and its standard deviation will be controlled by the phase
' setting sensitivity rather than atmospheric disturbance.

At the other end of the scale 6-8, and 10-8 are long :
lines which’ are high above the ground for most of their length.
This sort of behaviour also tends to support the mode; of
temperature,structure postulated in section 5.3.5.4. The 1inesf-
considered SPan a wide variety of different features, but thé ‘
- value of'a?depends'on the change in relief rather than whether

the line crosses steam or not.
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Using the values of the standard deviations suggested

by the analysis, confidence limits may be put on the:rates.6f

movement.

Line

Rate of extensn.

90% confidence

Significant

(£+/yr) range (ft/yr) movement ?

1-2 0.0026 0.0013 yes
1-3 -0.0068 0.0022  yes
1-4 -0.0076 0.0036 - yes
1=5 0.0045 0.0074 no
1=6 0.0032 0.0021 . yes
1=27 0.0038 0.0012 yes
2=3 -0.0084 0.0031 yes
2-7 -0.0055 0.0086 rno
2=27 0.0073 0.023%6 no
3-6 . =0.0129 0.0194 no
3-7 -0,003%6 - 0.0087 no
4-5 0.0041 0.0072 ‘no
4-6 -0.0063 0.0023 yes
5-6 0.0107 0.0020 yes
5-8 =0.0008 0.0100 no
6-8 0.0306 0.0235 yes
8-1 0.0141 0.0202 no
10-8 000115 000868 no

Although some of the lines do not show significant

- movement they show consistent trends which are significant.

~Also some of the lines which have only been measured twice

- show movement although at present there is no method of

estimating reliable error 1imits;_ These values are taken from

the graphs of distance against'time'ahd‘are Shown*on the

network maeps, . -
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CHAPTER 6

INTERPRETATION AND CONCLUSIONS

| ~ When seeking an interpretation of the measured
movements consistent trends must be looked for. The movements

may be restricted to a narrow zone or line as would be the case

}j of movement along a fault line, or may be extended over some

area. Some movements would not be acceptable., Lines on the
horizontal plane must obey plane geometry before and after:
novement. PFor instance one triangle cannot contract in an area

of general expansion,

6.1 Revkjanes Interpretation.

Looking at the soﬁfhérnAend of the Reykjanes network
thére is obvious extension in a north-éasterly direction and
contraction atvright angles to it. This suggests‘a shear.
deologists distinguish between two types of shear, simple and
pure. For small changes the two are equivalent. This may be

shown by considering the changes in line length caused by each.

6.1.1 Titting a shear. - N

- With simple_shear}consider'a line of length { making

_an angle @ with the direction of zero extension. Relative to O

the point P moves to P'. The simple shear is the transformation
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which makes the length PP’ =T[ cos@ where 7 is a2 constant.
The change in the line len‘g‘th 0P is & 2T[cos@® sinf for
small changes. |

A pure shear is defined by extension in one direction
and contraction at right angles to it. The ratio of extension
to contraction may be defined for different circumstances, but
for small changes it may be considered unity. For a line OP
of length [ making an angle 0 with the'direction}of maximum
extension, P moves to P' in such a manner that PP' is made up
of two components, Gf cos@ in the direction of maximum |
- extension and -a[sine perpendicular to it. The change in
line length & is given by |

8l = af (cwso - sin'd)
If we rotate the axes used for the 31mp1e shear

express1on through 45 we get

Aj;i(kmfe 5m?€)

| showing thét the two shears are equivalent,

A shear of this form was fitted to the various
estimates of rates of changé of line length. The shear taking
Aplaqe during one year was consideredQ Estimates have ﬁeen
‘made of the rates of extension ;% and théir standard deviations
| '3'; on lines of length [; and bearing & . The magnitude and
‘ direction‘bf a shear is least squares fitted to fhese results.
. The éxpression forlthe_line length changes is not 1inear'in the -
~ shear magnitude and bearing so a least squares fit of magnitude

was found for each of’severél chosen bearings. The sum of.the
- residuals Squared and weightéd was celculated for each:assumed*

bearing and the bearing minimising this sum was found. This
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process although tedious by hand is quite efficient on a

computer. .
Let the bearing of each line of length §; be 6;
relative to a chosen direction of maximum shear. The estimate
of Y% is then given by , | |
r, = &1 (cos; -sin’e;)
To find 6 we minimise the sum
. 2
S= Z wi(%-v;)
where (;= '/6';
"~ Setting bs/ba 0 we obtain
S wivi(cos’@; - 5in'6;)
2 w; (cws’e; - sin* ;)
‘Using this value of 6 we also calculates,,

By repeating this calculation for one degree changes
of assumed shear bearing the minimum value of S with respgct
to 6 and bearing is fouﬁd. : | |

To find the significance of the result the computer's
power for repetitive calculation is égaih used. An a.nalytic |
| solutlon to f1nd the standard dev:Lations of G and the bearing
would be very cumbersome.

The error in a functlon Fof var:.ables a, b ¢ ... with

errors 60 éb 3¢ ... is given by
§F < 2E50s 2gb s Hocs...

This is the famlllar T'lylor expansmn whn.ch expresses 6Fas a

linear function in 60 3b etec. We calcula'be

() e

by changlng in turn each V' by O; and recomputlng Cl and the
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bearing. From this we get the errors é; in 6 and the bearing
due to one standard deviation change of .
Since these errors will be independent they shoqld add

randomly. Therefore we may estimate the standard deviation of 6
asJ[ETE; and similarly for the bearing.

. This analysis was carried out for the lines-within the
polygon formed by points‘1, 27, 2, 3, 4, 5, 6. This area was
chosen because if contains the lines for which there are sound

' extension rate estimétes and it is in what seems a disturbed

zole.

6.1.2 The shear fit results.

The results are as follows.
The deformation in the direction of maximum extension is
5.0 parts per million with 90 per dent confidence limits
4+0.65 parts per million.
" The bearing of the direction of maximum extension is 53.0o
‘with 90 per cent confidence limits +4.5°. | |
The bearing df the direction of maximum compression is

-37.0° with 90 per cent confidence limits +4.5%.

The individually fitted line rates were as follows.

Line : Fitted rate Measured rate
=2 I 0.0059 ft/yr 0.0026 ft/yr
- 1=27 A 0.0022 0.0038 - /v
- 1=3 - -0.0061 - -0.0068

1-4 - -0.0053 - ’ -0.0076

1=5 o 0.0101 - 0.0045

2-3 ' - =0.0031 R ~0.0084

3-27 . -0.0091. . =0.,0155

4=5 -0.0027 0.0041

4-6 -0.0049 -+ =0.,0063

5-6 0.0047 0.0107
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The measured and computed rates agree surprisingly
well. Even if the ﬁeasurements were perfect discrepancies
between the measured and fitted values would still be expected
because there was cracking on the ground. The strain would not
be expected to be uniform over a given area but concentrated
along any cracks. |

It is interesting to note that the deformatiohs found
between the first two measurements just after the 1967
earthquakes were all of an opposite sense to subsequent motion;‘
The first two measurements were 5 and 10 days respectively
éfter the main quakés. These early reédings are open to
criticism on the grounds of poor measuring technique and using
the pillars only’one day after they were built. These changes
were small and not significént statistically but the fact thaf
each 1ine‘measured reversed its trend may indicate a period of
relaxation immediately after the earthqueke. In this period
the elastic components of the rock strain:may have been

partially recovered.

6.1.3 Interpretation of the faulting.

Small cracks appeared on the ground caused by the
1967 earth tremors and their general directions are shown
together with the computed directions of maximum extension and
'contraction.i There was some en echelon formation of the cracks
' suggestiﬁg left lateral movement. The'cracks‘have a bearing |
0:4 10 degrees. They thus make an angle.of 37° + 14° with the
1directioh_of maximuﬁvcompreésion. |

Ehbmfmis result an estimate‘of}a.quantity known asr

the coefficient of internal friction of the rock can be made
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using the Navier-Coulomb criterion of brittle failure. A
discussion of this may be found in any book on rock mechanics.
A simple treatment is given by Price (1966).

The criterion for failure along a surface is

Tz $+/a;n |

| whére T is the shear stress acting along the shear surface,

S is the cohesive strength of the rock, '

/ais the coefficient of internal friction,
‘and N is the normal stress acting on the shear surface.
This criterion is based upon a simple intuitive model where thé
force on a foék.has to overcéme the inherent cohesive strengﬁh
and then a frictibn force between the rock particles which will
vary with normal preésure as does sliding friction..

By considering the principle stresses acting on an
element of rock the normal and shear stresées on any given
plane.can be computed. The maximum sheéring stress occurs at
45 degrees to the direction of maximum compression in the plane
containing the maximum énd minimumfprincipai compressions.
Compressive stresses will be conéidered positive as seenms
conventional when déaling with rock stresses. .

‘ The angle at which failure will occur will be that

" for which 'rj/hri is a maximum. This occurs when ten 20 = 13
where € is the angle that the fault plane makes with the
direction of maximum stress. Another way of expressing this

" result is to use the angle of internal friction pﬁ R wﬁere

Mi= ta.nf; . Using this we get the result that 0= 45 - ¢'/2 |

This shows that the shear plane will make an angle of less than

45° with the meximum stress. The shear plane makes an angle

of ¢b& with the direction of meximum shear.

e e e g s

e
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N Our results give a value ofch = 0.29 or an angle of
friction @h= 16 + 28°. This angle of friction is lower than
values obtained by laboratory tests on most rocks. The result
is in agreement however with the findings of Ambraseys (1969)
who has studied the energy released during earthquakes.
Ambraseys-explained a value of Qﬁ = 20%-30° by earthquakes
occurring on already sheared zones. The Reykjanes peninsﬁla is
an earth@uake zone which has been heavily fissured and sheared.
' Basalt in Iceland is seen to be heavily jointed by cooling
cracks. It is reasonable to suppose thét faulting takes place
along these joints giving low values of ¢; . It could also be
expected thét the rock has been considerably weakened in
Re&kjanes since it is a thermal area.

The area'GOVered by the SOuthérn part of the
Reykjanes network therefore seems to be'subject to.a maximun
compressive stress in a direction'with bearing -37° and.a
minimﬁm stress at right angles to this. This is'giving a
maximum linear deformation of 5.0 parts per million and
producing cracks which strike at 37° to the maximum stress,
The}absence of the complementary'set'of cracks
suggests that the deformation is by a simple shearing procesé
rather than pure shear. The rocks do not show anisotrophy
which would also give a prefefred direction of cracking, although.A
it cannot be stated what the properties might be at depth. |
| ' Ldoking beyénd to other parts of the network it can
 be seen that there is significant extensiqn onéiine 6-8. ILine
. 1=8 also appears‘fo be extending., This suggests é dontinuation

of the deformation at least part bf the'way towards point-B.
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Other lines which seem likely to have changed are
10-11, 18-16, 25-26, which show an increase, and 12-11, 25-22,
26-24, which show a decrease. The changes albng all these
lines with the exception of 18-16 are consistent with the type
of movement suggested for the southern part of the network.

- The line 18-16 is suspicious as it is jhe»podrest line for
measurement in an area where the two repeated measurenents
indicate little or no movement.

It will be noticed that the movements appear to be
taking place on a zone which is on the eastern part of the
network. fiom_éerial photographs of the area a distinct pattern
of faults can be seen. Unfortunately we have no aerial
photograph of the 1967 cracks. The fissures are shown on the.
map taken from the aerial photogrephs. There are the north-
south cracks which are secondary to larger faulfs.which trend
in a direction about 50° east of north. These larger faults are
in the direction of the geological trend which is sﬁch a
notable feature‘of nearly all of the active zone in southern
Iceland. This is the direcfion of palogonite ridges and their
feeder dykes, end the direction of all the large fissures both
eruptiVe'and Open.

It is believed that the measured movement is catised
by the disturbance of the general tectonic forces by these

large faults. This disturbance dceurs because only limited

' shear stress can be transmitted across a fault.

To investigate this phenomenon we follow a treatment

o &ue to McKlnstry (1953) McKlnstry 1nvest1gated the forces

actlng on a slab of materlal between two shear planes. The
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second shear plane is not necessary for the treatment but is

used as a source of equilibrium forces.

secondary

faults primary fault

Let the shear and normal stresses on the primary shear planes
be T and Ty . The shear stréss 1; acting on a plane making
..an angle & with the primary shear is given by
Tu . Oy oS SiN + T 08" = T sinfek
The direetipn of maximum shear is obtained by equating aﬂ;/&$ = 0,
This gives |

g Tn A

where ¢ is the angle of ‘fricti,on along the -primary/ shear.

By using the average.bearing'of the secondary faultsv
seen on the photographs, 4° i,5°,'a more precise estimate °f'é,
mey be obtained from the fitted strain., Using this value .

¢i='80 + 9% is obtained. Putting ¢ equal to this angle of .
~internal f;iction, two values of & namely 37° 4+ 10° and
127° + 10° are obtained. The secondary éhears should make
anglés of ¢?2 with these directions, i.e. the secondary shears
 shou1d make sngles of 419 + 5% and 123° + 15° with the primary

fault plane. It is the first set which occurs at Reykjanes. -
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From the photographs the angles between the primary and secondary
faults vary between 330 and 470 so the agreement with the

calculated values is surprisingly good.

6.2 Generalisations from the Reykjsnes Results.

- These calculations .are really only descriptive‘at the
-very best. In the first place the avier-Coulomb criterion
~ was assumed to derive a value of ¢ﬁ « This was equated with
the angle of friction along the primary fault. In general, one
would expect the angle of sliding friction to be less than the
angle of internal friction although in jointed rocks there may
not be much difference.
| The vertical diﬁension has been ignored through lack
‘o_f knowledge.‘ for wrench faults, and constant values of ¢; ’
this will not matter. For some rocks however ﬂ% is not
constant with vérying normal sfress, _¢}-might be expected to
increase with depth. For deep wrench faults this would tend to
produce an en echelon pattern at the surface. There is slight
evidence of this on the large fault at the east of the
peninsula, A higher value of ‘¢ﬁ should probably 5e used when .
‘considering the larger faults. 7 |
| Since the earth's crust is not a homogeneous‘body
caution must be exercised when applying particular results to
other areas, especially in Iceland where there is considerable
variation of physical properties between'different 1avaé. On |
the other hand, in a region of lava flows the rock is fairly
- isotropic in the horizontal plane and the differences.will

occur vertically'except_in a region of dyke swarms. Also, the



-178_

vaiues of parameters derived in thg field are more likely to
be valid for similar situations than those derived under special
conditions‘in the laborator&.

Using the previous result the stress field czausing
the primary faults with bearing 50° may be postulated. There
should be maximum compressibn in a direction with bearing 130
and minimum compression perpendicular to it, causing extension
in a direction with bearing 103°.

Most previéué workers have assumed that the fissures
in Iceland,»particularly those at Thingvellir, are caused by |
tension perpendicular to the fault plane. This can happen in
rock, but usually only at the axes of anticlines_orvsynclines,
but is unlikely in Iceland. Furthérmore, if the tension were
"perpendicular to a fault it'mighf be expected that all the
tension in the surrounding area might be relieved by that
feult, but in fact meny parallél'faults are found sometimes only
separated by a few metres. It is thought that these faults are
produced not by any-special-mechanism but by the uéual failure.
criteria for rock. a

| A horizontally stressed pbrtion of crust would.hot
produce the high density of faulﬁs évident in southern Icelénd,
It might be expected that fhe stress field causing the primary
' faﬁlting would be relieved latérally in ﬁhe directions of the
‘principal stresseé by a distance of the same order as the
components of the faults in thOse_directibns., The faults would
‘be expected to be spaced as shown. | | |
Clearly,fin Iceland, in meny regions the faults:aren

mach more denseiy spaced‘than this. The observed faulting is
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not readily explained by a two-dimensional model which is
equivalent to assuming that the faults are of infinite depth.
The high fault density is most likely caused by shear forces
‘being transmitted from below. As depth increases, the pressure
and temperature increase, rendering the rock more plastic. At
depth, the crustal movement will be by .2 plastic mechanism.
An indication of the depth at which this might occur may be
obtained from earthquake-studies. Ward et al (1969) recorded |
micro-earthquakes in Iceland and found thet from over 1,000
events most were shallower then 4 km depth, only seven were
deeper than 5 km,}and only one deeper than. 15 km. This would
indicate that most of the’faulting takes piace in the upper
4 km of crust. It is thought that the shearing forces réquired
for the high fault density are transmitted from about 4 km depth.
 Iceland may be pictﬁred as a brittle crust bonded onto a more
plastic basemeht. | o o

- The constancy of the direction of primary faulting,
and hence the constancy of the directions of the principal
stresses over 1arge areas is direct evidence for the ideas put
forward by the theory of rlgld plate tectonlcs (licKenzie, 1967).
From the direction of the prlmary faults in southern Iceland
we would expect thé extensiqh-to fake blace in a direction
east-west. | ’ \

It is of 1nterest to con51der how the ideas of plate
tectonics and simple fault theory might explain some of the
features in Iceland. The plate boundaries are zones of
weskness. These boundaries are marked by the active volcanic

zones of Iceland and are extremely narrow in width. If we take
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post glacial activity and fissuring as marking the extent of
the zones it can be seen that the zones are only 5-10 km wide;

Let us consider the effects of the angle @ between
the plate boundaries and the direction of plate motion.

For @ = 90° we would expect mainly normal faulting to
develop. By the principle of least energy the faults would
favour develoﬁment along the zones of greatest weakness. This
would tend to discriminafe‘against wrench faults, which should
make angles of 50° to 68° with the direction of motion depending
upon the angle of friction. We would expect graben structures
to be formed in the zone,

~ Por © = 50° we would expect mainly wrench faults.
These wrench faults can be long since they ére nearly along the
direction of maeximum weakness. The motion will tend to open
the faults 1o formVOpen fissures. If this opening extends deep
enough the pressure on the rock at depth will be reduced. If
the pressure gradient is,sﬁfficient, the deep warm rock may 4
‘become unstable. A reduction in pressure will cause it to
become more fluid. .If this enables it to relieve the pressure -
even more, the process will gather moméntum‘and an eruption
will result. B |
 The ground between two large faults will be able to
subside to form é graben—like structure. The separation in
. Iceland is éufficiently fast to cause a.deficiency'of material...
along the active zone. This produces a gravity low and |
- subsidence ,along the zone. PreciSe‘le#élling bvaryggvason :
’(1968)'suggesté that'this subsidence is still continuing at .
‘Thingvellir. This subsidence will also cause the horizontal

lavas adjacent to the zone to dip towards the zone.
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It is considered that the idea of extension
approximately east-west across a zone with bearing 50° explains
meny of the features observed at Thingvellir.

| If the direction of motion makes & smaller engle with

the plate boundary wrench faulting would still be expected.

= —>

For € = 15° the faults would be expected to be shorter as they
are crossing the zone of.weakness. The extension is spféad
across a greater distance of the zone so that the opening of
ithe fissures will not be as great. |

The Subsidence will also be less well markedlas.it
will take place over a greater area. Graben-like structures
will not be so easily formed, as thé faults are shorter. The
dipping of the lavas Wiil aléovbe less pronounced. . |

The above situation is théught to apply to the zone
between Reykjanes and Hengill. An ocean survey of a éimilar

region would term it a Leaky transform fault (Menard, 1969).

6.3 Interpretation of the_ghingveilir Results.

'The Thingvellir results are neither of sufficient
number nor quality %o allow eny reasonable interpretation to
. be made. The lines by the lake are donsidered:to be extremely

unreliable.
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‘ Two paths across the valley have been measured which
are over two kilometres from the lake. These are 4=T7=12 and N
4-8-12, They both show extension. The‘two path extensions are
.046 £t and .059 £t respectively. Looking at the individual
extensions also suggests that the extension is greatest in an
east-west direction rather than perpendicular to the faults.

It is hoped that further measurements will resolve

the movements at Thingvellir. : f

6.4 The Horizontal Tectonics of Iceland.

It has been suggested that many of the features of
south-western Iceland may be explained by an east—wesi
separation across the post glacial volcanic zone. At Reykjanes
deformations were measured of five parts per million extending
over a zone 2 km wide. If this is the totel limit of the
Present active zone“it suggests a present day separation rate
of one centimetre per year.‘ This is in agreement with the
drder of spreading rates suggested by magnetic anomaly work
(Heirtzler,;1966) and estimates of rates of extension across
‘open fissures by Bodvarsson and Walker (1964).

The fissure orientation suggests a similar motion
might be taking place along the eastérn zone. From the |
frequency of recentferuptions,for example Laki 1783 and Surtsey
1963, it might be supposed that the separation is still taking
plaCe; - |

It seems most probable that thé motibnlaéross‘the .
" northern zone is also east-west. This wOuid be by normal

faulting. If the western plate is continuous to the west of
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Iceland it will mean that the extension across the northern |
branch should be equal to the sum of the extensions acioss the
two southern zones. There is however ﬁo evidence for this.
The rate of extension seems tc be about the same as determined
by both magnetic‘work'and the measurement of open fissures.

There are two ways in which this difficulty might be
explained. The separation might be greater to the south
because Iceland is cpening by a rotary mechanism with 1ittle
moﬁement at the north end larger movement at the south. |

Another explanation could be that there is a trans-

~current fault running from near Askja to the Snaefellsness
| peninsula. This line.could conceal a fault beceuse it lies
under sand near Askja and under ice and moraine for much of
the rest of its length. The reasons for suspecting this line
are that there have been several isolated post glacial lava
eruptions along it. . Also it crosses several large volcanoes
including Snaefells, north Langj8kull, Hofsj8kull and |
Trolladyngje. It is suggested that an investigation of the |
recent lava flelds, on this line, for faultlng might be
profitable. This could most easily be done from aerial
photographs. |

In general it does not appedr that it is necessary to
assume thet spreading is always perpendlcular to the fault zone .
of a mid-ocean ridge, as workers on sea-floor spreading have so
far done. Spreading perpendicular to the fault zone does not
"seem 10 exnlaln the features observed in Iceland. The change -
'in dlrectlon of the active zone in mid- Iceland would require

compre551on to the west or separatlon to the east to form a
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three rift system similar to those proposed by.Raff (1968) for
bthe S.E. Pacific. There is no evidence for either of these
feétures.

It seems that oblique faults as describéd it the
observed features more closely. A lesky transform fault is
then the case of a very oblique feult,

The most favourable directions for the sprezding
relative to the active zone are likely to be 90° and 67°-53°
by means of normal and wrench faults respectively.‘ Other
.directions are possible but would not be expeéted to be stablé
in the long term.

If oblique spreading takes place generally some of
the directions and rateé of spreading inferred from magnetic

~ anomaly work may be in error.

6.5 The Origins of Iceland.

Iceland at the present’time seemé to behave consistentiy
with its position on a mid-oceen ridge or zone.of plate |
separatioh. Its separation rate'séems'to fit well with otherA
parts of the Mid-Atlantic Ridge. There are about 60,000 miles
of mid-ocean ridge on the earth; if Iceland is typical one
might expect similar islands elsewhere. Iceland is unique
however, characteriséd by its exceptional productivity of lava.

The reason for this may bé its position on the
Wyville-Thompson ridge which runs from western Scotland and
Northern‘Ireland fhrough the Faeroes and Iceland tobGreenland.
’This ridge was volcénically éctive during‘the Tertiary.

Western Scotland and Northern Ireland have many basic dykes
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striking north-east south-west (Holmes, 1965). The Wyville-

| Thompson ridge olearly marks a zone of crystal weakness during
| the Tertiary. It is tempbting - to suggest that fhis ridge wes
a mid-ocean ridge during fhe eorly Tertiary. The orientations
of the dykes is consistent with east-west exfension. It is
suggested that magnetic profiles across this ridge should be
investigated to give information concerning its past.

During the mid-Tertiary iceland may have been like
the Faeroes. If the plate-boundaries changed and took up. their
' present positions Iceland would be expected to be the site of
a very major crustal weakness, which would build up into a
'sizable island. The trensition from one set of eruptive zones
to another would be complex and the‘tﬁo zones in southern
Iceland might be a product of this. It is further thought that
the anomalous dips of the o0ld lavas in Iceland are best |
explained by a north-west south-east trending active zone.
These 0ld Tertiary.iavas occur in.the-north-west and west of
‘Iceland. The Icelandic geologist Sigurdssbn (1967) working on
this area found that dykes and fractures suggested NW-SE

compression and hence'presumably NE-SW éxtension.

6.6 Conclusions.

The lMekometer has beeh sﬁccessfuliy used for measuring
horizontel strains as small as one part in 106. The accuracy
of measurement is et pfesent‘limited by the temperature
deternination along the light path. It is thought that the
temperature correction should be ablekto be improved to produce

results good to 0.5 parts per million‘on most lines.
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A shearing deformation with a maximum estension of
5.0 + 0.7 parts per million_in a direction 53° + 50 east of
north was measured in an area at Reykjanes. No evidence has

been found to suggest that the motion has not occurred at a

constant rate during the period of observation, except perhaps

immediately after the 1967 earthquakes, when the motion may
have been reversed. The surface cracks in this area are
consistent with this_deformation. The forces required for this
deformation could be caused by shearing betiween the major |
south-west striking faﬁlts.

The major faults and fissures can be explained as.

being due to various portions of Iceland moving apart from

each other in an east-west extension. This is thought to be

~ the origin of wvulcanism in Iceland at the present time, and

_ explalns the dlrectlons of dip of quaternary lavas.

By postulating a mld-ocean rldge runnlng north—west
south—east 1n the early Tertlary an origin of Iceland due to

present day processes can be env1saged. v
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