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» Fig. 4 -8. The gépmetry of the second node of SV. : ’
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distinguished, but in the present work no shear waves of sufficient clarity have
been found, and the theory is presented for reference only. The other node of
SH motion is the plunge plane, because motion is in this plane and therefore
there can be no motion normal to it. In the direct zone the plunge plane traces
a line normal to the auxiliary plane through the epicentre. The crossover circle
is however at a slightly greater radius than that for P, by about 12 km for a
surface focus.

The sign of SH is not changed by condensation, as the sign
convention is in terms of the centrally symmetrical concept of '"clockwise from

above', but the radius of the condensation circle is now

Acn = 1,2h for the adopted model.

The sign may élways be established by the following consideration, In the direct
zone the ray which emerges at the surface is upgoing at the focus. Draw the
surface projection of the ray as a radius from the epicentre. Draw also the
surface projection of the motion "vector'" with sense appropriate to the side of

the fault plane being gonsidered. Resolve this projected vector parallel and normal

to the radius; if the perpendicular component is clockwise, SH is positive.

6. Distribution of sign of SV,

The fault plane is one node of SV motion and the other is a
cone with apex at the focus, which cuts the surface in a circle. The line joining
the epicentre to the outcrop of the motion direction is a diameter of this circle.

To demonstrate this fact, consider Fig. 4-8. F is the focus,

E the epicentre, P the pole of the motion and S a station

Plane PES is horizontal
PEF is the plunge plane
SEF is the plane of propagation of the ray.

Draw a unit vector M to represent the motion on the fault. Resolve this into P
in the ray to the station and s perpendiculaf to this, Resolve S further into

SH , horizontal, and SV in the direction of maximum slope of the plane normal
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to P. It is required to establish the locus of S such that l sv | = o

But as 15\—7[—»0, éﬁ—-»'s'

.o SH is in the plane PFS and also horizontal,

o o SH is parallel to the line SP.

But SH is also perpendicular to the plane of propagation, by definition, so SP
is also perpendicular to this plane

oo ESP is a right angle,

i, e. S is constrained to move on a circle with EP as diameter, when [Ef [ = 0,
The relationships developed for the radius of the crossover and
condensation circles for SH hold also for SV, but it is important to note that the

sign of SV reverses on condensation. This is a consequence of the sign conventions;

"down'' is not a cenfrally symmetrical concept,

The sign may be determined by first considering motion in the
plunge plane, where there is no SH component. Drawing a test vector M in the
motion direction, with sense appropriate to the side of the fault plane on which
the station lies, and also drawing P in the direcﬁon from focus to station, it is
evident: that SV is the third componenf of the vector triangle, and its direction
is determined. The sign convention may then be applied. The sign changes

on crossing a node trace and this fact allows all regions to be given a sign.

7. Theory for a dipping Mohorovidic discontinuity,

The critical cone has its axis normal to M, and cuts the earth's
surface in an ellipse, on which the refraction readings are condensed. If the

dip is §, the major axis will lie in the dip direction, its ends being yat

EB = h tan (i - 6)
cr

and
EA = htan(i _+38)
cr

from the epicentre (Fig. 4-9). The eci’cgntricifjr is given'by

e = sec i ., sin &
cr

= 1.35s8ind
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for the velocities of P waves used in the model. The minor axis is of length
b = AB .

1-62

For 6 = 5°, e=0.12, so that the ellipse is not very différent
from a circle for likely values of dip. The crossover locus is also an ellipse.

The traces of the nodes are unaltered.

- Method

The location of the earthquake must first be determined, and thé
depth is especially important; -in practice this means . : at least two P’l ,
readings, within a few tens of kilometres of the epicentre. Each record is then
read for direction of motion. As the earthquakes used have to be large enough
to write clear signals at three or four hundred I;ilometres, it is common for
the first break ‘to be extremely sharp at the closest stations. It may not be

possible to decide the direction of break by ordinary examination, but it has been

| found that examiliation under about 100 X magnification will resolve the individual
silver grains of the photo emulsion, and allow a direction to be established from
the few grains exposed at the start of the motion. Fig. 4-10 is a photomicrograph
of such a record, with first motion up the page. |

Even though great care is taken in all s,eisinic stations to establish
the relation between ground.motion and trace motion, it is still quite common to
find some stations wrongly connected. Thé best way of checking seems to be to
read a number of impulsive beginnings of distant earthquakes at each station at ‘
about the time of the local event of interest, and to ma.ké use of the observation
that adjacent stations usually have the same sign. Riverview, Canberra and
Toolangi:were used in the present work., When these agree on the direction of
motion of an impulse, all the minor stations of south-east Australia should also
agree, and the inconsistencies which have been found from time fo time have
always, when checked by tapping the seismometer, been found to be caused by

‘faulty connections. It is always necessary to make these checks.



Flg 4-11. Seismogram showing Pn and Pl directions. HLA, 1963 May 15,

Aabout 210 km.



Date

1959 May 18

1962 Aug 26

27

28
29

30
1963 May 15

March 31
June 14

1964 Jan 8

Jan 15

1965 Mar 18
Sep 14
Sep 14

1966 May 3
Dec 15

Time
h tm: s

06:12:59.2

11:45:36. 9
11:50:17.7
14:07:36, 2
14:07

14:49:54. 7
17:24:06. 2
02:19:12. 2
19:34:47.7
22:00:49, 9
22:18:03. 2
18:17:59. 6

18:22:36
02:27:34. 9
19:23:47. 8

23:30:27. 7
01:56:12, 4

18:09:31. 1

12:34:34.1

12:53:13

19:07:53. 1
19:08:29. 1

TABLE 4-1.
Depth Mag
km
17 5
10 2-3/4
25 2-3/4
18 2-3/4
18
- 2
- 2-3/4
8 2-1/4
5.7 _ 3
15.4 2-1/2
- 2-1/2
- 2-1/2
(see text) 3-1/2
34.9 3-1/2
1. 6 4-3/4
14,2 3-3/4
6 3
33(R) 5
(-4.4) 5.0
5.7
7.6 5-3/4
33(R) 5-1/2

Location

Berridale

Lerida Creek
South of Gunning

Second shock "

1

North of Gunning

1"
Lerida Creek
1"

1"

South of Gunning
West of Murrumbateman
Welshpool

Eurabba
Dalton

East of Flinders I.
Off Lorne

-on

Mt. Hotham
South Tasman Sea.



Occasionally, more than one phase can be identified on the seismo-
gram so clearly that its direction can be read. This is the case with the record
shown in Fig. 4-11.

With the directions of ground motion established, it is only

necessary to plot these on a map, with P, at the station position, and Pn on the

condensation circle,and to seek to draw til;vo straight lines satisfying the pivotal
condition through the observations. When these lines are fixed, it is possible to
scale off dips and strikes of the various elements. The 1 : 1 million geographic
series maps, assembled into a composite of the whole of southeast Australia,
have been found ideal for this, as for other seismological »purposes. The dis-

tortion of lines is small enough to be neglected in this work.

Nodal Solutions

Table 4-1 lists earthquakes for which nodal solutions have been

attempted, and 4-3 the solutions obtained. Each shock will be discussed in turn.

1. Berridale

Cleary (1963) found a solution which implied horizontal thrust from
the southeast - northwest with a near vertical tension axis. He chose the fault
plane as a high angle reverse fault strike 50° , dipping 55° to the ' NW., the
northwest side moving up with respect to the gSvE,.

When the geological work of Lambert and White (1965) became
available, the present author re-examined the earthquake data, and discovered
that a transcurrent solution could also be obtained. One plane had a strike vefj
nearly the same as the geological structure, and motion was very nearly pure
transcurrent. However, the sense of movement was Right Haend.z opposite to
the direction mapped. Lambert (personal communication, 1967) points out that
normal faults on north-south lines cut the Tertiary basalts in the area, and that

this is consistent with recent right hand slip, but not with left hand slip, .which
must have ogccurred at a pre-Tertiary time.

The transcurrent and reverse solutions are compared in Fig. 4-12.



Fig. 4-12.

Two possible nodal solutions for the Berridale
earthquake; 1959 May 18, 06;12:59. 2.



~]
Jl

2. Lerida Creek Sequence

In August 1962, a swarm of shocks with magnitudes between 2 and
3 occurred at Lerida Creek, south-east of Gunning and close to the Cullarin
Scarp at the northern end of Lake George. - Because of their interesting position,
fault plane solutions were attempted, but arrivals were too weak at distant stations
to give reliable directions of motion, and no unique solutions were found. Table
4—2 is a list of useable readings, from which it may be seen that although the
near stations are consistent, the more distant ones are not, and that for Werombi,

the components of motion are inconsistent as well in some cases.

Tabled - 2
Date Time Depth DLN ' INV CAN _ WER WAM Others
1962 Aug. GMT
26 1145 12 ™ D weak P U)W D CAB (U)
11 50 25 P:D.SW DNW JNL U
_ . n 11
14 07 (1) 15 (D) D (U) P:USW D
1407 (2) 14 - - P_:DN)W D
29 22 00 15.4 D D (U) U, (N)
22 18 - D D D U U JINP:D
30 18 17 - D D N P :U

3. Dalton Sequence

The third of these shocks was sufficiently energetic to record at
Werombi as a P1 ; up, north and doubtfully west. Dilatations were recorded from
Dalton, Inveralochy, Jenolan, Avon, and Cabramurra. Of the other two shocks,
both recorded compressions at Werombi, and the second recorded a dilatation at

Jindabyne. But almost any combination of planes would fit this distribution.

4, South of Gunning

Neither Dalton nor Inveralochy stations were operating at the time

of this shock, so that the closeststation was Canberra. The computer solution did
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Fig. 4-13. Nodal solution for the earthquake south of Gunning; 1963 May 15,
18:22:36.
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not converge in depth. But examination of the HLA record showed both »Pn
and P1 to be present (Fig. 4-11). The separation of these phases is 2.1
seconds, corresponding to a depth of 3-1/2 km, Pn is up , but Pl is down,
In Fig.4-13, 'trace "¢’ is restricted to strike no more than 006o , and dip
about 27 © East, because of the constraints imposed by WAM and CAN, but
could strike anywheré round to due north and even ‘West of north, The pivotal
condition, along with the constraints of JNL and CAB fixes the "a’' trace to
strike 0320 , dip 77 ° to the west. This then is a well determined solution;
the parameters are listed in Table 4-3, where the more certain of the solutions
are collected. If Plane "c' was the fault plane, motion would be a shallow thrust,
east side up, with a left hand transcurrent component. The ratio of strike slip
to dip slip would be 0.46, which is a slip angle of about 65°. On the other hand,
plane "a" would represent high angle reverse faulting, "&vest block up with a
minor right hand transcurrent component.

The null axis in this solution plunges 3-1/ 2% to the east of north,
the compression axis is directed from the southeast and plunges 10 to 30° ,
and the tension axis is directed up at 35o to 550 in direction about 2500.

This earthquake is not far from the Lerida Creek swarm, and the

golution is similar to the tentative solution proposed for them.

5. West of Murrumbateman

All the Sydney stations recorded compressions and all the Snowy
Stations rarefactions. At Canberra the ground moved up, but neither Dalton

nor Inveralochy had useful records. No unique solution could be obtained.

"6. Welshpool, Victoria

Readings at Toolangi, Canberra, all the Snowy stations, and the -
two impulsive readings on Sydney stations, were all down. Neither the Tasmanian

stations, nor Adelaide, were able to report directions. No unique solution could

be found.

7. Eurabba

Only Dalton was within the direct zone of this earthquake, but both
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Fig. 4-14. Nodal solution for the Eurabba earthquake of 8th Jan. 1964.
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Pn and P1 were recorded at Canberra and Cabramurra. When the Pn readings
were condensed back, they formed an arc north and west of the epicentre,

Fig., 4-14, of which all but the extreme members were down. The first thought
would be to pass a trace NE-SW through the condensed readings, but this trace
would go close to the epicentre. The other trace must separate Canberra and
Dalton P1 readings, and could not also pass through the pivotal point without
running foul of the condensed Pn readings. The solution finally arrived at had
both traces constrained within a few degrees. If plane "a" was the fault plane,
motion was normal faulting, south block down, with a minor left hand trans-
current component. The values are listed in Table 4-3. Normal faulting is
‘also implied if the motion occurred on plane "b", in this case the northern block
would have moved down, and slightly left hand transcurrent.

The null axis strikes southeast and plunges about 8° only, The
tension axis is near horizontal, in a ﬁortheést-;Southwest direction, and com-
pression is nearly vertical.

No shock studied in this work has given a more reliable fault

plane solution.

8. Dalton

The motion was very rapid at Dalton, where the earthquake was
felt, but examination of the record with a microscope has indicated probable down
motion. One trace must be drawn to separate the condensed Snowy station
readings, one of which is up and two down, and this trace cannot pass far from
~ the epicentre, otherwise the pivot points for the other trace would be too far
west of Dalton. The solution indicated in Fig. 4-15 could be altered so that
the two traces were more nearly parallel, but the alteration could not be more
than 4 or 50 for each.

In any case the solution indicates normal faulting with a small
transcurrent component. If plane "a' were the fault plane, the strike would be
033o , the dip 700 south of east, and the easterly block would have moved down

and to the north. Plane "b" has strike 0120 and dip 220; if it were the fault,
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Nodal solution for the earthquake north of Dalton;
1964 Jan. 15., 01:56:12.4
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Fig. 4-16. Tentative nodal solutmn for the earthquake off Lorne; 1965 Sep. 14
‘ ©12:34:34.1 GMT.
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motion would have been down on the westerly block, which would also have
moved north.

The direction of the null axis would be about 2080, and its plunge
although not well determined must be less than 8°, The tension axis is there-
fore near horizontal, directed WNW and ESE, while the compression axis is

near vertical and directed a little W of North.

9, East of Flinders Is.

Only Bogong (up) and Canberra (down) have readable directions.
Bulletins from interstate stations all report emergent beginnings. No solution

is possible.

10. Off Lorne (Two events)

Melbourne was the only operating station within the direct zone.
Consequently, the depth of focus was not well determined, even when high
weight was given to the Melbourne time. Furthermore, at most stations the
beginnings of both the events were rather small and complicated, presumably
because the faulting was compound, or continued for an appreciable time. But
enough P observations were collected from the first event to show that the
readings would not be inconsistent with pure right hand transcurrent movement
parallel to the coastline, or alternatively pure left hand transcurrent slip on a A
plane ﬁormal to the coast (Fig. 4-16). The second event at this focus, 10
minutes after the first, and magnitude 5.7, gave a reading as far as Brisbane
(up), but in the case of Jindabyne, the motion was clearly up, in contradiction
both to the motion from the first event, and to the motions from the surrounding
stations. The same may be true for Bogong, but the reading is emergent. Not

enough impulsive readings could be collected for a unique solution.

-11. Mount Hotham

This earthquake is the only one of the 22 studied for which the
data prohibit any solution, Figure 4-17 shows why this is so. A trace must pass
between the condensed Pn readings of Dalton (up) and Brisbane (down) and also

must separate the condensed Tasmanian readings which all agree the motion
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recorded was down, from the P1 reading at Bogong, where although the motion
was rapid, microscopic examination established an up movement. The "a'

trace is therefore severely constrained, it strikes 020° , and passes no more
than 2.2 km to the west of the epicentre. A reliable focal depth of 7. 6 p 7.0 km
was obtained in the location of this shock, (Chapter 10) so that the pivotal point
for the second trace lies at the point X southeast of the epicentre. No straight
line can be drawn to separate the fields of ups and downs while passing through X.

Some other possibilities can be eliminated by a few minutes trial
with ruler and scale, and the conclusion is forced that no solution is possible,

Reasons for this failure may be sought. One is that some stations
are wrong in timing or direction, but careful re-checking has eliminated these
possibilities. The sign at Bogong was difficult to read, but even if it was wrong,
no solution could be found to fit the rest of the data. Another possibility is that
the depth is incorrect. But a greater depth makes the position worse, because
although the constraint on the '"a' trace is slightly relaxed, the pivotal conditions
forces point X further to the southeast and the second trace cannot be drawn.

A depth less than about 6 km precludes the possibility of drawing the "a'' trace

at all. An error in location, again, cannot have a great influence on the solution,
because the maximum distance of the a'" trace frorﬁ the epicentre is controlled
by the condensed Pn readings, which will hardly shift their position relative to
the epicentre for any reasonable mislocation. It is only possible that if the
hypocentre was in fact a few kilometres west of the indicated point, and only

2 km deep, a solution could be found with trace 'b’' striking about 07 0° and pass-.
ing 1 km gouth of the new epicentre. For reasond set out in Chapter 10 this shift
is believed unlikely.

The final possibility is that the mechanism, or the structural model,
is more complicated than assumed at the beginning of the present chapter. The
first of these cannot be investigated except by elimination of all other possibilities;
the second is however distinctly indicated by the results of Chapters 5 and 6,
but results for the Hotham area are not yet well enough established to revise the

nodal solution with any confidence.
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12. South Tasman Sea

All readings are of refracted arrivals, no depth could be deter-
mined. Mainland stations were all negative, with the exception of Riverview
to the north, and Dalton which is contradicted by all the surrounding stations,
Tasmanian stations were all up. No New Zealand station recorded a satisfactory
P wave.

Condensing the available readings to a circle of indeterminate
radius round the epicentre, a group of negative readings to the Southeast is
flanked by positive readings to east and south. There are two possible arrange-
ments to separate these readings. The first would be a pair of traces NW to SE
which would imply normal faulting with tension on a northeast-southwest line,
with a null axis not far from horizontal, The other possibility is to draw one
trace from northeast to southwest through both changes of sign on the conden-
sation circle. The other trace would be completely unconstrained round the
pivot point., This solution is one of overthrusting, btit the dip and the presence of
transcurrent motion cannot be determined. Compression would act generally

from northwest and southeast in this solution,

Summag

Of all the earthquakes discussed above, only four have yielded
useable solutions, and Table 4-3 gives the numerical details, along with the
solution presented by Cleary for the Berridale earthquake. The conventions of
naming the fault planes "a'" and '"c¢'" has appeared before. The A vector lies in
the "a' plane, and expresses the direction of slip, measured from the focus,
which the upper block experiences relative to the lower. Reverse faults and
thrusts therefore have negative plunge. The B, P and T axes are expressed
more conventionally in terms of their trend for plunge below the horizontal.

All the earthquakes in south éast Australia for which solutions have
been found are collected in Fig., 4-18, which is a Wulff stereogram on the lower
hemisphere. Both of the Berridale solutions, the preferred solution which Cleary

presents for the Robertson shock, and the Sutton, Rock Flat, Bright and Otway
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Fig. 4-18.

Summary of Southeast Australian focal mechanism
solutions. Stereographic projection on the lower
hemisphere,



solutions . (Cleary, 1963) ; as well as the solutions discussed above, are plotted.
Open symbols represent reverse fault movements, the circles being the pre-
ferred faults and the squares the auxiliary movements, while the plus signs show
null axes, P compression:and T tension axes.

It is immediately obvious that there is a tendency for null axes
to cluster to the SW, with small values of plunge, while compression axes cluster
between west and northwest with moderate plunge, and tension axes are mosﬂy
near vertical. The azimuth of the P axes indicates the direction from which
coihpressive stress is directed, namely NNW and SSE. But it is not possible
for the compressive stress to be very far from horizontal for such shallow earth-
quakes over such a wide afea, if equilibrium is to be maintained.

This problem can bé approached from a slightly different point
of view, by assuming the P axes horizontal, and calculating the angles between
the fault planes and the P axis for each event. The results are presented in
Table 44, where all the P axes with trends to the NW have been collected to the
Mg ! column, TWo shocks, Eurabba and North of Dalton, gave normal faulting,
with which horizontal compression is not compatible. The tension axes have been
rotated to horizontal for these earthquakes, but the values are not used further.

The average azimuth of the horizontal P axes is 298°, The slip
angles are rather unjformly distributed from 0 to 900 , and a chi-square test
confirms that there is no preferred angle of slip,

The fault plane work is, therefore, compatible with the idea
that stress is being applied to the crust of southeast Australia from a WNW -
ESE direction, and that the crust is responding by movement along pre-existing
lines of weakness.

The method of nodal analysis which has now been developed, if
persisted with for a number of years, is certain to yield valuable results, and is

one of the most powerful applications of a Jocal seismic network.
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TABLE 4 -4

a plane ¢ plane
- Earthquake Angle of Azimuth of Angle of  Azimuth of
slip horizontal slip horizontal
P axis P axis

Cleary's solution 55 320 36 140
Berridale

Transcurrent ¥ 15 280 73 100
South of Gunning 7 300 14 120
Eurabba 44 218 45 038
N of Dalton 19 301 72 122
Off Lorne 0 270 0 090
Sutton 53 280 35 100
Rock Flat 47 294 35 114
Robertson 60 304 30 124
Cape Otway 70 315 20 135

Bright 68 323 22 153
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Fig. 5-1. Map of shots and stations. Three letter codes indi-
cate stations which recorded the shots, the numbers
are station mean residuals with standard errors.



CHAPTER 5

SEISMIC VELOCITIES FROM EXPLOSIONS OFF THE CENTRAL
COAST OF NEW SOUTH WALES

Introduction

The total seismic system has, as an important component, a
model of structure under the network. In Chapters 3 and 4, the way in which the
simple model adopted has influenced the results obtained with the network is
discussed. In the present chapter, a more realistic model has been evolved by
using the network to observé special explosions.

Since its inception, many off shore seismic events have been
detected by the use of the network, and these have generally turned out to be
naval tests. The Royal Aust‘ralian Navy (R. A. N.) was therefore asked to fire
some large charges in locations which were well placed with respect to the network.
The immediate aims of the experiment were to gain information about a possible
"intermediate " layer, and to study the crust and upper mantle near the conti-

nental margin.
Procedure

The autumn was chosen as most suitable for the work, as the sea
is usually calm and the microseism level low. Between 20 and 22 April 1965, the
R. A. N. made available the trials vessel H. M. A. S. Kimbla, and five explosions
were detonated from the ship on the continental shelf between Tuggerah Lakes
and Jervis Bay, at positions marked in Figure 5~1. Positions and times are listed
in Table 5-1. Three of the shot points were chosen neé.r the northern end of the
network, which extends approximately northeast-southwest, so that observations

of waves travelling in a southerly direction would complement the observations

91

made in 1957 towards the north from the Snowy Mountains blasts (Doyle, Everingham

and Hogan, 1959). Werombi was chosen as the key station in the attempt to record

arrivals from an intermediate layer, because it is more fully equipped than other



Shot
Number

o B W N e

TABLE 5 -1

Shot times and positions

Shot Name

Centre North
Far North

North Jervis Bay
South Jervis Bay
Manly

Lat. °S

33. 58444
33.41408
34. 82556
35. 16244
33. 82867

Long. oE

151. 54481
151. 66314
150. 91042
150. 81397
151.40350

Date
April
1965

20
20
21
21
21

Time
G.M.T.

04:41:56. 32
08:09:03. 21
01:50:00. 84
06:07:46. 17
23:22:27. 96
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network stations in the Sydney area, and because a suitable site was available
close by for laying out a seismic "spread" for apparent velocity observations.
The shot locations were therefore chosen at distances from Werombi at which
arrivals from the intermediate layer were expect ed to be large (Cleary, 1963),
and the southern shots were also chosen so as to be removed about 90° in azimuth
from the northern group. The latitude of each shot was specified, but a wide
tolerance on longitude was allowed so that the depth of water over the shot could
be maintained at about 40 fathoms (70 m, ).

A field party from the Bureau of Mineral Resources, Geology and
Geophysics, laid out two geophone spreads at Werombi, In the line of the northern
shots, groups of four Electro-Tech 4-1/2 C. P. S. geophones were connected to
each of 24 traces, making a spread of 4, 600 ft (1,400 m.) overall. Normal to
this, a 2,200 ft (670 m.) spread of twelve Model 200 Mid-Western 6 C. P. S.
geophones was laid. Local surveys were made to determine azimuth, elevation
and weathering corrections. Apparent velocities were measured across these
spreads for three of the first arrivals, as noted in Table 5-2, but later arrivals
proved difficult to scale with the paper speed of 13 in. (33 cm. ) per second, and a
speed of 5 or 6 in. (12-15 cm. ) per second would have been better.

At the fixed stations of the network, maintenance and adjustment was
carried out in the week before the blasts, so that most of the equipment functioned
correctly. Special care was taken in obtaining shot positions. In addition to sun
observations and horizontal sextant fixes on shore fixtures by the Captain of
Kimbla, theodolite intersections of the plume of spray from four of the explosions
were obtained from coastal stations by surveyors of the Department of the Interior.
In case of poor visibility, it was hoped to use a Mark I telluromet er master set
on the ship and two slave stations on shore, but because the ship had continually
to be in motion while lowering the charges, no readings were obtained by this
method.

Naval personnel were responsible for handling and firing the
explosives. Three 300-1b (135 kg.) standard depth charges, two of them armed

with electrical detonators, were roped together and lowered to the bottom by
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special marine firing cable, which was then paid out as the ship steamed off
one to two miles (1. 5-3 km, ) for safety before connecting and firing,

As timing is of prime importance in an experiment of this type,
special precautions were taken. Greenwich Mean Time of each shot was determined
by tape recording, on the ship, time signals from the P, M. G. radio time service
station VNG, together with a signal from an auxiliary coil on the blaster. Manual
playback later allowed the time of this signal to be interpolated between time
signals to 0. 01 second. In addition, the shot instant was broadcast on a frequency
of 4. 630 megacycles per second, so that the field party at Werombi could impose
a shot instant mark through a spare galvanometer on to the record. The ship was
equipped with a 300-watt transmitter, and signals were received as far as 500 km.
distant. Warnings were broadcast for about an hour before shot time, and a timing
device on the ship controlled the firing sequence. This device first keyed the
ship's transmitter in a pattern of ''pips'" and then triggered the 2, 000-volt blaster.
A continuous tone was transmitted, commencing the instant the firing circuit was
energized. The recording and recognition of any part of the broadcast firing
sequence by the field party allowed the shot instant to be determined on the records
of the spreads.

A tape recording of the ship's broadcasts, station clock breaks,
and radio time signals was also made at Werombi, as a check on the functioning
of this method. Experience has shown that further safeguards are advisable.
First, the shot sequence timer should key the ship's transmitter in a pattern of
"'pips' at a fixed time interval after the shot instant, So that recording of this
pattern at a seismic station would allow shot instant to be scaled. Second, the
tape recorder on the ship should record the transmitted sequence along with the
blaster pulse and radio time signals, so that a check on the function of the timer
is available. Finally, a transceiver of at 1east>50 watts to allow field parties to

communicate with the ship would be useful,
Results

Recordings of the exblosions were obtained to 750 km, , at Toolangi,

but reliable P waves could only be discerned to 450 km, (Bogong and Buchan).



Station

Riverview
Riverview
Riverview
Werombi

Werombi

Werombi
Inveralochy
Riverview
Inveralochy
Werombi
Jenolan
Werombi

Jenolan
Jenolan
Riverview
Dalton
Jenolan
Jenolan
Canberra
Canberra
Inveralochy
Wambrook
Dalton
Inveralochy
Cabramurra
Jindabyne
Dalton .
Canberra
Geehi
Jindabyne
Canberra -
Geehi
Wambrook
Buchan

Shot
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TABLE 5 - 2.

Travel times for '"P",

Distance

(km)

22.70
44. 98
65. 72
77.35

98. 15

101. 73
106. 91
112.83
114.72
116.73
127, 92
136. 16

137.80
143,72
151. 21
156. 93
159. 03
165. 17
166. 23
182, 89
203. 45
208, 94
227.41
231. 00
231. 27
246, 05
271.23
275.90
276. 00
276. 25
303.11
304.11
348. 90
351. 77

Travel Phase Residual Equa-
Time (O-C) tion
(sec)

5.0 iP -0.3 1
8.6 iP -0.1 1

11.8 iP -0.1 1
13. 6 iP -0.1 1
17.1 eiP +0. 2 1
17.2 eP -0.2 1
18.3 i +0.1 1
19.1 e 0 1
19.4 iP 0 1
19.7 i 0 1

21.5 +0.1 1

22.8 eP +0. 1 1

23.0 iP +0.1 1

23.7 e -0.1 1

25.1 eP +0. 1 1

25.9 eP 0 1

26. 0 i -0. 2 1

27. 3 e +0. 2 1

27.5 iP +0. 2 1

29.7 iP - =0.2 1
31.6 i -0.4 2
33.6 i -0. 2 1
36.4 eP -0.3 1
35. 3 eP -0.4 2
36.1 iP +0. 4 2
37.8 e? +0.1 2

41.1 e +0.1 2

411 . e -0.5 2

42,2 - e? +0. 6 2

42, 2 eP +0. 5 2

45,1 eP -0.1 2

45.4 e +0.1 2
51. 3 i? +0.1 2
51.5 e? -0.1 2

Notes

A,7.08 km/
sec.

A, 7.10 km/
- _sec.

A, 5.81 km/
sec.

(9]
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Station Shot Distance Travel Phase Residual Equa- Notes
(km) Time (O -C) tion
(sec)

Bogong 4 372. 08 56. 8 eP +2.5 2 C
Wambrook 1 378. 08 57. 2 e? +2.1 2 C
Cabramurra 1 385, 03 62. 8 e +6. 8 2 C
Buchan 3 385. 96 55. 6 eP -0.5 2

Jindabyne 5 386, 99 56. 3 iP 0 2

Bogong 3 399, 57 57.6 eP -0. 3 2

Geehi - 5 411, 04 59, 8 eP +0.4 2

Jindabyne 2 437,75 62. 9 iP -0.1 2

Notes:

(A) Apparent velocity measurement.

(B) Arrival after expected time for Pn’ included in Equation (5-1) .

(C) Not used in derivation of Equation (5-2).
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Distances were calculated on the IBM 1620 at the Australian National University,
and are li sted in Tables 5-2 and 5-3 with phases, travel times, interpretations

and residuals from least-squares analysis.

1. Longitudinal Waves.

(a) Longitudinal Waves in the Sydney Basin: Ps . The shot points and

stations out to Werpmbi are within the Sydney Basin, This basin contains up to 18,000
ft (5, 500 m. ) of Permian and Triassic sediments, which lie uncomformably on
Middle Palaeozoic rocks, and are intruded by basic sills and plugs (Tectonic Map
Committee, 1962). Robertson (1958) determined velocities within the basin as
increasing rapidly with depth from 4 km/sec at sea level to 4.88 km/sec at 4, 000
ft (1,200 m.) and increasing slowly thereafter. In the present work, the closest
observation was at Riverview (23 km. ), but the quality of this reading is not high
and P may have been read late. This and a secondary arrival at Riverview from
another shot give a velocity of 4. 5 km/ sec, when a least-squares straight line

is fitted to them throu‘gh the origin, but the velocity most representative of the
sediments is probably higher than this. For the interpretation, a velocity of

4.9 km/ sec has been adopted.

(o) Longitudinal Waves with Apparent Velocity near 6. 5 km/sec: P2.

In Fig.:5-2, first arrivals between 25 and 230 km have reduced travel times of

1 to 2 seconds, and a least-squares analysis for a linear equation gives

T =1.8 £0.024 + A/6.52 T 0.036
n = 22, o = 0.154 » (5-1)

In this and subsequent equations, T is time'in seconds, A is distance in kilo-
metres, n is the number of observations used in the analysis and ¢ is the standard
deviation of a single observation. The ranges specified are standard errors.
Weights have been allotted to readings, in that an iP has unit weight, eP has

weight 0.8, and a few very emergent phases have weight 0. 5 only. The three
observations at the greatest distances, between 180 and 230 km. , arrived after

the e‘xpected time of Pn , but no arrivals could be discerned on the traces, despite
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special search, at the Pn time. Least-squares analysis was used to fit separate
lines to the first 19 and to the last 3 observations but no significant difference
in parameters was revealed by statistical testing, and all 22 observations have
been used in deriving equation (5-1). Residuals from the equation show a syste-
matic trend, and a better fitting travel-time curve would be concave downwards
in Figure 5-2. Such a curve may imply an increase of velocity with depth. But
part of the scatter in residuals would also be due to horizontal velocity variations,
as each observation is of a wave travelling a different ray path, and more than
250 km north to south is spanned by the observations. These two sources of scatter
cannot be separated with the present configuration, and the straight line (5-1)
is taken as a first approximation, '

Apparent velocities at Werombi are available for Shots 1, 4 and 5,
and are listed in Table 5-2 and indicated by short bars through the data points in
Figure 5-2. The values are scattered and probably show effects both of basin

structure and of a variation of apparent velocity with azimuth.

(c) Longitudinal Waves in the Mantle: PIl . The amplitudes of Pn

arrivals seem to vary considerably with distance. For example, Pn should be
the first arrival beyond about 150 km. However, the closest Pn read, at Invera-
lochy at a distance of 203 km from Shot 5 has only about one-tenth of the trace
amplitude of arrivals in the next second, the largest of which are at about the

. Although at Canberra from Shot 3, at 182 km, the P

2 2
arrival has amplitude of 1 mm on the trace and one-tenth of this could certainly

expected time for P

have been seen in the second before this, no movement could be discerned_ at the
expected 'Pn time, Similarly, between 350 and 385 km, "first arrivals" afe
certainly too late to be Pn and no movements could be seen at the expected Pn
time. There are 13 readings between these two low-amplitude ranges, while
beyond 385 km, 5 more arrivals have readable amplitude. Taking all 18 readings,

least-squares analysis gives

5.2 £ 0.026 + A/7.58 *0.017

Il

n =18, ¢ =0.309 (5-2)
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Statistical tests showed that the omission of the last 5 readings made no sig-
nificant alteration in this equation,

The residuals from equation (5-2) may be analysed into
contributions from shots and stations. None of the station mean residuals can
be said to be significantly different from zero, or from any other, apparently
because of the small number in each sample, but when plotted on the map Fig. 5-1,
a suggestive pattern emerges. Station residuals are positive in the Snowy
Mountains, negative to the northeast and negative in the south. In Chapter 8,
residuals from teleseisms at some of the stations are derived, and they tend
to show the same pattern. No such pattern is visible for the residuals from
equation (5-1) so that the cause cannot be structure local to the shots and

stations.

(d) Longitudinal Waves with Apparent Velocity near 6 km/ sec : P1 .

A cluster of arrivals at about 380 km with reduced travel times of just under

4 sec, is prominent in Figure 5-2. Indeed, at Cabramurra from Shot 1, no
certain movement could be seen before this time, It is difficult to see much
similarity between the waveforms of various arrivals in this cluster, but the
recording instruments were of differing types and the character of the waves may
have been obécured. But beyond about 400 km, records éhow only small and
irregular movements at this time, and such a sharp change in amplitude may
indicate a concentration of energy at a cusp in the travel-time curve at about

380 km, In this case, it should be possible to trace back to shorter distances an
alignment of secondary arrivals, but the only possibility seems to be through a
few arrivals between 230 and 280 km, and first arrivals at less than 100 km, By
eye, and considering only the closest station that recorded this phase as a first
arrival, a velocity of 6.25 km/ sec and intercept of 1,3 sec. would be indicated.
If the phase is considered to be a first arrival at several of the closest stations
then the velocity would be just less than 6. 0 km/sec and the intercept 1.2 sec.

1 line, and the
uncertainty of the velocity derived, may bring the reality of this phase into doubt,

Although the sporadic occurrence of the arrivals defining the P
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~ yet it will be seen later that these characteristics are natural consequences of

the models proposed for the structure.,

2. Transverse Waves,

(@) Transverse Waves in the Sydney Basin: Ss . Anarrival read at

Riverview from Shot 5 had a travel time of 8.1 sec. for a distance of 22, 70 km;
the average velocity within this part of the Sydney Basin cannot therefore be more
than 2.8 km/sec. Although this would give a reasonable Poisson's ratio of 0. 25

with the adopted velocity of 4. 9 km/sec for PS , great reliance cannot be placed

on either velocity.

(b) Transverse Waves with Apparent Velocity near 3.5 km/sec: S2 .

During the reading of the records, a number of phases were identified as !'S"

on the basis of their ""character'. That is to say, movements with better phase
and amplitude coherence for two or three cycles than the preceding agitation would
be picked as ''S", especially if a slight reduction in period, with or without an
increase in amplitude, was observed. These are distinguished by a special symbol
in Figure 5-3. A large increase in amplitude either impulsively or over several
cycles, particularly with considerable duration and with phase incoherence, would
be picked as "L" , other movements would be picked without identification, Some
of the "'S" readings fall along a line in Figure 5-3 corresponding to a velocity of
about 3-1/2 km/ sec and taking these together with some other arrivals, the

linear least-squares relation is

+ +
T = 1.82 -0.060 + A/3.66 - 0,020
n= 41, o = 1.2 : (5-3)

However, beyond about 350 km , the scatter of readings is very large, and it
becomes a matter of choice which of several identifications is appropriate.
Furthermore, a special effect is apparent near 380 km which is discussed below.
Ignoring arrivais beyond 350 km, analysis yields

T = 3.17 £0.020 + A/3.78 L0.005

n =3, o¢ =09 ' (5-4)



Station

Riverview
Riverview
Riverview
Werombi

Werombi

Werombi
Riverview
Inveralochy
Werombi
Jenolan
Werombi
Jenolan
Jenolan
Riverview
Dalton
Dalton
Dalton
Jenolan
Jenolan
Canberra
Canberra
Canberra
Canberra
Inveralochy
Wambrook
Wambrook
Wambrook
Cabramurra
Cabramurra
Jindabyne
Jindabyne
Inveralochy
Cabramurra
Cabramurra

Shot

[V B NV ) |

[y

Co O DO I AN I IR R D O1 0 W W D RN R W RO W W W

TABLE 5 - 3

Travel times for "S'",

Distance

(k)

22.70

44,98
65. 72
77.35

98. 15

101.73
112. 83
114. 72
116.73
127, 92
136. 16
137.80
143.72
151. 21
156. 93
156. 93
158.70
159. 03
165. 17
166. 23
182, 89
182, 89
182, 89
203.45
208. 94
208, 94
208. 94
231. 27
231. 27
246. 05
246. 05
251. 92
255. 48
255. 48

Travel Phase  Residual Equa-
Time (O -C) tion
(sec)

8.1 e -1.1 4
13.7 eS -1.4 4
20. 7 i +0.2 4
24.1 eS +0. 5 4
29.9 eS +0.8 4
29,4 is -0.7 4
33.2 eL -0.2 4
33.0 eL -0.5 4
34.6 iL +0. 6 4
37.0 is 0 4
38.9 eL -0.3 4
41.7 eL +2.1 4
41.8 ~eS +0. 6 4
43.5 iL +0. 4 4
43.9 eS -0.7 6
45,2 iL +0. 6 4
45. 6 iS +0.5, +0.3 4,5
44.8 is -0.6, -0.8 5,6
46.8 e 0 4
46. 5 e -0.1, -0.1 5,6
48.5 eS -1.0 5
49,9 e -0.2 6
51, 5 i 0 4
57, 8 i(S) +0. 8 4
54. 5 eL +0. 4 5
56, 7 i +1.0 6
58.4 iL 0 - 4
60, 6 e(S) +2.6, +0.1 5,6
63. 8 iL -0.6 4
60. 9 i(S) +0. 4 5
65. 9 iL -2.8 4
69.7 i -0.1 4
60. 5 i -1.7 5
65. 6 i(S) 0 6
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Notes

— Apparent vel-

ocity 3. 95 km
/sec.

— Apparent vel-

ocity 4. 18 km
/ sec.
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Station Shot Distance Travel Phase  Residual Equa- Notes
(km) Time (O -C) tion
(sec)
Cabramurra 3 255,48 69. 6 iL -1.1 4
Dalton 2 271. 23 73. 5 i -1.4 4
Canberra 5 275. 90 70.7 i(S) +0. 7 6
Canberra 5 275. 90 76. 2 eL +0.1 4
Geehi 4 276. 00 76.9 e(L) +0, 7 4
Jindabyne 3 276. 25 65. 8 i 0 5
Jindabyne 3 276. 25 76. 3 i +0. 1 4
Canberra 1 - 303.11 83. 2 eS -0.1 4
Canberra 2 323.79 88.3 eS . -0.5 4
Wambrook 5 348. 90 78. 3 is -0.2 5
Wambrook 5 348. 90 97 iLL +1.6 4
Buchan 4 351. 77 86. 5 i +0. 3 6
Buchan 4 351. 77 " 96.7 eL -1.3 3
Bogong. 4 372.08  103.8 eL +0. 3 3
Wambrook 1 378. 08 105.6 iLL +0.4 3
Cabramurra 1 385.03 109. 0 eL +2.0 3
Buchan 3 385, 96 92.7 i(Sn) -0.5 6
Buchan 3 385.96  108.3 i(Lg) +1.0 3
Jindabyne 5 386. 99 109 iL +1.4 3
Bogong 3 399, 57 112. 5 e +1.5 3
Geehi 5 411. 04 115.0 . e(S) +0. 8 3
Geehi 2 460, 95 128.8 e(L) +1.0 3
Buchan 1 3

531.44 148. 2 eL +1.1
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