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1. The Instruments

Twenty-one magnetic variometers of the GougH-REITZEL (1967) pattern
have been constructed at the Australian National University. The following
minor departures from the description of the instrument as given in the 1967
paper are to be noted:

I.1. Following Professor Gough’s own recent variometers (SERsON, 1973),
the instruments are shorter by some 50 cm, with outside cases 138 cm in length.
This reduction in length eases field operation, but introduces interactions be-
tween the A and the Z sensing magnets,

1.2. The lens in the instrument is achromatic. This enables cameras to
be run without filters, and exposure times have been reduced to some 500 ms.
A major saving in battery power is achieved, and a 100 amp-hr car battery is
sufficient for several 46 m (150 ft) lengths of film at the fastest recording speed
of 6 exposures per minute (the exposures on the film being spaced 0.21 mm
apart).

1.3, All timing is controlied electronically, with the basic circuit com-
prising a 1 MHz quartz crystal oscillator and integrated circuits of fow power
consumption. The exposure and film advance interval may be set at [0s, 30s
or 60's, giving a recording period of 3!/, weeks, 10 weeks or 21 weeks.

I.4. Timing marks are caused by a single large coil near the top of the
instrument, through which current flows at the start of every hour for 30s, and
at the start of every day for 600 s.

1.5. TPulses to the camera to advance film are electrical rather than me-
chanical, as the solenocid and all subsequent gearing is now part of the camera
itself,

* Now at the University of Melbourne, Victoria, Australia.
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2. Field Tests

All twenty-one instruments were tested simulianeously from July to Oc-
tober 1973 near the Toolangi observatory in south-east Australia, (geographic
co-ords. 37°33'§, 145°28'E). A plan of the installation is shown in Fig. 1.
The data of this paper were obtained by reading peak-to-peak amplitudes for
chosen events from the instrument records. Less than twenty-one points on a
graph indicates that not all instruments were recording at the time of the event.

For a given event, the amplitude recorded by the D-sensor of an instru-
ment will be proportional to the D-calibration deflection recorded by the same
instrument. Thus if a graph is made for a particular D-event by plotting the
D-amplitudes recorded by all instruments against their respective D-calibration
deflections, a straight line should resuit, of slope proportional to the event
amplitude. Three such graphs are given in Figs. 2a-c for response in the D, H
and Z sensors respectively. Figure 2c presents original data, and also correc-
tions for Z-H interactions, a point to be discussed in Section 3.4.
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Fig. i. Plan of instaliation near the Tcolangi magnetic observatory,
1973,
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Data for an event in the D-compo-
nent. The best line through the points
las been given the value recorded by
the observatory (109 n'T), and from this
have been determined the lines corre-
sponding to events of amplitude 107 0T
and 111 27T, and a moment of 458 gauss-
cm? for the variometer calibrating mag-
net, used subsequently.
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Fig. 2c. Data for an event in the Z-com-
ponent. Amplitudes scaled from the

instrument records are plotted as open
circies. Each point has then been cor-
rected (upwards) for Z-H sensor inter-
action. The amplitude scaled off the
observatory record was 29.5nT with
standard deviation 0.7 nT.
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2b. Dala for an event in the H-com-
ponent. The amplitude scaled off the
observatory record was 7.1 nT with
standard deviation 0.3 nT.
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2d. The H-sensor of instrument 12
checked for linearily against the H-
component of the observatory, by plot-
ting deflections of the former against
deflections of the latier for events of
different amplitudes. The line is theo-
retical, computed from calibrations of
the two sensors.
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3. Factors Limiting Variometer Accuracy

In analysing the instrument accuracy shown in Figs. 2a-c, it Is convenient
to consider separately several distinct factors which limit precision in Gough-
Reitzel variometers.

3.1 Resolution in the scaling of records

The points plotted as deflection amplitudes represent arithmetic means of
three independent scalings of the same event. Vertical error bars centred on
the points have lengths equal to twice the standard deviations of the means.
Standard deviations have alsc been calculated for individual scalings, and the
mean of such values with their extrema are entered in Table 1.

Table I.
All values in nT. Hsensors D sensors 2 sensors

Scaling consistency; (Sect. 3.1) Standard  worst case 0.5 0.7 0.5

deviations of individual record scal-  best case 0.04 0.08 .03

ings. mean, all cases 0.3 0.1 0.2
Calibration c:ottsfst‘efzcy; (Se‘ct. 3..2) Std Worst case 3.7 1.9 3.3

dvins of individuai calibration de-

. R best case 0.2 0.5 0.2

flectns. Calibration field changes werc mean. all case 0.0 1.2 1.2

65 for H, 142 for D, 71 for Z. - ALl cases : :
Instrument deflection consistency; (Sect. 3.3) 8$td dvtins of 0.5 13 1.6

individual points in Figs. 2a-c from their lines of best

poy (Fig. 2b)  (Fig. 2a)  (Fig. 2c)

3.2 Accuracy of the calibration process

The calibration process adopted is that in which a thin magnet in an alu-
minium cube is placed in different orientations on the top face of a variometer.
Upon the accuracy and consistency of the calibration deflections thus caused
depend all amplitude estimates which follow. The calibration values plotted in
Figs. 2a-c result from taking arithmetic means of single scalings of up to eleven
different calibration deflections. Horizontal error bars centred on the points
have lengths equal to twice the standard deviations of such means. Standard
deviations have also been computed for single calibration estimates, and the
means of these with their extrema are entered in Table 1. Such standard devi-
ations are greater than can be attributed to scaling, and on the assumption that
the calibration procedure has been carried out correctly each time, they imply
that the response of the sensors to the calibrating fields is to a degree inconsist-
ent. Such inconsistency cannot be simply due to sensor interaction, instrument
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mstallation error, or temperature drift. Together with evidence to follow, it
will be interpreted in Section 3.5 as slight non-linear behaviour in the mechani-
cal sensor suspensions,

3.3 Linearity and consistency of response in the H, D and Z sensing systems

Graphs of amplitudes recorded by a new instrument against amplitudes
recorded by the Toolangi observatory have been plotted for a variety of events,
Figure 2d, an example, shows that to first order the M sensor of instrument 12
is indeed Hinear relative to the observatory. Of perhaps more interest, however,
the individual instrument 12 scaled values miss the straight line of Fig. 2d with
a standard deviation of 1.1 nT, indicating a lack of precision greater than that
which can be due to scaling alone: evidently non-linear or inconsistent response
has been detected.

Similar examination ol the points plotted in Figs, 2a-c gives estimates of the
residuals by which these points miss their respective lines of best fit. Standard
deviations for individual points are entered in Table 1. The value of 1.1 nT
from Fig. 2d is of the same order as the estimates from Figs. 2a-c.

3.4 Iateractions between different sensing elements

In a variometer, let the H sensor be &, cm vertically above and d,cm to
the north of the Z sensor. Let the H and Z sensors be of moments M,, and A,
respectively, and let a positive increase in the ambient H field of 4H deflect the
H sensor through angle 66,. Whereas the moment M, was initially east-west
there are now moments M, sin 4¢,, in the north direction and M, cos §6,, east-
west. For small deflections sin 66,,~484,, and cos §6,, > 1; thus to first order all
that need be considered is the new moment M50, in the horizontal north
direction. At the Z sensor, this moment will cause a downwards vertical field
3z, of

521! — _.__‘.____.}..,g.ﬁ-M‘Haﬁ‘H (1)
1 2

which is the spurious Z field caused by the ambient change of 4/ through the
Z—H interaction,
Similarly an ambient change of 4Z causes a spurious H field at the H
sensor of
3d.d,

—WWMZMZ (2)

P =

For the instruments as operated at Toolangi, values of 8¢, ranged from

1.1 x10~* to 2.6 x 10~ radians per nT, and of 44, from 0.4 10-* to 2.0 10~
radians per nT. (Relevant here is a correction to be made to the Gough-Reitzel
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paper, p. 206, where in lines 3 and 5 the f# and 2f# should be 2/¢ and 4/# re-
spectively.) A typical value for both M, and M, is 90 gauss-ci®, and for the
present instruments with 4,:225.2 cm and d,==4.93 cm, ranges for 6.2, and §H,
are computed to be:

04,=-0.033 to —-0.078nT In £ pernTin H,
8H,=—0.015 to —0.060nT in H pernTin Z.

For Toolangi, the amplitude 4Z of a short-period Z disturbance is approximately
0.2 times the amplitude 4H of a simultaneously occurring I disturbance, i.e.

4Z2~0.24H .

Thus the spurious §.Z), effect due to the deflection of an A sensor measuring 4H
will be in the range:

0Z,=—0.0334H to —0.0784H
and the ratio of the §Z,, interaction to the true 4Z occurring is in the range:
$Z,/4Z=—017 to 039,

The §H, interaction, on the other hand, is less important. For Toolangi
dH,/4H lies in the range —0.003 to —0.012, Thus the correction is usually
less than 194, and consequently has not been made to any of the 4/ data of this
paper. The §H, value of —0.06 nT per nT above corresponds to an abnormally
high Z sensitivity: a value of --0.02 nT per nT is more typical of Gough-
Reitzel variometers as they are commonly used. At any observing site let 42
be related to 4H by 4Z=AAH. Then for §H,/4H to approach say 29, A has
to approach unity, which would only occur for an extremely anomalous station.
As a general rule the §H, interaction is evidently negligible. The interactions
of the H and Z sensors with the D sensor have also been investigated, and shown
negligible.

The agreement of the corrected points in Fig. 2¢ with the observatory value
is some check on the validity of Eq. 1, and the large error of the point which has
the greatest correction may be due to limits of the equation being approached.

3.5 Drift of the sensors
A major contribution to sensor drift comes from slow relaxation in the sus-
pension fibres, which are re-tensioned at installation. Such drift may be analysed
by taking a model which changes towards some equilibrium position with a rate
proportional to its deflection from that position. That is
dg__ & 3)

dtm
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where ¢ is the sensor deflection from ultimate equilibrium, r denotes time, and
v is a positive constant, a “half-life”. The drift rate may also be expressed

da__ge.uwr 4
dr T © )

where 0, is the displacement at zero time. Thus observed between ¢, and ¢, --d/,
where (v, the drift rate will be approximaltely linear and equal to

(C_W“) = e .,Ow",,e—‘y'*"
df /=y, T

At a given time 1, after drifting starts, a sensor will show greatest drift if
its hall-life ¢ is equal to r,. If several relaxation processes are taking place inde-
pendently in different parts of a sensor suspension, the short-term drift soon
after installation is likely to be different from the long-term drift, and exami-
nation of the records after a time 7, will tend to show such relaxation processes
as are taking placce with half-lives near 1.

Toolangi variometer records for a particular period of eight days, occurring
some five weeks after the instruments had been instailed in the ground, have
been analysed to determine the drift rates of the instruments in a settled condi-
tion. The field differences between two magnetically quict times were measured
for the Toolangi observatory, and for those variometers which recorded all three
components at the two times.

Results are presented in Fig. 3. For cach component the variometer meas-
urements appear to be normally distributed about the observatory measurement
(presumed free of drift), and the most extreme case gives an average drift rate
(if it can be approximated as linear) of order 2 nT per day. The mean drift for
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Fig. 3. Hislograms showing apparent field changes recorded by {welve instruments from
16 to 24 Seplember, 1973. The *T" marks on the baseline show changes recorded by
the Toolangi observatory. Instrument drift is the difference between apparent field
change and the T mark.
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all sensors, disregarding sign, is of order ¥/, nT per day. A great deal depends
upon the care and skill with which a suspension fibre is strung.

Five variometer records which showed most drift (three 2, one D and one
Z), were examined at intermediate times to check whether their drift was indeed
simpie exponential. This examination showed the drifting to be erratic in some
cases, evidently influenced by strong magnetic activity. Such portions of drift
curves as did approximaie exponential decays indicated half-lives in a range
from two months to several days, and initial deflections in a range from fifly to
several hundred nT,

The evidence that strong activity initiated new drift may correlate with
the slight inconsistency found in the sensor responses, remarked upon in Sections
3.2 and 3.3. One possible mechanism could be that strong deflection-of a sensor
causes a slight zero-shift in its equilibrium position. Goucn and Rrrrziy (1967)
comment that sensors attain fresh equilibrium positions for every reading, as
between readings a strong transient field occurs (from the camera solenoid).
They reason that the succession of such readings as smooth traces establishes
the consistency of sensor response. The Toolangi data indicate that deflections
which are more varied than the repetitive transients may in fact cause sensors
to adopt less consistent equilibrium positions.

3.6 Accuracy in instrument construction and installation

Running the instruments simultaneously in the same place tests logether
the uniformity of construction and the uniformity of installation. The scatier
of points in Figs. 2a-d is accounted for by the inconsisient response evident in
calibrations. No claim can be made for evidence of instaliation inaccuracy,
unless the standard deviations in the lowest line of Table 1 are not accounted
for by those in the line above. For Z the possibility remains thatl a standard
deviation of order 1 n'T has been observed in the scatter of FFig. 2c, perhaps best
atiributed to installation inaccuracy.

3.7 Accuracy of the timing process

Good data for checking timing occurred during 18 August to 11 September.
Time checks were recorded at the start and finish of this period, and a sharp
event occurring on 29 August was determined from nine records to have com-
menced at 09 hr 36 m 39 s, this mean time having a standard deviation of 3 s,
and the standard deviation of an individual time estimate being 7 s, As the onset
of the sharp event was interpolated from data recorded at 30s intervals, this
check detected no timing errors in the instruments.

The percentage error in the timing of data is thus likely to be much less
than the percentage error in the amplitude of data. When analysing records in
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the frequency domain, there is therefore an advantage in using parameters of
amplitude and phase, which keep clearly distinct errors due to two measuring
systems which are ¢learly distinet.

4. Conclusion

For the data presented, it is evident that while single scalings of a record
can be made with a standard deviation of order 0.2 nT, the record itself is likely
to be in error with a standard deviation of 1.5 nT. The causes of this error are
inconsistency and non-iinearity in the sensor responses during both recording
and calibration, and possibly inaccuracy in the orientation and levelling of the
instruments in the ground. With scalings from four different calibration deflec-
tions, a standard deviation of 194 is probably a safe expectation in calibration
eslimaltes.

The simple modification of interchanging the positions of the If and D
sensors in the instruments should obviate sensor interactions, Other improve-
ments may not be possible without complicating a design specifically intended
1o be simple and economical.

Counstruction of the instruments was made possible by the genercsity of Professor D.1.
Gough, who lent a variometer to be the pattern of a new sel. J.M. Kennedy designed the elec-
tronic circuitry, and we thank N. Riebeck, M. Laybuti and J. Kras for assistance. At Toolangi
we were gratelul for the help of Mr. and Mrs. R. Biggs, and {or use of the facilities of the Burcau
of Mineral Resources. We alse much appreciated the hospitality of Bob and Pam Pritchard,
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