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ABSTRACT
A number of geodetic techniques exist for measuring instantaneous crustal

motions and deformations. Over distances of a few hundred. kilometres, conven-
tional terrestrial methods can achieve accuracies.of about l-2 parts in lff for
horizontal positions, but most existing triangulation networks in Australia are of
lower accuracies. Geodetic levelling can provide height-difference measurements
with an accuracy of a few mm.for points separated by about 100km, but actual
accuracies are often much lower than this. For points separated by longer distances,
from a few l00km to several 1000km, space techniqués can provide precisions of
5-10 cm. Two experiments carried out in Australia confirm that these precisions can
be reached. A laser ranging experiment between sites near Canberra and Perth
produced a baseline that is precise to better than l0cm, and a radio-interferometry
experiment between Canberra, Parkes and Sydney produced baselines with
precisions of l0cm. Further evaluation of both systems is required, but the present
results indicate that crustal deformations of the ordèr of l0 cm can be measured with
repeat surveys.

KEY WORDS: GeodeÍic monitoring, tectonism, Australia, crustal defôrma-
tion, space techniques, radio-interferometry.

INTRODUCTION
The uniformity of relative plate motions and the

rigidity of the plate interiors form two crucial
assumptions of the plate tectonic hypothesis that
appeâr to be valid in a long-term, average sense.
Prèsent-dav estimates of the relative motion of the
plates are based mainly on the interpretation of
marine magnetic anomalies, and solutions such as
those by Minster & Jordan (1978) represent motions
averaged over a few million years. It would not be
unexpected, however, if instantaneous motions, as
measured by geodetic teòhniques or even by the
integration of seismically determined plate motions,
did not reveal departures from 

'these two assumP-
tions. On.the short-time scale of a few years to a few
tens of years, plates may appear to move at rates that
are not representative of the average values, since
they can be expected to deform both along their
maigins and within their interiors, as the balance of
forces varies due to stress rglease and the propaga-
tion of long-peribd stiess waves.

rilhether plates move uniformly or irregularly
depends largely on the asthenosphere's viscosity.
Foi values õf iGt-tGz poise, as determined from
post-glacial rebound studies, it is difficult to envis-
age hoq instantaneous motions of the plates as an
entitv would differ verv much from the motions
averáged over periods oÎ some tG-Itr years. But
these viscosities correspond to the mantle below old
continental shields. Viscosities under tectonically

active zones or under the oceans could be signific.
antly smaller, in which case the motions of the
oceanic plates may be dominated by forces acting
along the plate margins. In consequence, motion
could be irregular and episodic. The viscosity of the
asthenosphere also plays an important role in deter-
mining the extent of deformation within the plate
interior. For example, if this viscosity is ignored,
then a 5000km square plate, fixed at one edge and
not subject to shear on the two adjacent edges, could
be compressed by as müch as 20 m by a force
applied along the fourth side, before the stress
becomes sufficiently large to overcome the frictional
forces along the fixed edge. At this stage, a stress is
released.and the plate adjusts itself instantaneously
to the new stress state. If the viscosity of the
asthenosphere is included, the stress accumulation
and release cycle becomes more complex. In particu-
lar, upon fai lure, stress \ i laves Eray propagate
through the plate with a velocity that is, inter alia, a
function of the mantle viscosity (e.g., Anderson,
1975). The time scale of these wayes may be of the
order of decades and the waves may propagate
.1000km or more into the plate interior. The study of
the plate deformations is therefore of considerable
interest in understanding the nature of, and the
balance between, the forces driving the plates, as
well as in understanding the rheology of the earth.

In recent years geodetic measuring techniques
have become precise enough to measure plate
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motions and deformations over inter-continental
distances. Several space techniques have been de-
veloped, including laser ranging to artificial satel-
lites and the Moon, and radio-interferametry to
stellar sources. Absolute tests of the methods are nor
possible. Thus it is important to evaluate them in
regions where the plate is believed to be subject to
low rates of distortion. The space techniques are
most suitable for measuring displacements or strain
over distances of about 1000 km and lonser. Over
shorter distances, less than 100-200km, ierrestrial
geodetic techniques remain a principal tool for
monitoring crustal motions.

The Australian sector of the Indci-Australian plate
provides a good region for evaluating the geoäetic
techniques. lnternal deformations of this plate are
believed to be small  (Denham et al. ,  1979i Weissel
et al. ,  1980) making the continent also a good
platform for measuring the relative motions of some
of the faster moving plates or fragments of adjoining
plates. The hypothesis of the separation of Ausrralia
from Antarctica at a rate of about 10 cm,/a (Minster
& Jordan, 1978) can be tested by geodetic measure-
ments, as can some of the relative motions predicted
to occur in the Paþua-New Guinea relion (Johnson,
1979). The spreading motions in the Fiji area or the
motion along the New Zealand Alpine fault can also
be investigated by measuring motions relative to the
Australian plate. Another example is the possible
deformation of the Indo-Australian plate along. the
Ninety-east Ridge at a rate of l-2 cmla (Stein &
Okal, 1979). Studies of these motions relative to the
Australian plate provide an important contribution to
local and regional tectonic problems, once it has
been established that both the continent and the
geodetic measurement process are stable.

TERRESTRIAL GEODETIC TECHNIQUES
Most recent discussions on the geodetic measure-

ments  o f  p la te  mot ion  emphas ise_ the  space
techniques, but traditional terrestrial methods have
provided important results in the past and will
continue to do so, if only because useful geodetic
surveys go back several decades and, in some
instances, into the nineteenth century (e.g., Hayford
& Baldwin, 1907). Thus even i f  some of the new
space techniques provide a rapid and precise means
of determining relative positions ovei distances of
the order of l00km, an important aspect of future
geodetic work will be the development of optimal
ways of combining both methods.

The discussion of terrestrial geodetic techniques is
usually divided into three parts: (l) the measurement
of directions and distances for horizontàl control, (2)
the establishment of vertical control, and (3) the
determination of gravity, although the three type of
measurements are closely related. Direction mea-'surements 

taken with a theodolite are relatiüe to the
local vertical, but the geodetic reductions to a
reference ellipsoid require that the deflections of the
vertical are known. The reduction to the ellipsoid
also requires that heights above this surface are
known. Preiise levelling for hei$ht measurements
require that gravity is measured along the level l ing
route. Nevertheless, the above subdivision is conve-
nient.
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Horizontal control
Horizontal position can be determined by the

methods of triãngulation, trilateration, traversé sur-
veys or a combination of these.. In triangulation one
observes the directions between intervisible stations
making up the network, and the scale is obtained
from the measurement of the lengths of one or more
lines. In the method of trilateration,.only the lengths
of all possible triangle sides are measured. In the
traverse method, directions and the distances be-
tween adjacent stations are measured. Bomford
(1971) discusses the methods in detai l .

Until the 1950s nearly all horizontal geodetic
control was established by the process of triangula-
tion. Direction measurements have a precision that is
typically of the order of 0. I arcsec. This represents a
linear precision of about l5mm in a 30k-m line of
sight. Refraction uncertainties may, however, be
several times larger than this and may persist for
long periods. The sides of the individual triangles
are controlled by the terrain and by refraction
effects, and are typically of the order of 10-30 km
for the highest accuracy surveys. But though the
individual directions may be 

-determined 
riitn a

relatively high accuracy, the er.rors in the computed
station coordinates accumulate rapidly when a èhain
of triangles is measured. For exãmple, the relative
accuracies quickly degenerate to about I part in lff
or about I m in l00km, after a number of triangles.
To prevent this build-up of random errors anã to
control systematic errors, astroriomical observations
of latitude, longitude and azi¡nuth are introduced.
The prec is ions  o f  as t ronomica l l y  de termined.
azimuths, latitudes.and longitudes are typically 1.0,
0.2 and 0.3 arcsec, respectively (Bomford'èt al. ,
1970). However, their introduction into geodetic
networks poses its own difficulties, in that the
deflections of the vertical must be known and the
measurements can be subject to severe systematic
errors. The propagation of errors in distance,
moreover, can be particularly significant unless
lîequent baselines have been established. Much of
the first-order triangulation of Australia does not
meet the exacting sta¡dards laid down in manuals
and textbooks, and more typical accuracies are of the
order 3 parts in lff (for example, see the 1968
specifications laid down by the Áustralian National
Mapping Counci l) .

Electronic distance-measuring devices were intro-
duced in the 1950s and the.trianÊulation Drocess has
now been largely replaced by t--rilaterati'on. Of the
distance-measuring.equipment now widely used, the
most precise operate at optical frequencies. The
accuracy of these instruments is abouf I part in lff
over distances of up to 30 km. The main limitation
of electronic distance-measuriag instruments is the
uncertainty,of the velocity of propagation' through
the atmosphere. Measurement of thè atmospheric
prgperties along the line of sight is one wãy of
reducing this effect and accuraciès of 3 parts in 107
have been achieved. Because of the dispeisive nature
of the atmosphere, the difference in distances
measured at two distinctly different optical frequen-
cies provides an estimatè of the refraction co-rrec-
t ion. Slater & Huggett (1976) included a microwave
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wave-length with blue and red laser measurements to
correct for the water-vapour density along the path,
and reported a stability approaching 1 part in 107 for
distances of up to l0 km. A t'!¡r'o-wave instrument
incorporating the principles of their 1976 prototype
is now commercial ly avai lable (Huggett,  l98l).  An
attempt is also being made to develop an instrument
capable of 5 parts in lff accuracy over 50km paths
(Moody & Levine, 1979). The approach is to use a
receiver-transpondei at the far end of the line, rather
than transmitting light back to the origin by means of
a retroreflector, as is the current procedure. To
measure relative positions over distances greater
than the line of sight, a trilateration network is
usua l ly  es tab l i shed,  a l though in  Aus t ra l ia  the
traverse technique has been extensively employed,
partly for strengthening existing triangulation net-
works. Again the relative accuracy degenerates to
several pafs in l f f  over distances of l00km and
longer.

Vertical control
A natural definition of height of a point above the

geoid is its distance measured along the local plumb
line. This is the orthometric height. It is the height
that would be measured by precise levelling if the
equipotential surfaces of the earth's gravitational
field were everywhere parallel to the geoid; Since
these surfaces are not parallel, points on the same
level surface will not have the same orthometric
height. The definition of this height is dependent on
the gravity gradient Within the topography (Bom-
ford, l97l;  Vanicek et al. ,  1980) and a frequent
practice in Australia has been to use nominal
formulae for the variation of gravity with latitude
and height. These heights are referred to as 'normal'

heights. For scienti f ic work a definit ion, cal led the
' d y n a m i c '  h e i g h t  i s  m o s t  a p p r o p r i a t e ,  b u t  i * -
frequently used. When comparing levelling rúns,
care must be takÞn to ensure that identical reductions
have been made.

The errors in levelling comprise random and
systematic parts, and the precision o can be expres-
sed as

o : (azL + bl)t l  ( l )
where o is the standard deviation in mm, and L in
the length of the levelling run in km. For first-order
geodetic levelling, run back and forth between two
benchmarks, a - 0.7 and b : 0.06 (Bomford,
l97l). Random errors come from many sources, but
the systematic errors, principally arising from at-
mospheric refraction, impose the chief limitation on
the usefulness of geodetic levelling for monitoring
tectonic motions. Many precautions have to be taken
to achieve the above accuracies. No significant
first-order levelling has been carried out in Australia
that meets these standards. In the United Strtes
first-order levelling has been used to investigate
problems such as the 'Palmdale Bulge' and the
'Cali fornia Sea Slope'.  In both instances, the exact-
ing criteria for high precision levelling have not been
met either, and the results obtained are largely
spur ious  (Ker r ,  l98 l ;  Ho ldah l ,  1982) .

By the very nature of tr iangulat ion, with stat ions
located on mountain tops, heights are not readily
measured by levelling, which tends to follow the
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roads and rai lways in val leys. Instead, heights are
determined by measuring the vertical angle sub-
tended at one station by another. A considerable
portion of the Australian-primary network falls into
this category. The dominant error source arises from
the refraction of the ray path and although this can
be minimised by observing simultaneôusly from both
ends of the line, the uncertainties are at least an
order of magnitude greater than with conventional
levelling. Heights determined from vertical angle
measurements are therefore of little geophysical
interest, but it must be remembered that errors in
height affect the reduction of measured distances to
the reference ellipsoid, leading to erroneous strain
values when, for example, comparing triangulation
with tr i laterat ion data (Brunner et al. ,  1980). For a
I m height error and 300 m elevation difference
between two sites separated by 30km, this enor
amounts to 3 parts in 107.

Graviry observations
In geodesy, gravity observations are used mainly

to define the shape of the geoid. Early absolute
gravity measurements were carried out with pen-
dulums, the accuracies of which were typical ly a few
mm/s2. Modern free-fall devices now measure abso-
lutê gravity in the laboratory to a few ¡.r,m/s2
(Sakuma, 1974). Relat ive values of qravity are
readily measured with mm/s2 precision rising þorta-
ble gravimeters. However, the real accuracy of
gravity measurements may be lower because ,of
environmental and systematic effects. For geodetic
work, it is important that all gravity measurements
are reduced to the same reference figure - a
standardisation that is achieved by . establishing a
global network of stations at which the absolute'
value of gravity is measured. All relative measure-
ments are then reduced with respect to this standar-
dised network. In the recent stãndard gravity net-
work, a precision of better than 0.1 mm./s2 has been
attained for primary base stations.

Repeat gravity observations may be used to
estimate elevation changes, and as such measure-
ments are considerably less expensive than levelling,
they can be used in reconnaissance surveys to
identify regions of episodic changes in height. The
repeatability of relative gravity measurements under
control led condit ions is about 10-20 ¡ l"mls2
(Kiviniemi, 1974; Lambert & Beaumont, 1977)
which roughly corresponds to an uncertainty in
elevation change of 30-60mm. This-uncertainty is
within the range of estimates of levelling uncertainty
over l00km l ines with elevation changes of I  km.
Therefore, gravity changes may be a valuable
supplement to, but not a substitute for, precise
geodetic levelling.

Discussion
Most terrestrial geodetic measurements in Aus-

tralia have been established in order to provide
control for mapping at á variety of scales and the
highest levels of accuracy have not always been
sought. The requirement for crustal-motion studies is
distinctly different from the mapping requirements in
that the objective is not one of establishing absolute
coordinates, but of measuring changes in position,
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to the tracking stations provide the information
required to (1) compute the tracking station coordi-
nates and (2) to improve the estimates of the
physical parameters. For a more detailed discussion
see the review by Lambeck (1979).

The accuracy of these coordinates are generally
equal to the measurement accuracy, ranging from
about l0 m when satellites were tracked predomin-
antly by cameras (Gaposchkin & Lambeck, l97l),  to
better than I m when satellites were tracked predo-
minantly by lasers (Gasposchkin, 1977). These
accuracies are for coordinates relative to the Earth's
centre of mass, Relative accuracies of stations
separated by a few thousand kilometres may, how-
ever, be considerably higher. For example, Smith et
al. (1979) have reported relative precisions of some
3-l0cm over distances of 900km, or better than I
part in 107, between two laser stations in the United
States. Other developments in space-tracking in-
strumentation confirm that intercontinental distances
can be measured with a precision of a few cen-
timetres with existing technology. Thus, even if
terrestrial measurement of horizontal distances with
I part in 107 accuracy over distances of 100-200 km
become available, the space techniques are superior
for station separations exceeding about 200km. The
space methods are expected to be used predomin-
antly for measuring large:scale distortions within
plates and for measuring the present rates and
directions of interplate motions. The terrestrial
methods will serve to determine how the strain is
distributed within the larger network.

Satellite laser ranging
With laser ranging, a pulse of intense light is

transmitted to a satellité carrving an array of
retroreflectors. Light photons striking the satelliter:
are reflected back to the receiver at the laser station,
and the rounð-trip travel time of the pulse is
measured rilith sub:nanosecond accuracy. This de-
termines the distance, in terms of the speed of light,
from the laser station to the satellite at the instant of
observation. When several laser stations make re-
peated distance measurements to the satellite, both
ihe orbit and the baselines between the stations can
be computed with accuracies approaching the mea-
surement accuracy.

Most of the infírrmation from satellite laser
ranging on large-scale tectonic motions will come
f rom l rack ing  o f  a r t i f i c ia l  sa tê l l i tes ;  such as
LAGEOS, that are in high-altitude orbits, or from
the tracking of the Moon. LAGEOS is in a nearly
circular or-bit at 5900km altitude. It is a dense

displacement or strain (Frank, 1966). Hence one
seeks to repeat the measurements under as nearJy an
identical set of circumstances as possible and one
designs adjustment procedures that test for or elimi-
nate systematic erroì sources (Baarda, 1968; 1973).
Compàrisons of triangulâtion and trillteration net-
worki therefore pose some special problems, in that
the error propagãtions in the two networks are quite
different iVániðek & Krakiwsky, 1982)' Compari-
sons of levelling runs observed at different epochs
also require special attention. Have the same gravity
corrections bêen applied, and are these corrections
based on actual values of gravity or on nominal
values? Have the differences in height been deter-
mined by comparing levelling runs along the same
routes? Have the same adjustment procedures been
used when networks of heights are compared?

Despite these cautions, the conventional geodetic
measuiements have provided very useful data in
numerous situations, perhaps best exemplified by
Hayford & Baldwin's (1907) early study of the
moiions on the San Andreas fault and later studies
bv Bowie (1924; 1928) and Whitten (1948). The
résults of these studies defined the principal charac-
teristics of motion along the faults, in complete
agreement with the present-day plate tec,tonics
hypothesis. Likewise, the early level l ing studies by
H-avford & Baldwin (1907) revealed many of the
veriical motions that have become an integral part of
modern discussions of the tectonics of California.

Within the Australian region two studies merit
mention. In the Markham Valley of Papua. New
Guinea, first-order surveys originally made in 1973
(Cook & Murphy, 1974) and reþeated in 1975
(Sloane & Steed, 1976) indicated that no measurable
motion iook place on the fault in this interval'
Possiblv thesevneasurements show that the boundary
between the Ihdo-Australian and South Bismarck
Dlates comprise\ a broad deformation zone, rather
than a sinsle fault .  Wellman's (1981) study of
continental ?efdrmation suggests that low rates of
motian mav dccur in southeastern N'S.W. and
across the Darline fault in southwestern W.4., and
that this defqfmat-Íon may be measured by repeating
first-order.7$eodetic surveys separated in -time by

jqlrv_e-r3l-ldecades. Geological estimates of Recent-ì-uriáie 
displacements in óoth regions are difficult to

estimate, bècause the surface expressions are quickly
obscured, but geodetically deduced crustal move-
ment appear to be consistent with the directions
inferred irom stress measurements, earthquake focal

' 
mechanisms and the Cainozoic vertical movements-

SPACE TECHNIQUES
Several methods have been developed in the last

few decades for measuring relative positions of
points on the Earth's surface separated by thousands
ôf kilometres. These methods involve observations
of the motions of artificial satellites, the Moon, or
the apparent motions of extra-galactic ra-dio sources.
In ali cases, the equations of motion of the objects-
tracked are formulated in terms of a number of
physical parameters, such as the F,arth's grarity field
ôr-the Mõon's coordinates at a given epoch, and in
terms of the coordinates of the tracking stations.
Observations of the positions of the objects relative

t

I
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sphere, covered with retroreflectors. Its high ma-ss-
to-surface-area ratio minimises the orbital Perturba-
tions resulting from air-drag forces and from solar-
radiation ptesiure. Its unifoñn surface characteristics
also mean that any residual drag or radiation force
can be modelled with some degree of confidence. Its
high altitude reduces the asymmetrical ,gravitational
foices. In consequence, the orbit is stable and can be
computed with à high degree of accuracy when the
satellite is tracked with high-precision lasers. The
LAGEOS satellite is currently tracked by a world-
wide network of fixed laser stations, the ranging
accuracies of which vary from about 3 cm to I m'
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Fig. 1.. (a) Transportable laser ranging station developed
at  the  Un ivers i ty  o f  Texas  a t  Aus t : in .
(b) Block diagram of the inrerior. (photo_
graph an<i diagram courtesy of E. C. Silver_
berg).

These stations provide an initial framework, with
respect to which plate tectonic motions may be
measured. Two of the stations are located in
Australia, near Canberra and north of Perth. For a
comple te  p la te  tec ton ic  mon i to r ing  exper iment ,
many more high-precision stations are required and
it is desirable to develop transportable ranging
equipment, with which the satellite is observed at the
same time as the principal network of tracking
stations. One highly mobile system has been con-
structed by the Department of Astronomy of the
University of Texas and is in operation in the United
States (Si lverberg & Byrd, l98l).  This stat ion is
mounted on a truck (Fig. l) and only 2 hours are
required to dismantle it or to set it up at another site.
Its design range accuracy is 3 cm or better and initial
experiments confirm this. An even more compact
mobile faci l i ty has been developed at NASA's
Godd¿rd Space Fl ight Center (Fl inn, l98l).  Hiehly
mobile staiions are also beinq constructed in õer-
many and in the Netherlands.-- 

Realistic estimates for the accuracies of baseline
measurements äre dif f icult  to assess, in view of an
absence òf any absolute standard. Orbit errors in
particular can degrade the results. For short orbital
arcs of a few revolutions in duration, the largest

. source.of error_ for geodetic satellites is the gravity
f ield, but as the arc lengthens to days, weéks or
months,- long-period perturbations, inðluding those
arising from tides, air drag, solar radiation piessure
and numerical integration errors begin to d-ominate
(Gaposchkin, 1978; Smith, 1978). The absolure
accuracies of the orbit computations and baselines
are potential ly high, of the order of locm, but
definitive tests have not yet been made. One such
test is discussed below. Improved orbital theories,
better numerical analysis methods, refined earth
gravity models, and more precise tracking equipment
are required to attain higher accuracies.-

Lunai laser ranging

. The possibility of using the Moon as a target for
la_ser ranging was realised in t969.when the Ãpollo
I I crew placed a reflector affay on the lunar surlace.
Additional reflector arrays were placed during later
Apollo and Lunakhod missions.-The earl iesl laser
range measurements had an.accuracy of about 2.5 m,
but current accuracies are of the order of 10-20cm.
Most of these observations have been made at the
McDonald Observatory in Texas. During the last few
years, important data have also been collected from
National Mapping's station at Orroral, near Canberra
(Morgan & King, 1982). The principal uses of these
Iunar observations is to provide a prècise description
of the lunar motion, both around the Earth- and
around its own centre of mass. The former is
required for investigating aspects of the theories of
relativity and the latter provides information on the
physics of the lunar interior (Mulholland, 1980). The
Iaserrange observations also provide information on
the Earth's rotation, in bolh polar motion and
changes in the speed of rotat ion (e.g., Stolz et al. ,
I976). The latter quanti t ies not only have rheir own
intrinsic interest (Lambeck, 1980) but also enter intti
the equations of motion of the artificial Earth
satellites. Therefore these rotational motiohs must be
known with high accuracy before plate motions can
be determined

V e ry - I o n g - bas e I ine radi o - inte rþ rome îry
Astronomers first developed the method of very-

long-base l ine  rad io - in te r fe romerry  (VLBI )  fo r
measuring accurately the positions and spatiãl struc-
ture of astronomical radio sources. However, it was
recognised at an early stage that these observations
were also of potential importance for geodynamic
studies (Gold, 1967; Shapiro & Knight, 1970). In a
general way, radio signals from a common source
are received at the two antennae .formins the
baseline. The signals are brought iògethei and
correlated to determine the difference in phase or the
difference in time in which a particular' burst, of
energy is received at the two antennae. This phase or
time difference is related to the length and the
direction of the baseline relative to thè source. In
conventional interferometry the two signals are
brought together through cables and the baseline
Iength is restricted to a few kilometres at most. If the
signals are recorded independently at each site,
âgainst highly precise time and frequency standards,
and later brought together in a computer, the

( a )
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antennae separation is limited only by the require-
ment that the source is mutual ly visible from the two
stat ions. This is the technique of long-basel ine
interferometry. Baselines from California to Aus-
tralia have now become possible.

I f  the stel lar source is observed continuously, , the
time delay varies diurnally as the Earth rotates below' the source. The amplitude and phase of this variation
are functions of the source and baseline parameters.
In realistic models other unknowns must be added -

,e.8., a conection to the t ime kept by the clocks at
the end of the baseline and possibly a difference in
the clock rates - but by observing a number of
sources from the same baseline as well. as bv
observing the same sources from different pairs oî
antennae, a separation of baseline, source and clock
parameters becomes possible. Counselman (197ó)
has reviewed the technique and has discussed vari-
ous applications to astro-geo-and planetary physics.

Most VLBI experiments have been carried out
with large fixed telescopes, such as the Deep Space
Network tracking station at Tidbinbilla or the 64 m
telescope at Parkes (Fanselow et al., 1979). If this
technique is to be useful in geodynamic work,
however, a mobile system used in conjunction with
these fixed antennae is essential. Three such svstems
with antenna sizes from 4 to 9 m have been Ui¡ilt Uv
NASA, one of which has been used since 1974 foi
measurements at sites in southern California (Niell et
a l . ,1979\ .

Both random errors (e.g., noise temperatures of
the receivers, variations in the frequency standards
and the clocks, and radio source position and
structure uncertainties) and systematic errors (e.g.,
uncertainties in the Earth's orientation parameters
and atmospheric refraction effects) are present in
VLBI measurements. The systeinatic errors appear
to dominate. The random errors are reduced simply
by gathering more data, and frequently as many as
100 observations involving l0-20 different radio
sources are made in one baseline determination. The
systematic errors are not so easily removed or
evaluated. They can be quantified by triangle closure
tests and by comparing the results with those
obtained from other techniques for which the domin-
ant error sources are different. Using the 9 m
transportable antenna in conjunction with fixed radio
telescopes in California, triangle closures to within
l0-20cm have been achieved over a perimeter of
about 1000km (Niel l  et al. ,  1979). From such
results and comparisons with ground-survey (Rogers
et al. ,  1978), Doppler satel l i te (Ryan et al. ,  1978)
and satellite laser ranging measurements (Kolen-
kiewicz, l98l),  the accuracy with which relat ive
positions can be determined by VLBI at present is
believed to be about l0 cm and is largely indepen:
dent of the ba3eline length. Developments in the
receiver's recording systems and data processors
continue. and this will allow baseline measurements
to be made with an accuracy of I cm using modest
size antennae.

Other space techniques for determining posï
tions

There are important types of problems for which
laser ranging or VLBI measurements with mobile
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lround stations do not seem likely to be the most
suitable approach. These include caseb where large
numbers of measurements need to be made per year.
Positions on the Earth's surface can be determined
rapidly and relatively cheaply by observing the
Doppler frequency shift of radio transmissions from
satel l i tes of the U.S. Navy TRANSIT system, which
has operated since 1964 (Black et al. ,  1976). I
Geodetic Doppler measurements are made to the I
satellites from a rumber of ground stations, provid- ü
ing data from which the orbital elements and the I
relative station positions can be computed in a
similar manner to that done for laser measuremenrs.
In the conventional usage of the system, these
observations are collected from the Doppler world-
wide network. The computed satellite'ephemerides,
computed for 12 hours in advance, are transferred to
the respective satellites and stored there. At given
t ime in te rva ls ,  the  sa te l l i tes  b roadcas t  th is
ephemeris, together with a time signal. This, plus
the measured Doppler shift from'the portable station,
permits the change in the range from the satellite to
the receiver to be computed. Each range-difference
determination defines a hyperbolic surface in space,
the intersection of which with other such surfaces
defines the receiver position. The accuracy of
Dopp ler -pos i t ion ing  depends espec ia l l y  on  the
number of observed passes of the satellite and on the
model that is applied to compute the orbit. Indi-
vidual point determinations froÍn 30-50 satellite
passes give accuracies of l-5 m (Torge, 1980). But
simultaneous measurements from at least two sta- |
t-ions provide baseline measurements that are largely t
free of those errors that affect both measurements i
equally, notably orbital errors. An accuracy of a few I
decimetres is attainable with this method for dis- j
tances of up to several hundred kilometres (Morgan,
l98l). This system cannot be effectively used trr
measure crustal movements, except in areas of veri
rapid regional motion, Nevetheless, Doppler obser-
va t ions  have been impor tan t  in  severa l  o ther
geodynamic applications, e.g., measurements of the
Earth's rotation and tides (Anderle, 1973).

The Global Positioning System (GPS) satellites of
the United States Department of Defense, though
still in an expe,rimental. stage, promise to give
accuracies of the order I part in 107 for relative
positions separated by a few hundred kilometres.. In
addition, the receiving equipment. is very compact
and highly mobile. The first GPS sate.llite was
launched in 1978, and five satellites are now in
orbit. In the operational GPS .version planned for
1987, eighteen satellites will be grouped in three
orbital planes of six satellites, each in l2-hour
orbits. Thus, at an]¡ one time, there will always be a
minimum of four satellites in view from any point on
the Earth's surface. The satellites transmit signals on r.
two L-band (0.39-1.55 GHz) frequencies. These I
signals are encoded with two unique noise codes -
a short code called the coarse acquisition or CA iì
c o d e , a n d a m u c h l o n g e r c o d e c a l l e d t h e p r e c i s e o r P
code (Spilker, 1978). The primary measurement
performed by the CPS receivers is the apparent
propagation time of the coded signal transmitted
from each of several satellites to the user. This is
accomplished by determining the time delay between
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the code sequence received from a particular satellite
and its local replica generated within the receiver
using cross-correlat ion techniques. This delay, mul-
t ipl ied by the speed of l ight, is known as the
'pseudo-range' because, in addit ion to the actual
range delay, it also contains an unknown phase
offset between GPS time and the receiver clock.
However, by making this same type of measurement
on signals from four satellites, four simultaneous
equations.can be solved for the three coordinates of
position and the receiver clock offset. Correlation
between the received code and the local replica can
be resolved to within one code period. Thus, the
higher frequency P-code allows a more precise
determination of posit ion.

In the event that the P-code is not available for
civilian use, alternative techniques for using these
satellites have been examined. Radio-interferometric
techniques (MacDoran, 1979; Counselman, 1980), '
in which the GPS signals are used as a noise source,
provide the leading alternatives. Bossler et al.
(1980) descriþed the main concepts that have been
proposed to use GPS signals for accurate baseline
measurements. The methods under consideration all
appear capable of making sufficient measurements in
less than a few hours per site when the complete
constellation of satellites is in orbit. The principal
limitations in accuracy for determining geodetic
baselines by these methods appears to be due to the
uncertainties in the tropospheric index of refraction.
corrections and in thþ satellite orbits. However,
feasibility studies indicate that 3 cm accuracy for all
three baseline components can be achieved (Larden
& Bender, 1982; Bender & Larden, 1982).

World programs for the geodynamic use aJ'
space systems

'In the past two decades a substantial effort has
been made in many countries to apply space technol-
ogy, first to geodesy and, as accuracies improved, to
geodynamics. Renewed interests in the last few
years have resulted from the siinificant improve-
ments in accuracy with which relative positions can
now be measured. The main effort has been concen-
trated in the United States, where a consortium of
five federal alencies has been formed to coordinate
the programs. Within this program, NASA is helping
to establish a worldwide network of laser ranging
and VLBI observatorie¡ that will measure the Earth's
rotation and global tectonic plate movements, and
which will albo serve as base stations using mobile
instruments for measuring crustal deformation on
regional scales. Not unnaturally, the first priority of
this program is to observe crustal movements in the
western United States along the San Andreas Fault.
An observation program is also planned to study the
tectonic stability of the North American plate. A
second phase of operations under consideration
includes observations of the relative movement of
the Pacific, North American, Australian and South
American plates (Fl inn, l98l).  Similar programs,
concentrating on the tectonics of the Mediterranean
area, are being developed by Eurpoean space agen-
c  les .

GEODETIC MONITORING OF
TECTONIC DEFORMATION IN THE
AUSTRALIAN REGION

Repeated terrestrial geodetic sutrveys
Government geological and survey organisations

in Australia are involved in several projects for
surveying crustal movements using conventional
terrestrial methods. These include: (l) re-surveys of
old triangulation networks in eastern Australia to
determine horizontal crustal movement; (2) a com-
bined h'orizontal, vertical and gravity measurement
and re-measurement program in the seismic zone of
the south-western corner of Western Australia. with
the aim of testing crustal movement models and
eva lua t ing  ear thquake r i sk ;  and (3 )  thþ  re -
measurement of absolute and relative gravity stations
to an accuracy of 5-20 ¡.r,m/s2.

Two old Australian triangulation surveys have
been re-observed by geodimeter trilateration, with
the aim of local sufvey control. The surVeys are
located in the Australian Capital Territory and in the
Perth Basin of Western Australia. National Mapping
recently re-observed a first-order survey connecting
Goulburn and Cowra for crustal movements and a
repeat survey, for the same purpose, is in progress
between Goulburn and Sydney. The SW seismic
zone survey, to the east of Perth, involves three
aspects: (l) the establishment of a precise geoiletic
trilateration network over the area for future remea-
surement, (2) the measurement of gravity differences
with an accuracy of l0 pmls2 between benchmarks
spaced some l0km apart, and (3) the re-levelling to
second-order standards of 4000 km of existing first-
order and third-order levelling survey. The trilatera-
tion network should have an accuracy approaching !
or 2 parts in 106, unless special precautions are taken
to reduce the atmospheric refraction effects. Hence
deformations over l00km will have to exceed some
10 cm if they are to be observed with any degree of
certitude. The relative gravity measurements were
completed in l98l and will be repeated in three
years' time. With l0 ¡r,m/s2 accuracy, it should be
possible to detect elevation chairges of a few tens. of
mm. For Australian second-order levelling stan-
dards, the factor a in equation (l) equals 8 and the
systematic error factor b in this equation will also be
larger than stated in (l). The levelling network will
therefore give a much less preciie indication of
vertical motions than will the gravity observations.
Both the trilateration and levelling networks are
unlikely to provide unambiguous information on
creep and deformation prior to earthquakes, but they
will be of value in measuring co-seismic deformation
following large earthquakes, such as the Meckering
event  o f  1968.

Dop ple r s ate I I ite me as ureme nt s'
Relative plate motions and deformations may be

quite large in the Papua New Guinea region, of the
order of 9-14 crnJa (Johnson, 1979). In order to
quantify this, a Doppler network of 15 stations has
been established to form the basis for the future
studies of the relative motions between the North
Bismark, South Bismark, Solomon Sea, Pacif ic, and
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Indo-Austral ian plates. A simulat ion study by Mor-
gan (1981) indicates that the mean basel ine precision
obtainable is about I part in lff over tlie whole
region, so that i t  should be possible to detect plate
motion at the above rates if the measurements are
repeated after about 5 years, and if these motions are
uniform rather than episodic.

LAGEOS laser ranging
A fixed laser-ranging station of the Smithsonian

Astrophysical Observatory (SAO) is situated in the
Orroral Valley near Canberra and has tracked satel-
lites for about six years. This station has been
continually upgraded and has attained range ac-
curacies of 10-20 cm to the LAGEOS satel l i te. A
NASA laser station is located at Yarragadee, north
of Perth. The range accuracy of this system is about
5 cm. The data from these two stations have been
analysed to test the feasibility of determining inter-
continental distances to centimetre accuracy and to
inves t iga te  poss ib le  de format ion  o f  the  Indo-
Austraì ian plate (Stolz & Masters, 1982). Austral ia's
relative tectonic stability .makes it a good testing
ground for the measuring technique, since one can
be fairly sure that the method is at fault if
deformations are found in excess of a few mm,/a.
Stolz & Masters (1982) obtained Orroral-Yarragadee
baseline measurements consistent to 30cm ouei 130
days, but more recent evaluations, using new models
of the gravity field have led to ifnproved results.
Baselines determined from 30-day orbital arcs are
now consistent to within l0cm. For this period, the
Yarragadee data have an accuracy of about l0cm
and the Orroral data have an accuracv of 20-40cm.
The measurements are plotted in Figure 2. The
computations were done using the orbital theory
described by Martin et al. (1976) and the best
available models for the forces. perturbing the

L 2 3 4 5 6 7 8 9 1 0 1 1 1 2
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Fig. 2. Orroral-Yarragaiee baseline measurements deter-
. mined from 30-day orbital arcs of LAGEOS range

data acquired dur ing 1980. The standard deviat ion
of  each distance is  about 2 cm.
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Te¡le l. Effect of modelling errors on the precision of the
Onoral-Yarragadee baseline measuremenr.

Error Source

Graví ty Model  7
Atnospher ic Refract ion 4
Systenat ic  Instrunental  Errors s
So l i d  T i da l  Up l i f t  2

T ¡str 2. Orroral-Yarragadee baseline comparisons.

Solution

Conventional survey
Doppler
Conventional survey û
Doppler  conbined

Laser ranging

Effect  on
Bas e I  ine

( cm)

Basel ine Value
(tn)

3 196 300 +
2 5  . 0 8
28 .s2

2 7  . 6 9
2 8 . 7 3

t
t

satel l i te's motion. Table I l ists the main causes of
baseline measurement error and gives the estimated
effect on the values presented in Figure 2. The total
modelling error is l0 cm root mean square (r.m.s.)
to which 3-5 cm r.m.s. must be added to account for
range errors. This agrees with the dispersion found
between the individual baseline determinations. The
qodelling errors are being further investigated at the
University of New South Wales with ahe aim of
reducing their effect. Terrestrial measurements and
Doppler satellite data agree with the laser ranging
values to about 3 parts in I tr  (Table 2) and as this ir
about the accuracy-level of both the terrestrial and
Doppler techniques one could hardly expect better
agreement. -

The Orroral station was closed in early 1982, but
National Mapping has begun modificaiions of its
lunar laser ranging equipment at Orroral to trabk
LAGEOS-type satellites in addition to the Moon. A
much improved laser and detector are being instal-
led, which will result in a 'normal point' ãccuracy
(Masters et al., 1982) of berter than 3 cm. The new
Orroral system will be in operation in late 1983.
This station, with the Yarrãgadee laser, forms a
baseline with respect to which r4otions of other sites
can be monitored using a mobile station. Geodetic
and geophysical control surveys will be required
around Orroral and Yarragadee, as well as ãt the
sites occupied by the mobile system, to ensure that
any local horizontal movement can be separated
from plate deformation as a whole. If sigñificant
local crustal movements are taking place neãr either
site, it will be advisable tö relocãte the baseline
terminals on nearby stable ground. Support is being
sought for a mobile satellite laser ranging station, in
part for a joint Australia-United States proiect to
measure the separation of Australia from Antãrctica,
and in part for high-precision surveys within the
Indo-Austral ian plate. Stotz & Masters (1982) have
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Fig. 3. Estimate baseline accuracies obtainable with a
transportable laser r-anging station observing
during the same interval as the two fixed
stations (solid circles). The standard devia-
tions predicted at each site are plotted in the
direction of the two fixed stations.

Fig. 4. Estimated height accuracies obtainable with a
tfansportable laser ranging station. The line
segments represent absolute values. Relative
heights over smaller areas should be much
better determined.

simulated how well  basel ines and elev4tions can be
obtained with such an instrument if it operates at the
same time as the two fixed instruments. Several sites
have been tentatively selected for their geophysical
interest. For instance, two possible sites straddle the
New Zealand Alpine fault, where regional deforma-
tion is dominated by horizontal shear across a
strike-slip fault zone. The deformation extends a
considerable but unknown distance away from the
actual plate boundary. Vert ical movements also
occur (Walcott,  1978) and their measurement is
important in'understanding the relat ionship betwèen
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horizontal and vertical deformation. Other nominal
sites are situated adjacent to the Ninety-east Ridge,
in the Fiji-Tonga region arrd in the geophysically
c o m p l e x  r e g i o n  o f  I n d o n e s i a  a n d  P a p u a  N e w
Guinea, The results, based on a simulated 5-day
orbital arc, during which time all possible passes
have been observed, are summarised in Figures 3
and 4. The measurement accuracy *as assumõd to be
5 cm at all stations. Plausible modelline errórs for
tidal effects on the LAGEOS orbit, radiation pres-
sure and pole positions were introduced in addition
to the effects mentioned in Table l.

The precision estimates for the baselines are
shown in Figure 3. The component of the standard
deviation along the baseline only is shown. Over the
distances considered here, the standard deviations
increase marginally with increasing baseline length.
Sub-decimetre measurements appear to be obtainable
for the intraplate baselines, as well as for the shorter
interplate baselines. The height measurement errors
vary between about l0 and 2O cm (Fig. 4) and an
increase with geographic latitude is barely discerni-
ble. Relative heights over smaller regions between
sites in..New Zealand, for example, should be much
better determined. These simulation results and
similar studies by Christodoulidis & Smith (1981)
for the United States indicate that an accuracy of
l-2cm is not preseltly obtainable. Modelling errors
remain the main obstacle to this goal.

Geodetic VLBI
Geodetic VLBI has not been actively pursued in

Australia, but a bi-national, multi-institutional effort
is now underway (Stolz et al. ,  1982). An init ial
experiment with the following goals was conducted
between 20 Apri l  and 3 May 1982; ( l)  to measure
the baselines formed by antennae located at Tidbin-
billa, Parkes and Fleurs (Sydney) with a precision of
15 cm for the two horizontal components of position
and 30 cm for the vertical component, (2) to measure
the Parkes-Tidbinbilla baseline with a precision of
7 cm for the horizontal components and 15 cm for
the vertical component, anð (g) to measure the
Tidbinbi l la-Al ice Springs and Tidbinbi l la-Hobart
baselines with a precision of l-2 m for all three
components. Initial analysis by Harvey & Stolz (in
preparation) indicate that the first. two objectives
have been achieved. Preliminary discussions have
also taken place to utilise the proposed Australia
Telescope for geodetic VLBI experiments and to
bring a highly mobile VLBI system to Australia,
possibly as soon as 1984-1985.

CONCLUSIONS
For many years geodesists have talked about how

the new space techniques will contribute to under-
standing the kinematics and dynamics of plate
motions and tectonic processes in general. Only now
does it appear that these techniquqs have been
developed to a degree where these goalC are realisa-
ble. Though several techniques have reached this
point, i t  is not obvious which one meets al l  l ikely
geophysical requirements. Should one pursue the
interferometry techniques at the expense of laser
ranging to satel l i tes? Should one wait unti l  the
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Global Positioning System is perfected? There are
many facets to these questions and the end result \r/ill
u¡doubtedly be that all methods will progress
together. Laser ranging to satel l i tes also provides.information 

on the Earth's gravity field and on its
tidal deformations; lunar laser ranging provides
informatioi on the dynamics of the Moon; and VLBI
provides astrophysical information on the structure
of stellar sources. There are, therefore, good and
independent  a rguments  fo r  pursu ing  a l l  th ree
techn iques .  A  second reason fo r  pursu ing  a l l
methods is that experimental errors and environmen-
tal influences are different and the need for inter-
comparisons becomes exceedingly important, since
there are no external standards âgainst which the
methods can be calibrated at these levels of accura-
cy. Only by inter-comparing results obtained by
widely different techniques and over long distances
will we be able to have full confidence in the final
outcome.

Another basic and not yet resolved question
concerns the role of terrestrial surveys for measuring
motion and deformation. So far these are the onlv
geodetic methods that have provided sound resulti,
as witnessed most vividly by comparing Hayford &
Baldwin's (1907) and Bowie's (1928) interpretat ion
of the motions of the San Andreas fault with the
modern interpretations within the framework of plate
tectonics. Certainlv there is room for considerable
improvement, both in the application of terrestrial
geodetic measurements to crustal motion studies,
and in the analysis of existing observations. This is
particularly so since much of the Australian geodetic
network does not meef the exacting requirements of
crustal motion investigations. From our brief re-
marks above, the terrestrial and space techniques are
complementary. After all, if the Orroral-Yarragadee
baseline is unambiguously shown to deiir¡r¡r wi.iir
time, how will the satellite measurements alone
distinguish between eventual motions on faults near
the stations and a deformation of the continent as a
whole? The limitations of terrestrial surveys become
most obvious as the scale of the network is
increased. Accuracies of a few parts in 107 can be
achieved over distances of a few tens of kilometres,
if extreme bare is taken to correct for atmospheric
refraction effects. Over distances of 100 km or more,
these accu¡acies degrade to I or 2 parts in lff. This
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