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Recent crustal deformation in south-east Australia: fact or fiction?

Kurt Lambeck and Richard Coleman*

Research School of Earth Sciences, Australian National University, Canberra 2601, ACT, Australia

It has been suggested by Wellman (1981, Geol. Soc. Aust. J. 28, 311-321) that the geodetic surveys
of south-eastern Australia carried out in the late nineteenth century and again from 1970 to 1980
are indicative of substantial crustal deformation with strain rates of the order of 50 x 10-9 yr-1.
A re-evaluation of the data does not confirm this conclusion. Several difficulties with Wellman's
analysis have been identified. (i) The geodetic observations made at both epochs do not always
meet the high standards required for crustal deformation studies. (ii) The strains have been estimated
for parts of the network whose geometries do not meet first-order standards. (iii) The strain has
been evaluated from a comparison of the nineteenth century survey with a network adjustment
which incorporated the surveys at both epochs. (iv) The observed angles of the nineteenth cen-
tury survey have been compared with angles computed from the Geodetic Model of Australia
(1980). This model is inappropriate for evaluating crustal deformation. (v) Deflections of the
vertical and skew normal corrections have been ignored. (vi) Two different methods have been
used in the adjustment of the two surveys making up the 1970-1980 network. (vii) No realistic
statistical analysis of the results has been attempted.

Key words: deformation, homogeneous strain, geodetic measurements, south-east Australia.

INTRODUCTION

Terrestrial geodetic measurements provide a power-
ful means of measuring crustal deformations and
strains and provide useful constraints on the
dynamics of plate motion. Classical examples of
such surveys are found in California and New
Zealand where the deformation rates are not only
high, but where the deformations are also restricted
within a relatively narrow zone along major faults
(NGS 1973; Walcott & Bibby 1984). Australia's
recent tectonic history has not left comparable faults
and any deformation or strain that does occur
within the continent will be at least an order of
magnitude smaller than that encountered in the
above-mentioned regions. This is not to say that the
detection of motion is without importance. Quite
the contrary, for one of the basic tenets of the plate
tectonics hypothesis is that the interior of a plate
remains undeformed during its motion. It does
mean that much more attention must be given to
survey details than is sometimes appreciated.

Wellman (1981) analysed geodetic survey data of
south-eastern Australia and concluded that signifi-

* Present address: Ocean Sciences Institute, The Univer-
sity of Sydney, 2006, Australia.

cant strain rates of about 50 x 10 'yr 1 occurred
during this century. If real, such deformations
require a careful examination of the rigid plate
assumption. We have examined the same data and
conclude that there has not been any significant
crustal deformation and that what Wellman found
was a distortion within the geodetic network. This
may have resulted because the exacting geodetic
requirements for the study of crustal deformations
were not followed, nor was any attempt made to
evaluate the significance of the results. The latter
is an aspect of geodetic adjustments and of strain
analyses which is as important as the actual values
of displacement or strain themselves. Experience
has shown that small systematic errors can occur
in geodetic measurements and that these errors can
accumulate and deform the network as a whole. If
tests are not set up to detect such errors, a com-
parison of repeated surveys will merely reflect dif-
ferences in the propagation of systematic and ran-
dom errors in the two networks. What is really net-
work deformation or 'geodetic strain' will be
interpreted as 'geophysical strain'.

THE DATA

The geodetic data set used by Wellman (1981) is the
late nineteenth century triangulation survey of
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372 K. LAMBECK AND R. COLEMAN

149

Gee

(C)

Fig. la Network of the 1880-1890 triangulation survey. Full lines have been observed in both directions, broken lines
in one direction only. Fig. lb Northern network survey of 1980. Only distances have been observed. Fig. lc Southern
network survey of 1970-75. Direction observations are indicated by arrows, distance observations by solid lines. Inner-
coordinate displacement vectors for the comparison of the two surveys are shown in (b) and (c). The upper value for
each vector is the magnitude and the lower value is the standard deviation of this estimate.

south-eastern New South Wales (Furber 1898) and
repeat triangulation-trilateration surveys carried out
in the years 1970-80. The original work, illustrated
in Fig. la and referred to here as the epoch 1 survey,
is an exacting survey and appears to meet first-order
geodetic network requirements. The direction
measurements have standard deviations of about
0.5-0.7 arcsec, but absolute accuracies may be lower.
This is mainly a consequence of lateral atmospheric
refraction of the lines of sight. Refraction errors of

1 arcsec are not uncommon and may persist for long
periods of time. That the presence of systematic
errors may have been suspected by the surveyors of
the time is suggested by the fact that observations
were repeated at several stations (Numbers 8, 11,14,
16, 18 in Fig. la). Differences between the two sets
of directions of 2.5 arcsec occur for the line 16-21,
2.3 arcsec for the line 11-14, 1.5 arcsec for the line
11-13 and 0.9 arcsec for the line 14-13. These are
not large enough for any one set to be rejected as
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RECENT CRUSTAL DEFORMATION IN SE AUSTRALIA 373

being erroneous but they serve as a cautionary
signal if large strains are found in triangles that in-
clude these stations. Note that over a typical triangle
side of 30 km, an error of 2.5 in. in direction
represents a linear error of 35 cm or a strain rate
of 120 x lO-'yr"1 if compared with a perfect
observation 100 years later.

The network illustrated in Fig. la is, with the
exception of station 17, that analysed by Wellman
for the epoch 1 survey. We have included this station
because it marginally strengthens the network.
Stations 9 and 10 have only been partly observed
and there is no redundancy to check for observa-
tional errors. Stations 15, 20 and 24 were not
occupied and their positions were determined by
intersection only, with a minimum of redundancy.
Furthermore, stations 9, 10, 15 and 20 did not form
part of the original first-order network discussed
by Furber (1898). Large strains associated with these
stations should therefore be treated with caution as
well.

The repeat survey of the 1970s was carried out
in two parts. Together these are referred to as the
epoch 2 survey. The southern part (stations 12-26),
observed in 1972-75, is illustrated in Fig. lc. Direc-
tions and distances were observed. The precision
of the former are comparable to those of the nine-
teenth century observations but they are also more
prone to systematic lateral refraction errors because
they have been measured in a comparatively short
time interval. It appears that, unlike their pre-
decessors, modern surveyors cannot be confined
to hilltops for long periods of time. Distance
measurements were carried out with geodimeters
whose nominal precision is (1 + /? 10~6L) cm where
L is the length of the line in centimetres and £ is
1 or 2. Refraction errors again are a dominant
source of uncertainty. For the survey in question
y3 = l. The network geometry of the repeat survey
has been improved in that stations 15, 20 and 24
have been occupied and the lines 15-20 and 20-24
have been measured. The diagonals of the figure
formed by stations 19, 20, 23, 21 now have not been
observed. Some stations to the north (nos. 6, 8,10,
12, 13) were occupied during this survey but none
of the measurements formed closed geodetic
figures.

The northern network (stations 1-14) was re-
observed in 1980 with first-order geodimeter
measurements only (Fig. lb). This network's
geometry has also been strengthened with addi-
tional observations to and from stations 9 and 10
and by the addition of the two new stations 2 and

3. Two distances were observed in both geodimeter
surveys. One line, between stations 14 and 17, of
11 km length, showed a discrepancy of 0.9 p.p.m.
(parts per million). The second line, between sta-
tions 12 and 13 and of 25 km length, showed a
discrepancy of 2.2 p.p.m. This latter result is greater
than expected from first-order geodimeter
measurements. An examination of the original field
observations indicates that first-order procedures
had not been adhered to; that this discrepancy
reflects diurnal variability of the atmospheric refrac-
tion. An error of 2 p.p.m. would result in a strain
rate of 20 x 10 'yr 1 if compared with a perfect
observation taken a 100 years earlier. It is con-
ceivable that similar problems exist elsewhere in the
network. Strains determined for figures containing
the distance 12-13 should be viewed with caution.

In summary, there are several observational
reasons for being cautious in interpreting strains
deduced from these data. Observational errors of
up to 2 arcsec may occur in some of the older
triangulation (e.g. lines 16-21, 11-14), and of 2
p.p.m. in at least one of the geodimeter lines. Obser-
vations to or from several stations (9, 10, 15, 20,
24) are inadequate to meet first-order triangulation
standards. Characteristics of the two separate parts
of the epoch 2 survey are > sufficiently different to
cause difficulties in strains computed across their
junction (see below). Many of the larger strains
found by Wellman are associated with one or other
of these limitations.

STRAIN ANALYSIS METHODS

For geophysical strain analyses, one is not so much
concerned with absolute positions of points fixed
to the crust as with relative movements between
these points. In consequence, model dependent cor-
rections that need to be made to reduce observa-
tions to the ellipsoid are less important, provided
that the surveys are carried out under as nearly an
identical set of conditions as possible so that the
strain results may be independent of systematic
errors and network distortions. This condition of
repeatability has not been met in the networks
analysed by Wellman and it would have been
unrealistic to meet it in view of the more precise
measurement techniques now available. As a result,
the comparison of the old triangulation with the
new trilateration is model dependent. Now the
application of various corrections and reductions
to the observed quantities is of paramount impor-
tance since any inadequacies will result in network
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374 K. LAMBECK AND R. COLEMAN

deformation and in geodetic strain. Reductions to
observations that are usually made and which are
relevant to the present discussion include (i) a reduc-
tion of directions measured relative to the vertical
to directions about the normal to the reference
ellipsoid, (ii) skew-normal correction arising from
the fact that the normals at the two ends of a line
will not, in general, be coplanar, (iii) reduction of
measured distances to the ellipsoid. Bomford (1980)
discusses these corrections in detail.

There is a further important difference between
the geodetic and geophysical survey requirements,
namely the matter of their dimension. The geodetic
surveys of Australia are designed on a continental
dimension and, in order to keep the propagation
of errors under control, astronomical latitude,
longitude and azimuth are introduced into the
surveys. In modern surveys, satellite Doppler results
are also incorporated. These additional observations
are not as precise as the individual direction or
distance measurements and are subject to systematic
errors of their own. Their introduction as control
points may therefore introduce network distortions
which could masquerade as strain. For strain
analyses, it is neither necessary nor desirable to
introduce these measurements.

Different approaches to strain analyses have been
developed. Some (e.g. Frank 1966; Prescott et al
1979) compare directly the observed quantities,
angles, directions or distances. Others adjust the
surveys and deduce strain from the adjusted quan-
tities (e.g. Whitten 1948; Pelzer 1971). The first
approach has the advantage of not requiring the
various geodetic reductions, but there is little con-
trol on systematic observational errors and it only
works if the two surveys are carried out under very
similar conditions so that systematic errors are the
same in the two surveys. This is seldom the case.
The latter approach permits a statistical evaluation
of each network adjustment to be made since the
distribution of the observations in space and time,
together with the stochastic adjustment model,
defines the accuracy with which the strain tensor
can be determined. By the nature of the two surveys,
the choice of strain analysis method for the south-
eastern Australian network is limited to the latter
approach; that of carrying out rigorous adjustments
of the different epoch networks. Wellman (1981)
compares observed quantities (angles from the first
survey) with computed quantities (angles derived
from an adjustment of the second survey) but this
has no obvious advantage and in fact suffers from
the drawbacks of both methods. In particular, the

adjusted network used by Wellman has a number
of limitations that make it unsuitable for the uses
to which it is put. We discuss this below. Also,
Wellman does not make the requisite reductions for
the deflections of the vertical and the skew normal
which must be made if the computed angles are to
be compared with observed values.

We would prefer to see the analysis carried out
by re-adjusting each survey using the best available
information for all corrections and reductions, and
eliminating the 'undesirable' data such as astro-
nomical and Doppler observations. The method
that could be adopted for this purpose is the so-
called free network adjustment, adapted for net-
work deformation analysis by Pelzer (1971) (Brun-
ner 1979). The method rests on the rigorous foun-
dations of geodetic network adjustment theory of
Meissl (1962, 1969) and is closely related to the
theory of Baarda (1973) (Van Mierlo 1982). Exten-
sive statistical testing procedures accompany these
methods at all stages. The method of free network
adjustment has the advantage of being independent
of assumptions made about the origin and azimuth
of the network as a whole, and of scale in purely
triangulation networks. Each network can first be
adjusted and evaluated for possible distortions
arising from the data and/or reduction procedures.
The displacement vector can then be evaluated for
statistical significance. If this meets a priori criteria
of significance, the strains are computed and fur-
ther tested (Alberda 1974; Van Mierlo 1979).

RESULTS

We have applied this method to the network in ques-
tion to check the validity of the various assump-
tions made by Wellman (Coleman & Lambeck
1983). Apart from the questions of data and
methodology raised above, we reject his conclusions
for the following five reasons:
(i) Wellman compares the epoch 1 observations

with an adjustment of the epoch 2 data which
include the early triangulation observations.
Wellman recognizes this inconsistency, but argues
that the overall adjustment is not significantly
influenced by the introduction of this early data.
Such an assumption is not obvious since the
modern triangulation may actually be less
accurate than the original survey. Also, if
Wellman's assumption is valid then it could
equally well be argued that the original survey
contained no useful strain information. We have
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RECENT CRUSTAL DEFORMATION IN SE AUSTRALIA 375

Table 1 Summary of southern network displacements (in cm) based on the inner coordinate adjustments of the data
for the two epochs. Column 2 refers to the displacements and their standard deviations. Columns 3 to 5 summarize
the distortions introduced by the various assumptions made by Wellman. Column 3 is the comparison of the rigorous
epoch 2 adjustment with the combined epoch 1 and 2 adjustment. Column 4 is the comparison of the combined epoch
1 and 2 survey with the GMA 1980 coordinates. Column 5 summarizes the effect of ignoring the deflection of the
vertical and skew normal corrections.

Station
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

Epoch 1/
Epoch 2
22 ±23
3 + 13
9±11
7±13
9± 6

11±12
8+ 9
2± 7
7±23
8± 6

23 ±10
7± 7

20 ±16
5± 8
3±13

Epoch 2/
combined

6
3
3
1
3
1
5
1
1
5
7
3
6
2
2

Combined/
GMA 80

11
10
9
6
4

11
7
1

12
7

12
5

11
11
17

Epoch 1/
Epoch 1 without

deflections
3
2
1
2
1
2
2
1
3
2
3
1
5
2
2

carried out two network adjustments for the
southern network. One incorporates all data from
the surveys at the two epochs. The second in-
cludes only the epoch 2 data. The deformation
analysis points to differences of up to 7 cm
relative to the inner coordinate system (Table 1,
column 3). This corresponds to local fictitious
strain rates of about 20 x 10"'yr'.

(ii) The adjusted southern network from which
Wellman computes angles is the Geodetic Model
of Australia 1980 (Allman & Steed 1980). As
such, astronomical and satellite Doppler obser-
vations have been introduced and this may locally
distort the network. Deflections of the vertical
and geoid heights used in this model are approxi-
mate only and this may lead to further network
distortion. To test for these possible effects we
have carried out a deformation analysis between
the GMA 1980 coordinates and a rigorous adjust-
ment of the southern network, incorporating all
direction and distance measurements for the two
epochs. A rigorous deformation computation is
not possible because we do not have a covariance
matrix for the GMA 1980 solution. Instead, we
have assumed that the matrix is the same as that
computed for the southern network. This appears
reasonable since this matrix is determined mainly
by the network geometry which is the same in

the two instances. The deformations (Table 1,
column 4) exceed 15 cm, resulting in local ficti-
tious strains in excess of 40 x 10"' yr1.

(iii) The northern network adjustment adopted by
Wellman was carried out independently of the
GMA 1980 adjustment. The distinctly different
adjustments for the two networks means that
deformation and strain cannot be computed for
figures that span the two networks as Wellman
does. Some particular problems arise. First, there
are height inconsistencies in the two networks
(Coleman & Lambeck 1983). Second, there is the
difference of 2.2 p.p.m. in the distance 12-13
between the two epoch 2 surveys. Third, GMA
1980 has scale errors of 3 p.p.m. in the region of
interest (National Mapping, pers. comm.). This
does not affect the strain analysis in the southern
network but does affect strain computed across
this junction. Fourth, the GMA 1980 includes
only approximate deflection and geoid-ellipsoid
separation and skew normal corrections, while
the northern network had the geoid-ellipsoid
separations computed using a quite different
gravimetric geoid.

(iv) Wellman has assumed that deflections of the
vertical can be ignored in computing the angles
between the elevated trigonometric stations from
the adjusted coordinates. This is not correct, par-
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376 K. LAMBECK AND R. COLEMAN

ticularly in the southern section. Wellman also
ignores the skew normal corrections which are
at least as important. We have carried out an
adjustment for the epoch 1 survey with and
without these corrections. Maximum displace-
ments are 5 cm (Table 1). The resulting strains
are 12 x : 10'yr1 for the southern network and
7 x 10"' yr1 for the northern network,

(v) No realistic statistical analysis of the results have
been attempted by Wellman. He does give stan-
dard deviations for the strain rates within groups
of triangles but these are based on an averaging
of strain rates deduced from the individual angles
within each configuration. That different groups
of triangles appear to give consistent strain results
is not necessarily a measure of reliability. This
is a measure of precision but not of accuracy as
it does not reflect the systematic errors given in
Table 1.
Table 1 also summarizes the displacements and

the estimated standard deviations computed by our
rigorous inner coordinate adjustment procedure for
the southern network (column 2). Statistically the
results are not very significant and this is confirm-
ed by variance ratio tests. The northern network
results lead to a similar conclusion. When taken
with the previous cautionary comments about
aspects of the data one would not proceed further
to compute strain rates from these data. Never-
theless we have done this so as to permit a direct
comparison with Wellman's results but, as an-
ticipated, the strain rates for groups of triangles do
not produce statistically significant results (Col-
eman & Lambeck 1983).

CONCLUSION

The analyses of the southern New South Wales
survey networks do not indicate that significant
geophysical distortion has occurred within the net-
work over the past 100 years. Strain rates would have
to be in excess of 50 x 10'9 yr1 for them to rise
above the noise level of the available geodetic data
for the better parts of the network. The conclusion
of insignificant deformation confirms one of the
basic tenets of the plate tectonics hypothesis that,
away from boundaries, the plates act as rigid en-
tities. It also confirms that the Australian continent
is a good platform with respect to which motions
of the more rapid plates can be measured using
space techniques (Stolz & Lambeck 1983). Geodetic
sites such as the lunar laser station at Orroral or
the large radio telescopes at Tidbinbilla (Stolz et

al 1983) should not suffer from local crustal
motions as both are located in the southern part
of this network.

REFERENCES

ALBERDA J. E. 1974. Planning and optimization of net-
works: Some general considerations. Boll.Geod.
Sc. Aff. 33, 209-240.

ALLMAN J. S. & STEED J. B. 1980. Geodetic model of
Australia 1980. Division of National Mapping Tech.
Rep. 29, Canberra, 18 pp.

BAARDA W. 1973. S-transformations and criterion
matrices. Neth.Geod.Comm., Publ. Geodesy, New Ser.
5, 1-168.

BOMFORD G. 1980. Geodesy (4th edn). Oxford University
Press, Oxford.

BRUNNER F. K. 1979. On the analysis of geodetic net-
works for the determination of the incremental strain
tensor. Survey Review 25 (192), 56-67.

COLEMAN R. & LAMBECK K. 1983. Crustal motion in
southeastern Australia: Is there geodetic evidence for
it? AustJ.Geod.Photo.Surv. 39, 1-26.

FRANK F. C. 1966. Deduction of Earth strains from survey
data. Bull.Seism.Soc.Am. 56, 35-42.

FURBER T. F. 1898. The trigonometrical survey of New
South Wales, with mention of similar surveys in the
other Australian colonies. Proc.Australas.Ass.
Adv.Sci., Sec. A 7, 176-237.

MEISSL P. 1962. Die innere Genauigkeit eines
Punkthaufens. Osterr.Zeit.f.Vermessungskunde 50,
159-165; 50, 186-194.

MEISSL P. 1969. Zusammenfassung und Ausbau der
inneren Fehlertheorie eines Punkthaufens. Deutsche
Geod. Komm., Reihe A 61, 8-21.

NGS 1973. Reports on geodetic measurements of crustal
movement, 1906-71. National Geodetic Survey, U.S.
Department of Commerce, Washington.

PELZER H. 1971. Zur analyse geodatischer Deforma-
tionsmessungen. Deutsche Geod.Komm., Reihe C
164, 1-86.

PRESCOTT W. H., SAVAGE J. C. & KINOSHITA J. 1979. Strain

accumulation rates in the western United States bet-
ween 1970 and 1978. J.Geophys.Res. 84, 5423-5435.

STOLZ A. & LAMBECK K. 1983. Geodetic monitoring of
tectonic deformation in the Australian region.
Geol.Soc.Aust.J. 30, 411-422.

STOLZ A., HARVEY B. R., JAUNCEY D. L., NEILL A.,

MORABITO D., PRESTON R., GREENE B., LAMBECK K.,

TZIOUMIS A., WATKINSON A., ROYLE G. W. R. &

JOHNSON D. 1983. Geodetic surveying with Quasar
radio interferometry. Australian Surveyor 31(5),
305-314.

VAN MIERLO J. 1979. Statistical analysis of geodetic
measurements for the investigation of crustal
movements. Tectonophysics 52, 457-467.



D
ow

nl
oa

de
d 

B
y:

 [A
us

tra
lia

n 
N

at
io

na
l U

ni
ve

rs
ity

] A
t: 

04
:1

9 
18

 D
ec

em
be

r 2
00

7 

RECENT CRUSTAL DEFORMATION IN SE AUSTRALIA 377

VAN MIERLO J. 1982. Some aspects of strain analysis by
geodetic methods. W. Baarda Anniversary Volume,
Geodetic Institute, Technical University of Delft, pp.
506-526.

WALCOTT R. I. & BIBBY H. M. 1984. The kinematics of

a subduction and transform plate boundary: The
Pacific-Australian plate boundary zone through New
Zealand. Bull.Roy.Soc.New Zealand (in press).

WELLMAN P. 1981. Crustal movement determined from
repeat surveying—results from southeastern and
southwestern Australia. Geol.Soc.Aust.J. 28, 311-321.

WHITTEN C. A. 1948. Horizontal earth movement,
vicinity of San Francisco, California. Trans.Am.
Geophys.Union 29(3), 318-323.

(Received 14 November 1983; accepted 9 May 1984)


