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ABSTRACT

This apparatus was built to determine rapidly the magnetic
susceptibility and/or its anisotropy in rock specimens in a low a.c.
field (=~0.5 oersteds). It accepts cubic or right cylindrical speci-
mens up to 22 cc in volume. It consists of two accurately balanced
a.c. transformers coupled to a commercial low-noise high-gain
amplifier and digital voltmeter which allows volume susceptibilities
as low as 5 x 10'8 emu(cgs) to be measured. To measure suscep-
tibility only, the specimen is placed in the centre of one of the two
identical sets of coaxial transformer coils with the amount of unbal-
ance created being linearly related to the susceptibility. Alter-
natively, the susceptibility may be measured by placing the speci-
men in the air gap of the ferrite core in one of the two identical
incomplete-toroid transformers; the susceptibility anisotropy is
measured by moving a ferrite slug into the other air gap to balance
the specimen’s axial susceptibility and then rotating the specimen
to measure the susceptibility difference for its other axes. It takes
about 15 seconds per specimen to measure the susceptibility and a
further 2 minutes to measure its anisotropy. The construction and
calibration of the apparatus are discussed.






APPARATUS FOR MEASURING MAGNETIC
SUSCEPTIBILITY AND ITS ANISOTROPY

INTRODUCTION

Magnetic susceptibility is defined by the ratio k = J/H where J is the
intensity of magnetization or magnetic moment per unit volume induced by a
magnetic field H. In natural rocks the value of J induced by a unit field H
depends on the type, abundance, grain size and distribution of the minerals
present especially the ferromagnetic minerals. Therefore the value of J is
not easily estimated and must be measured, However, the value of Jinrocks
does vary almost linearly with H when H is low (< 1 oersteds) which includes
the range of the Earth's present magnetic field (0.25-0.5 oersteds) (Nagata,
1961). Low-field magnetic susceptibility is an important quantity to know for
the interpretation of magnetic anomalies caused by rock formations having
both induced and remanent magnetization, and more specifically in paleomag-
netism for determining the Koenigsberger ratio Q.

Most rocks are not perfectly isotropic with magnetic grains ran-
domly oriented and distributed. Therefore, the magnetic susceptibility is
generally slightly to significantly anisotropic. Determination of the anisot-
ropy of magnetic susceptibility is useful in petrofabric studies on many rock
formations such as, for example, paleocurrent fabrics in sedimentary rocks
(Rees, 1961), flow fabrics in extrusive and intrusive rocks (Symons, 1967),
and stress fabrics in metamorphic rocks (Balsley and Buddington, 1960).

A number of instruments have been described in the literature to
measure low-field magnetic susceptibility (Nagata, 1961; Collinson et al.,
1963; Graham, 1967) and its anisotropy (Granar, 1957; Girdler, 1961; King
and Rees, 1962; Fuller, 1964; Stone, 1967). The apparatus described in this
paper has been built in the Rock Magnetism Section of the Geological Survey
of Canada during the past year to facilitate the routine measurement of these
magnetic quantities for geologic studies. The apparatus has the advantage
over others previously described in the literature in that it is sufficiently
sensitive to study sedimentary rocks while retaining a rapid operation rate
and having the main electronic components already available in most paleo-
magnetic laboratories from commercial sources.

Manuscript received: May 14, 1969,

Project No.: 670565,

Authors' address: Geological Survey of Canada,
601 Booth Street,
Ottawa, Canada.
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Figure 2. Block diagram for the solenoid transformer balance with the
labels as noted in the text.

DESCRIPTION

The apparatus is basically a transformer balance in which the inter-
nal oscillator of a Princeton Applied Research (PAR) lock-in amplifier
(model HR -8 with a type B preamp for low impedance input) is used to excite
in series the two primary coils (PM and PR) of a measuring transformer and
reference transformer respectively (Figs. 1 to 4). The net signal picked up
by the two secondary coils (Spf and Sg respectively) connected in series
opposition is returned to the amplifier input where it passes through a trans-
former, a linear amplifier, a narrow band filter, a phase sensitive detector
for comparison with the output phase, and finally to a d.c. voltmeter for
reading. The PAR amplifier is adjusted to suppress the out-of-phase com-
ponent due to conductivity in the specimen. and to give a positive (negative)
reading for ferromagnetic or paramagnetic (diamagnetic) susceptibility. For
easy and more precise reading, the result is displayed on a digital voltmeter
(Hewlett-Packard, model 3440 A). All connections are made with single-
wire shielded cable with the shielding grounded. Two pairs of transformers
have been constructed of differing design and purpose. For simplicity, they
are termed solenoid transformers and toroid transformers, and they will be
described separately.

Solenoid Transformers

The solenoid transformer pair were designed for the rapid meas-
urement of susceptibility along the longitudinal axis of a cylindrical core up
to 1 1/4 inches in diameter.

The PAR amplifier output signal is set at an operating frequency of
1,000 Hz. It is fed through a 0.05 pF resonating capacitor which was chosen
to yield a maximum current into the primary coils of the two identical air-
cored transformers. Each primary coil is in fact two coils (PMI and Pyg5;
PRr1 and PR2) assembled in the form of modified Helmholtz coils similar to



(V-¢T11102) ‘(3391 2Ipprw) x0q 2y} ur axe rojrdeded Zurjeuosal

pue 10j1oeded o[qeIIBA ‘10}SISol o[qeliea oYyl ~(3YS11 o[pprwa) I1op[0Yy s3I Ul pajejorx pue ded ayj ojut

PI[s 29 ued uoswidads oy} jeY3 0s pojunows ST (3ydtx toddn) zowrojsuer) Surinseaw 9y, ‘juswisnlpe aury
I0J (3J9] I9MO[) I9j2woIdTW ayj Jursn deld ITe $3T JO JNO pu® Ul paaouwl aq ued (3791 Jaddn swaijxa) s3nis
9JTII9] 9y} }BY} OS pajunowa s (33 r1oddn) IowWIOjsSUBI] 9DOUDIDJOI 9y ] 'SID2WIOJSURI} 9y} JO maia dn-3sol)

(HI€T1102) “SpPlotys Iy3nedp yjim palaaod jydil 9y} UO SIdWIOJSURI} 92U} pue ‘I932W3[0A [BIIIIP 9yl
Aq pajunouwrans 3391 ay3 uo jtun aaryrpduwe ay3 yiim jnokel Suryeaado oayj Suimoys oouUe[RQ I2WIO0JSUBRI} PIOIO T,

(mo12q)
"qg 2andr g

‘B¢ 2and1 g







POWER
SOURCE 3

1
L FERRITE
Fu CORE R A e00oR
AR / R 10008
AMPLIFIER an
s s
M . R s Srz
| 1}
| E
] .
4 : [ :
DIGITAL i ; 25-35 |
] “ N v
VOLTMETER SPECIMEN ﬂl nf FERRITE
i |.oe-3 sLues

Al nf

Figure 4. Block diagram for the toroid transformer balance.

that described by Graham (1967, and Figs. 1 and 2). Describing one trans-
former, Py and Ppjp coils each contain 1, 000 turns of ASA No. 22 enam-
elled copper wire with an inner diameter of 3 1/8 inches and a length of 1 1/8
inches, and with a coil separation of 1 inch. The secondary coil Syfis placed
in the centre ofand coaxial to the primary coils. It has 1,000 turns of ASA
No. 29 enamelled copper wire with an inner diameter of 1 1/2 inches and a
length of 1/2 inch. All the coils are rigidly held in a lucite mount. To
achieve a better balance between the two transformers, an extra winding
(Br) and Brp) of 50 turns is added to each of the primary coils (PR1 and
PRr2) of the reference transformer. A variable resistor across the winding
is used for the fine balancing of the conductive component, Also, a variable
capacitor across one of the secondary coils (which one depends on where the
unbalance between the two transformers exists) is used for the fine balancing
of the inductive component.

Toroid Transformers

The toroid transformer pair were designed for the rapid meas-
urement of the anisotropy of susceptibility although the axial susceptibility of
a specimen may also be readily determined. The general construction
method is similar to that described by Collinson et al. (1963) and by Stone
(1967).

The frequency of the PAR amplifier output signal is selected to yield
a maximum current, and for this transformer pair, it is about 800 Hz. The
signal is fed through a 0.3 uF resonating capacitor and into the primarycoils
(PMm  and PRr) which each contain 4, 000 turns of ASA No. 30 enamelled
copper wire (Figs. 3 and 4). PM and PR are each wound on a ferrite core
with each core constructed by cementing two disc 'toroids' together with
epoxy and sawing out a 2-inch-wide air gap. The disc 'toroids' are made by
Indiana General Corporation (part CF-125; material Q-1; outer diameter 5.8
inches; inner diameter 2.5 inches; thickness 0. 625 inch and they have a
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high initial permeability (b ;j4it = 125), a suitable mechanical rigidity, a low
temperature coefficient (0.1%/°C), a high Curie point (350°C), and a suitable
frequency range (10 M Hz). Each transformer has two secondary coilswound
on either side of the air gap (SMl and SMZ; sRl and S ) with each coil com-
posed of 150 turns of ASA No. 34 enamelled copper wire and connected in
series. As before, provision was made to achieve a better balance using a
variable resistor with an additional 100 primary windings and a variable
capacitor in conjunctionwith the reference transformer, however, the
improvement proved marginal. Two ferrite slugs are used to balance the
reference transformer by moving them in or out of the air gap; one is large
and used for coarse adjustment, and the second is much smaller and used for
fine adjustment in conjunction with a stainless steel micrometer (Tumico,
model 1760). All the components are fixed solidly to a heavy plywood base
and covered with draught shields in such a way as to reduce noise from elec-
trical, seismic and thermal sources.

OPERATION

Specimen Considerations

Both transformer pairs are designed to operate with cylindrical
core specimens of 1 1/4 inch diameter and 1 3/32 inch height which is the
standard size used in our laboratory and the optimum configuration for our
automated biastatic magnetometer (Larochelle and Christie, 1967; Larochelle
and Pearce, 1969)., Tests on artificial specimens of magnetite powder of
various dimensions confirmed that such specimens are an optimum configura-
tion for the toroid transformer balance. Thus significant distortion of the
ellipsoid of anisotropy of magnetic susceptibility resulting from specimen
shape or inhomogeneity is minimized (Stacey, 1960; Stacey et al., 1960; King
and Rees, 1962). Other specimen sizes such as smaller cores or cubes may
readily be used with appropriate specimen holders, calibration constants and
correction factors.

Measurement

In both transformer pairs the axial susceptibility is determined by
balancing the transformer pair, then inserting the specimen into the air core
or gap of the measuring transformer which changes its reluctance and unbal-
ances the circuit. The amount of unbalance is directly related to the suscep-
tibility or induced component because the conductive component ~ which is
relatively much smaller in most specimens in any case - is rejected by the
phase-sensitive detector. The axial susceptibility is then determined by mul-
tiplying the voltmeter reading by the calibration constant. The time required
to measure a single specimen is about 15 seconds.

To gain sensitivity to measure the anisotropy of susceptibility, the
toroid transformer pair is balanced with the specimen inserted so that by
rotating the specimen the difference in susceptibility along different axes is
measured. By measuring along axes 45 degrees apart in three mutually per-
pendicular planes and by noting that the anisotropy satisfies a second-order
tensor, the orientation and magnitude of the principal axes of the anisotropy
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ellipsoid can be calculated (Granar, 1957; Nye, 1957; Girdler, 1961; Kingand
Rees, 1962; and Stone, 1963). A computer program has been written to per-
form this calculation. The time required to measure the susceptibility of a
single specimen along the required directions is about 2 minutes,

Calibration

Both transformer pairs were calibrated using several specimens
whose susceptibilities were determined using the electronically-calibrated
biastatic magnetometer with known inducing fields. The noise level is
2 x 10-8 emu (cgs) so that the minimum measurable volume susceptibility in
both transformer pairs is 5 x 10-8 emu for the standard specimen size. Thus
sediments which commonly have small diamagnetic susceptibility components
of about -5 x 10-7 emu with superimposed ferromagnetic components of
lesser magnitude can be measured successfully, Under normal operation,
the maximum measurable volume susceptibility is about 0.2 emu excluding
the demagnetizing effect which increasingly exceeds 1 per cent over 2, 4x10-3
emu. Susceptibilities of greater magnitude than 5 x 10-2 emu are relatively
rare in natural rocks other than iron ores, but such specimens or artificial
specimens could be measured by further attenuation of the input or output
signal and by correcting for the demagnetizing effect.

The calculated peak field in the air cores of the solenoid transformer
pair is 0.5 oersteds, and the measured field using a Hall probe is 0,3 ocer-
steds., The measured peak field in the air gaps of the toroid transformer
pair is 0.6 oersteds. Therefore the inducing field in both transformer pairs
can be classified as a 'low field' comparable to the Earth's magnetic field.
Further, there is a linear relationship between the voltmeter reading and the
magnitude of the susceptibility of the calibrating specimens in the range from
1 x107% emu to 2 x 1073 emu.

CONCLUSION

The described apparatus has proven suitable for the rapid routine
measurement of low-field magnetic susceptibility and/or its anisotropy in
specimens of all rock types of common paleomagnetic interest. The major
electronic components — the amplifier and digital voltmeter — are commonly
available in most paleomagnetic laboratories, so that the transformer pairs
and fine balance electronics described can be built in a few days at a modest
cost (< $200.00 Cdn.).
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