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1. INTRODUCTION

The main Wanderer magnetic anomaly is a slightly elliptical "bull's
eye" of approximate dimensions 2.2 km (E-W) x 1.8 km (N-S) with an
amplitude of ~ 1400 nT and a half-width of ~ 400 m. The main anomaly
lies at the eastern end of an ESE-striking magnetic horizon that has a
total strike extent of ~ 4.5 km and appears to be associated with

mineralised ‘schists within the Rudall Metamorphic Complex.

Preliminary 2-1/2 D modelling of the amomaly by N. Stolz indicated
that the anomaly amplitude and shape (in particular the absence of a
significant low to the south of the almost symmetrical magnetic high)
could be explained by a relatively deep (180 m to the top) tabular body
of great depth extent, with shallow dip to the south, assuming
magnetisation parallel to the Earth's field. The (8I) susceptibility-
orthogonal thickness product required to accouat for the anomaly

amplitude is approximately 28 m.

The metasedimentary units are tightly folded in this area and
appear to dip steeply to the north, parallel to a well—-developed axial
plane schistosity. Therefore, if the magnetic source is south—dipping
{as interpreted from the anomaly on the assumption that it is magnetised
parallel to the Earth's field) it cannot correspond to a stratigraphic
unit or units. On the other hand, if the magnetic body is bedding-

parallel, the assumed magnetisation direction must be erroneous.

Two diamond holes (87WWD1l and 87WDD2) were drilled to test the
anomaly. Both holes intersected magnetic material at considerably
shallower depths than the interpreted source. The two intersections
suggest the presence of a relatively thin and shallow magnetic horizon
dipping to the north. Furthermore, the material intersected at depth by

87/WbD1, which lay within the interpreted magnetic body, was only weakly

magnetic.

In summary, the intersected magnetic material was consistent with a
thin, shallow, concordant magnetic horizon, lying completely outside the
originally interpreted magnetic source. The drilling raises the

following guestions:






( 1) Does the intersected magnetic material account for the observed
anomaly?

{ ii) 1If so, is the misinterpreted dip due to remanent magnetisation,
anisotropic susceptibility, self-demagnetisation or a combination
of these factors?

(iii) If not, where is the true source of the anomaly?

The magnetic properties of ten drill core samples from 87WDD2 were

studied with the aim of resolving these questions.

2. MAGNETIC PETROPHYSICS

The remanent and induced magnetisations of the drill core samples
are given in Table 1. Sample no.s 1727201-208 (202 m—241 m depth) lie
within the magnetic zone defined by the susceptibility log of the hole,
whereas samples 1727209-210 (304 m~305 m depth) lie below it. The
properties are quite variable, but the most magnetic samples exhibit
fairly consistent remanenee.directions which are ~ § and steep up, i.e.
they are quite oblique to the present field. Furthermore, the induced
magnetisation is significantly deflected away from the present field
direction towards the schistosity, which is a plane of higher
susceptibility. The effective Koenigsberger ratio is ~ 1l. The
resultant magnetisation direction is ~ S and very steep up, ~ 45° from
the present field. This implies that a considerable error in
interpreted dip would result by assuming magnetisation parallel to the

Farth's field (see Clark and Schmidt, 1986).

The magnetie carrier in the most magnetic sample (#1727203) was
identified as magnetite using thermomagnetic analysis. The
susceptibility—-temperature curve for this sample is shown in Fig. 1.
The curve is almost perfectly reversible, showing that negligible

chemical change occurtred durlng the heating.

The prominent peak at ~ —~150°C corresponds to the ilsotropic point
of pure magnetite and indicates that the susceptibility is dominated by
nultidomain (MD) grains, for which the Intrinsic susceptibility is

mainly controlled by magnetocrystalline anisotropy.






A relatively flat curve from room temperature to ~ 560°C, before
the rapid descent to the Curie point, is typical of predominantly MD
grains, but the gradual increase in susceptibility between 0°C and 560°C
indicates a successive unblocking of grain magnetisations which is
behaviour that is typical of very fine single domain (SD) particles.
The thermomagnetic curve therefore demonstrates the presence of a
fraction of SD grains, with a blocking temperature distribution
extending from 0°C almost up to the Curie point, as well as MD grains.
The SD grains with blocking temperatures well above room temperature are
capable of retaining a stable, ancient and relatively intense
remanence. The Curie point is ~ 580°C which confirms that the magnetite

is almost stoichiometric Fe304+ There is no contribution to the

susceptibility from pyrrhotite or other magnetic phases.

The NRM directions of specimens from all the samples and from the
three most magnetic samples are shown in Figs. 2(a) and 2(h)
respectively. the plots show that there is no tendency for the NRMs to
cluster around the present field direction. The NRMs of the strong
samples are ~ 5 and steep up, whereas the weak samples tend to have the
opposite polarity (NRMs ~ N and down). Overall the distribution of NRM
directions suggests the presence of anclent remanence components with

little overprinting by a viscous remanence (VRM) acquired subparallel to
the Earth's field.

Palaeomagnetic cleaning was carried out on specimens from all
samples in order to test the stability of the remanences.
Representative Zijderveld plots {see Fig. 2(c) for explanation) are
shown in Figs. 2(d)-2(1). These plots are described by Schmidt and
Clark (1985). The closed symbols represent projections of successive
remanence vector end-points onto the horizontal plane and the open

symbols are the projections of the vector end-points onto a vertical

plane.

Fig. 2(d) shows that specimen 205D possesses an essentially mono—
component remanence, directed steeply upwards, after removal of a small
amount of palaeomagnetic noise by the first AF cleaning step (5 Oe).
Specimen 212B (Fig. 2(e)) exhibits similar behaviour, but the expanded

view of the region around the origin (the right hand plot) shows that






the end-points are not heading directly towards the origin. This
indicates the presence of a small unresolved hard component of
remanence. The NRM, however, is dominated by the steep upward

component, which is stable up to at least 200 Oe.

Sample 202 m has a complex magnetisation as shown by
demagnetisation plots for three different specimens (Fig. 2(f)-(h)).
Specimen 202A has an essentially monocomponent NRM, whereas 202B has
two, approximately antiparallel, components with fairly discrete AF
coercivity spectra. The "normal"” (8 and up) component dominates the
NRM. On the other hand specimen 202C has a multicomponent NRM which is
dominated by a "reversed" (N and down) component. Thermal
demagnetisation fails to completely resolve the components, which have
highly overlapped blocking temperature spectra, but a steep upward

component appears to be isolated above 400°C.

Sample 210m exhibits intriguing behaviour. Both AF (Fig. 2(i)) and
thermal (Fig. 2(j)) demagnetisation indicate the presence of
antiparallel components, which are well resolved by cleaning. The NRM
of 210C is dominated by the characteristic component (S and steep up) of
normal polarity which is readily removed by initial AF demagnetisation
to 40 Oe, revealing a more stable component of reversed polarity, which
is in turn removed between 40 Oe and 60 0Oe, isolating a stable component
which appears to be parallel to the initially removed component. This
implies that the normal component has a broad coercivity spectrum
extending from <5 Oe to >300 Oe, whilst the reversed component is
carried by a fraction of grains of intermediate stability with a very
narrow coercivity spectrum. Speclmen 210B has an NEM dominated by the
reversed component, which is removed by tﬁermal demagnetisation to

250°C, revealing a well-defined component of normal polarity.

Sample 304 m 1s typical of those with NRM dominated by the reversed
component. Thermal demagnetisation of 304B (Fig. 2(k)) reveals an
essentially monocomponent remanence directed NNW and steep down.
Specimen 304A has an NRM dominated by an N down component, but AF
demagnetisation reveals the presence of a minor hard component, which is

not fully resolved but which appears to lie within the south—up quadrant
(Fig. 2(1)).






Overall the remanence of the samples is oblique to both the present
field direction and the drilling axis and appears to be a stable,
ancient multicomponent magnetisation representative of the in situ
remanence of the magnetite-bearing schists, rather than an artefact of
drilling. Palaeomagnetic noise acquired slnce drilling appears
negligible. The remanence tends to lie close to the schistosity plane
and may have been significantly deflected by anisotropy away from the
ambient field direction, towards the plane of high susceptibility, at
the time of remanence acquisition- This means that estimation of the

palaeofield direction for calculation of a geomagnetic pole requires

correction for the effect of anisotropy.

The mean remanence direction differs significantly from the induced
magnetisation direction, even allowing for the effects of anisotropy on
the induced magnetisation, indicating that the NRM is not a recently
acquired VRM. This conclusion is confirmed by the dual polarity of the
remanence and its resistance to demagnetisation (stability to >500°C and
»>200 Oe in some cases). The dual polarity of the characteristic
remanence direction suggests prolonged acquisition of remanence,
spanning one or more reversals of the geomagnetic field. The remanence
may be a thermal overprint acquired during slow post—metamorphic cooling
or may be a chemical remanence associated with gradual deposition of
magnetite by mineralising fluids. Taking the anisotropy into account,
at least approximately, the estimated palaeofield direction is ~ N with
an inclination of -75°. The corresponding palaeopole is ~ 120°E, 50°S
which is consistent with remanence acquisition in the Proterozoic either
at ~ 1.7 Ga or, taking the antipole, at ~ 1.2 Ga (based on the

Precambrian apparent polar wander path for Australia given by Idnurm and
Giddings (1987)).






3. MAGNETIC FABRIC

The susceptibility ellipscids of the samples and various derived
parameters which characterise the anlsotropy are glven in Table 2.
Principal susceptibility axes are plotted on lower hemisphere, equal
area stereonets in Figs. 3(a)—(c). Axes from all specimens are shown in
Fig. 3(a), which indicates that a relatively consistently oriented
magnetic fabric is exhibited by all samples, weak and strong. The
magnetic foliation (plane of relatively high susceptibility) contains
the maximum and intermediate susceptibility axes and, by definition, is
perpendicular to the minimum axes {(the magnetic follation poles). The
magnetic lineation is defined by the grouping of maximum susceptibility
axes. The plots indicate generally N-plunging magnetic lineatioms,
within a steeply N-dipping magnetic foliation that is parallel to the

schistosity.

The corresponding plots (Fig. 3(b)) for the most magnetic samples
{(from 210 m to 212 m) show well-clustered susceptibility axes that
indicate a lineation plunging to the north within a north—-dipping
schistosity—parallel magnetic foliation. The degree of anisotropy is
very high, and is the reason for the significant deflection of the
induced magnetisation from the present field direction that is evident
from Table 1. The overall anisotropy is 2.3 in the magnetic zone and is
somewhat lower (A = 1.67) outside this zone. The susceptibility
ellipsoids are triaxial and the magnetic foliation is slightly stronger
than the lineation (P<1, t>1) within the wagnetic zone, but is
Vconsiderably weaker (P>1, t<{l) than the lineation outside the zone.
Fig. 3(c) shows plots of varlous anisotropy parameters for the most

magnetic samples. The ellipsoid shape and anisotropy degree are almost

independent of the bulk susceptibility.

The strength of the magnetic fabric requires a very high degree of
preferred orientation of elongated magnetite grains and/or an
arrangement of magnetite into discrete highly magnetic sheets within
which grains tend to be strung out along the lineation. The magnetic
lineation probably reflects the direction of maximum extension

associated with the deformation of these rocks.

o






The samples near the bottom of the hole, below the intersected
magnetic zone have a somewhat different magnetic fabric. The axes are
not as well grouped as for the more magnetic samples and the maximum and
intermediate axes are approximately interchanged with respect to the
magnetic zone. The magnetic lineation for the samples from 304 m and
305 m is E-plunging and the magnetic foliatlon is somewhat rotated,
dipping to the NE rather than north (see Fig. 3(d). This may reflect
different styles of deformation within and outside the mineralised
zone. The change in orientation of the magnetic foliation down the hole

also suggests some refolding of the fabric developed during the intense

deformational (and mineralising?) event.

4. MAGNETIC MODELLING

An attempt to model the Wanderer anomaly was made using a thin
tabular body that was fitted to the magnetic intersections in the two
drill holes and assumed to extend to great depth. For simplicity 2D
modelling was used. This model (model 1 in Fig. 4) represents an
apparently conformable mineralised zone with properties assumed to be
consistent with those of the samples from the magnetic zone intersected
by 87WDD2. Because the magnetisation of the rocks outside the magnetic
zone is not negligible, the magnetisation contrast of the magnetic zone

with the surrounding material was calculated (see Table 1) and used in

modelling.

Fig. 4 shows the observed ground magnetic anomaly, the drill holes
and magnetic intersections, and two models with their corresponding
calculated anomalies. Although the anomaly amplitude can be explained
by model 1 the theoretical anomaly is much narrower and has a more
prominent low to the south than the observed anomaly. Clearly, the
observed anomaly is not satisfactorily explained by a simple geometric
interpretation of the drill hole intersections. Modifications of the
model to allow for finite strike length and depth extent only

exacerbates the poor fit between calculated and observed anomalies.

Model 2 represents a source for which the calculated and observed
anomalies agree satisfactorily, glven the approximation introduced by

the assumption of infinite strike extent. The body is assumed to






consist of similar material to that intersected by B87WDD2 and is
assigned the same magnetic properties as Model 1. Model 2 can be
considered equivalent to the Initial model of N. Stolz, which was
discussed in the introduction, with correction for the difference
between the resultant magnetisation direction and the Earth's field
direction. This difference, which reflects both the remanence and the
anisotropy (in about equal measures), essentially accounts for the large
difference in interpreted dip (70°S instead of 35°S) between the model 2
and the initial model, which assumed magnetisation parallel to the
present field. There is also a small effect on the Interpreted dip (~
10°) due to the assumption of infinite strike extent. The dip of a
2-1/2 D equivalent model is ~ 80°S.

Although model 2 gives a reasonable match to the observed anomaly,
it does not fit the drilling data. The ~ 75 m within model 2 which was
intersected by 87WDD2 is only weakly magnetic. This suggests that the
main source of the anomaly lies at greater depth. Modelling the
geometry of this deep source requires an evaluation of the effect of the
shallow magnetic material, intersected in the drill holes, on the total
anomaly. Fig. 5 shows calculated anomalies for simple 2D polygonal
models which fit the drilling intersections. Even with the most
conservative assumptions about the extent of the magnetic zone, a
substantial (>600 nT), asymmetric anomaly of half width = 150 m, which
would noticeably perturb the northern flank of the broad, symmetric main
anomaly, is predicted. There is no evidence In the observed signature
of such a pronounced effect from the shallow magnetic material, implying

that the intersected magnetic zone must have very limited strike extent

and be quite discontinuous.

Model 3 of Fig. 6 is an attempt to explain the observed signature
using a single 2D body, consisting of a steeply S—dipping sheet of great
depth extent joined to the shallow magnetic zone, which also fits the
drilling intersections. The theoretical anomaly is much narrower than
the observed anocmaly. Subtraction of the model 3 anomaly from the
observed data leaves a residual anomaly consisting of two distinect broad
peaks, which would require at least two further sources of very specific
geometry and properties to explain them. Although the anomaly could in

principle be explained by a complex source, counsisting of multiple






bodies, which happened to produce a signature resembling that of a
simple tabular body, such a circumstance is extremely improbable. Thus
ad hoc modelling of the anomaly by a complex source which has been

forced to fit the drilling data is unjustifiable.

The most parsimonious interpretation of the data appéars to be,
therefore, a deep, unintersected, simple body which accounts for the
anomaly. The intersected shallow magnetic material must represent
discontinuous, strike-limited magnetic zones producing negligible
magnetic response at the surface. Such a model is shown in Fig. 6
(model 4). The anomaly can only be satisfactorily matched by a deep
body, lying below the drill holes, if it has limited depth extent. -
Semi-infinite sheets producing equivalent matches to the anomaly are
required to have depth to top less than 200-250 m and should have been
intersected by the drilling. Further modelling with varying depth
extents indicates that the anomaly can be matched by a body at depth of
approximately 300 m, or slightly greater, provided the depth extent
falls in the range ~ 600 m to ~ 1500 m. Allowing for finite strike
length would increase slightly the estimated depth and the permissible
depth extent. The interpreted magnetic source is therefore a major deep
body, which would nevertheless be accessible by drilling if further

testing of the anomaly were judged to be necessary.

5. SUMMARY AND CONCLUSIONS

1. The magnetic schists intersected by DDH 87WDD2 are highly
anisotropic (A ~ 2.3) and cartry a stable, ancient remanence of dual
polarity which is oblique to the present field direction. The only
important magnetic mineral is MD plus SD pure magnetite. The remanence
is predominantly of normal polarity and is directed S and steeply
upward. The Koenigsberger ratio is ~ 1 and the resultant magnetisation
differs from the Earth's field direction by ~ 45°. The remanence

direction is consistent with acquisition either at ~ 1.7 Ga or ~ 1.2 Ga.

2. The magnetic fabric is well-defined with a N-NE dipping magnetic
foliation parallel to the schistosity. Within the magnetic foliation

there is a pronounced limneation, pgenerally plunging to the north, which

may represent the direction of maximum extension.






3. The obliquity of the resultant magnetisation direction of the
schists with respect to the present field could produce significant
errors in interpreted dips for sheet—-like geometries. For an E-W strike

the dip interpreted assuming magnetisation parallel to the Earth's field
would be swung ~ 45°S from the true dip.

4. Modelling reveals that the Wanderer anomaly camnot be explained by
the magnetic material intersected in the drill holes, although a
persistent horizon of such material would produce a prominent narrow
anomaly. The absence of a sharp signature superimposed on the broad
anomaly implies that the Intersected magnetic zone Is discontinuocus and

very strike limited.

5. The broad anomaly is due to a relatively deep body which does not
appear to have been intersected. Assuming the main magnetic body
reflects the same pronounced schistosity and magnetic history, and can
be assumed to have similar magnetic properties as the intersected
magnetic zone, a dip of 70°5-80°S is indicated by the anomaly. The
preferred interpretation of the Wanderer magnetics attributes the
anomaly to a major body, somewhat deeper than the drill holes, with
estimated parameters: depth to top ~ 300 m; dip 70°5-80°S; horizontal
width 210 m; depth to bottom ~ 1300 m; magnetisation contrast 1350y,
dec = 198°, inc = —-80°.
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TABLE 2 SUSCEPTIBILITY ANISOTROPY OF DDH §7WDD2 SAMPLES

Sample

1727201

1727202

1727203

1727204

1727205

1727206

1727207

1727208

1727209

1727210

All samples

(A) Magnetic

Zone

{B) Background

Sus~—

ceptibility
contrast

Susceptibility ellipsoid

(ki; Di; Ii)
35,720;027°,45
24,650;296°,01°
14,430;204%,45°

9770;358° ,48°
9280;268°,00°
8750;177°,42°

80,5303004°,57°
49,5203267°,05°
28,240;174°,33°

23,410;356°,59°
14,3403 254° 07°
8,270;160°, 30°

3010;042°,52°
1890;285°,20°
1450;182°,31°

78.5;080°,48°
73.1;308°,32°
65.5;201°,25°

13,680;082°,36°
10,560;317°, 38"
6,340;198°,32°

48,670;059°,54°
29,580;311°,13°
17,650;212°,33°

1160;085°,65°
1080;287°, 24°
750;193°,08°

42705102°,43°
2790;342°,28°
2400;231°, 34°

21,270;025%,55°
14,590,285°07°
9,380;190°, 34°

26,050;023°,55°
17,630;284°, 06°
11,310;190°,34°

2700;101°, 44°
1900; 322°, 38°
1620;214°,22°

23,840;020°,54°
15,440;281°,07"
9,450;186°,33°

Bulk susceptibility

24,930

9270

52,760

15,340

2120

10,190

31,960

1,000

3,150

15,080

18,330

2,075

16,260

2.48

1.12

2,83

2,76

1.78

2.27

2,51

1.45

L.05

L.59

1.53

1.46

1.48

1.54

L.71 0.85

1.05 0.99

1.75 0.93

1.73 0.94

1.31 1,22

1.12  0.96

1.66 0.78

1.68 0.98

1.45 0.74

1,16 1.31

L.56 0.94

1.56 0.95

1.17 1.22

L.63 0.95

0.18

0.06

0.07

0.06

=-0,27

0.21

0.02

~0.47

0.08

0.06

-0.38

0.06

Susceptibility ellipsolds are expressed in the form:

Major axis, Intermediate

Susceptibilities are given in uG/0e (i.e. k¥ = cgs (emu) susceptibility x 105)

k1 (i =1,2,3) = major, iatermediate, minor susceptibilities (kl » k
Dy = declination of 1th susceptibility axis, I
bulk susceptibility = (k1 + kz + k3)/3

LT T R I

= prolateness = L/F (P > 1

= anlsotropy parameter = k1/k3
= lineation streagth = ky/ky
foliation stremgth = ky/kq

foliation dominant)

Lad
3

ellipsoid)

=2 [{ln ko = 1n kq)/(1n kq

j = Inclination of 1th

2

> ky)

axis, Minor

susceptibility axis

i prolate ellipsoid, lineation dominant; P < 1

axls

i oblate ellipsoid,

= Inkg)|-1, (~1< £ < 1; £ > 1: oblare ellipsoid; t < 1: prolate
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Magnetisation is a three dimensional vector quantity and
difficulties arise when represeanting such on a flat surface. Two
separate figures are required to display a three dimensional vector.
Stereographic plots and an intensity decay curve have been very useful,
especially when the direction of the cleaned magnetisation is of
paramount importance. However, when an appreciation of the full
vectorial nature of a magnetisation is required, orthogonal projections
(Zijderveld, 1967) provide an ideal method of combining both the
magnitude and directional information. This greatly assists the
recognition and identification of multi-component magnetisations.

{a) This illustration portrays the magnetisation decay during eight
demagnetisation steps, from an oblique perspective (southeast—up
octant). 31 - 35 represents the vector difference between the first and
second demagnetisation step, i.e. the magnetisation removed during the
second step.

(b} By simply plotting the vector end-points the diagram is greatly
clarified and a soft (3;) and hard (3;5 magnetisation are evident, yet
a unique identification of the direction or intensity of either is not
possible from this single figure.

(¢} Linear combination of magnetisations yields a resultant NRM

(JO).
(d) By projecting vector end-points onto the horizontal plane and a

vertical plane allows the composition of the nagnetisation to bhe

visualised.
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