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Targeting magnetic anomalies is a common practice in the mineral industry. However, it is uncommon for
anomalies to be reconciled with their causative lithologies after a hole has been drilled. Furthermore, the effects
of remanent magnetization are seldom considered, even though they are likely to be significant. This study
explores how timely rock magnetic property measurements coupled with magnetic field modelling can be
used to explain the anomaly whilst drilling is underway, thus saving critical exploration expense.
The Rover 3 anomaly, near Tennant Creek in the Northern territory, Australia, was inverted using three different
source geometries; an ellipsoid, a plunging elliptic pipe, and a plunging polygonal pipe, all with assumed homo-
geneous magnetization. All the modelled bodies have resultant magnetization vectors with moderate inclina-
tions down to the southeast, and the modelled tops of the bodies are in the range of 190–240 m below surface.
Analyses of remanent magnetization in the intersected lithologies found the primary causative lithology to be a
rhyodacitic unit with only moderate magnetic susceptibility (K b 0.01 SI) and strong remanent magnetization
(Koenigsberger ratio (Q) N 10), also directed down to the southeast, with moderate inclination. Some samples
of the mafic units near the top of the volcanic pile also displayed a large component of remanent magnetization.
However, much of it was found to be “soft” low coercivity remanence, carried by multidomain magnetite.
This detailed knowledge of the rock properties was used to calculate the relative contribution of each unit by
separating both the remanent magnetization and induced magnetization into X, Y, and Z vector components,
attributing the resultant components to specified thicknesses of rock, weighting the contribution according
to its distance from the observation point and adding the resultants for each layer. This analysis determined
a bulk magnetization vector oriented at moderate inclination down to the southeast. In order to reconcile the
measured properties with the observed anomaly, we constructed a model in ModelVision ProTM using
stratigraphic units defined by drilling, with measured magnetization vectors attributed to each layer. The
shape and lateral extent of the layers are unknown, but using only simple elliptical prisms themodelled anomaly
matched the actual anomaly to within 10% rms, illustrating that the anomaly could be reconciled with the rock
property measurements.
In this case, if the remanent magnetization had beenmeasured on site during drilling, it may have been possible
to recognise that the anomaly was due to remanence by the time drilling had reached a depth of approximately
400 m. This may have resulted in a saving of approximately two weeks and the significant cost associated with
drilling a further 350 m.

Crown Copyright © 2014 Published by Elsevier B.V. All rights reserved.
1. Introduction

Targeting magnetic anomalies in mineral exploration is a common
practice, particularly as explorers search beneath increasingly deeper
cover for the next large ore body. If we are to target amagnetic anomaly
as the expression of a buried mineralized system, then we need to be
able to explain that anomaly in terms of magnetizations in the subsur-
face. Where the anomaly is primarily due to induced magnetization
r B.V. All rights reserved.
this process is relatively simple, and would usually only necessitate
measurement of the lithology down-holewith a handheld susceptibility
metre, or logging with a down-hole tool. Once the susceptibility
measurements are obtained, the values can be used to determine the
bulk susceptibility of a given volume of rock, and the direction of the
corresponding induced magnetization can in most cases be assumed
to be the local geomagnetic field direction. In this scenario, it should
be straightforward to reconcile the measured magnetic susceptibility
with the geophysical anomaly, whilst drilling is underway.

Althoughmagnetic field interpretation is commonly conductedwith
little consideration for the effects of remanent magnetization, this
approach is rarely justified, as remanent and induced magnetizations
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are both significant contributors to almost all magnetic anomalies as
illustrated by Clark and Emmerson (1991). Measuring remanent
magnetization is crucial to determining confidence in the targeting
model, because, in conjunction with magnetic susceptibility mea-
surements, it provides a sound basis for calculation of the resultant
(induced + remanent) magnetization of the source. Where magne-
tized rocks have a moderate to high Koenigsberger ratio (Q: the ratio
of remanent to inducedmagnetization), and a remanentmagnetization
direction significantly divergent from the inducing field, the position,
shape and orientation of the source body can only be correctlymodelled
from the magnetic field data if the remanent magnetization is correctly
incorporated into themodelling. Even if a remanentmagnetization is in
the local geomagnetic field direction, it is still essential to incorporate
the contribution of that remanence in modelling the magnetic field
data, so as to obtain the correct volume of the source.

Reconciling an estimate ofmagnetization used inmodellingmagnet-
icfield data and actualmeasurements ofmagnetization is a considerable
challenge, and is generally only possible once one or more boreholes
have been drilled, and palaeomagnetic and rock magnetic measure-
ments have been made and analysed. The primary cause of difficulty is
generally extreme spatial variation in magnetic susceptibility and
remanent magnetization strength and direction (and thereby also in
the Koenigsberger ratio). This variability across short distances cannot
be resolved from ground or aeromagnetic field data alone, and it also
raises problems of representative sampling by boreholes. We refer to
these issues as “The Paradox of Scale” in this paper, which is focused
on exploring how we can sensibly reconcile magnetic anomalies with
rock magnetic property measurements. The study illustrates how
remanent magnetization and rock magnetic property measurements
can bematched tomagnetic field modelling, to establish that a drillhole
has confirmed the source of amagnetic anomaly fromwhich it had been
targeted, thereby allowing early, well-justified, decisions to be made
about abandoning a hole at an optimal depth.

The case study presented is on Rover 3, a negativemagnetic anomaly
that is clearly caused by remanent magnetization of broadly reverse
polarity. The anomalywas selected for drilling in the hope that themag-
netization might be caused by, or associated with Tennant Creek-type
Iron Oxide Copper–Gold (IOCG)mineralization. The onlymagnetization
measurements made on core as the hole was drilled were of magnetic
susceptibility, and it was not recognised that the causative magnetiza-
tion distribution had been encountered and drilled through. The hole
was continued below this magnetization, in the mistaken belief that
the source of the anomaly had not yet been encountered. We present
analyses of magnetic susceptibility, density and remanent magnetiza-
tion from 21 rock samples from drill hole WGR3D001 drilled into
the Rover 3 anomaly, and briefly discuss the results in terms of their
palaeomagnetic significance to establish remanent and resultant mag-
netization directions. However, the main focus is to provide a frame-
work for reconciliation of rock property measurements with bulk rock
properties to explain a measured aeromagnetic anomaly. We conclude
by discussing the implications for mineral exploration best practise,
and make a case for the use of portable magnetometers to measure
remanence in the field.

2. Study area

The study area is located approximately 100 km west-southwest of
the town of Tennant Creek in the Northern Territory, Australia (Fig. 1).
The area is prospective for Tennant Creek-type IOCG mineralization
and has seen sporadic exploration over the past 40 years. Exploration
has commonly focussed on airborne and ground geophysical tech-
niques, on occasion followed up by diamond drilling of targets derived
from interpretation of aeromagnetic data. The Rover Field is located
southern along themargin of theWarramunga Province of the Protero-
zoic Tennant Region. It is covered by sedimentary rocks of the Wiso
Basin, and hence, the Rover Field's geology is largely inferred from
geophysical surveys and extrapolation from rare outcrop, limited drill
testing and better exposed areas to the north (Stephens, 2010).

The initial recognition of the Rover 3 prospect, and the basis for
design of the drilling programme, was an anomaly in aeromagnetic
total magnetic intensity (TMI) data in a survey flown for the Northern
Territory Geological Survey as part of a ‘pre-competitive’ data package
(Fig. 2). Rover 3 was drilled by Westgold Resources Ltd in 2010 with
assistance from the Northern Territory Geophysics and Drilling Collabo-
ration Program (Stephens, 2010). The hole was expected to hit the
source of the magnetic anomaly at a depth of approximately 260 m,
andwas designed to terminate at 500mdepth.Whendrilled, the source
of themagnetic anomalywas not recognised as havingbeen intersected,
and the hole was continued to a depth of 738 m.
2.1. Regional geology

The Tennant Region contains three different geological provinces:
the Warramunga Province, the Davenport Province and the Ashburton
Province. The Tennant Creek Region abuts the Proterozoic Aileron
Province of the Arunta Block to the south. It is on-lapped by the
Palaeozoic Georgina and Wiso basins to the east and west respectively
and is largely covered by a thin veneer of unconsolidatedCainozoic cover.
2.1.1. Warramunga Province (ca. 1880–1845 Ma)
The Warramunga Province crops out near Tennant Creek and

includes the oldest rocks exposed in the Tennant Region. It includes
the Warramunga Formation, which has been dated at 1862 ± 9 to
1859 ± 13 Ma by Compston (1995), and at 1847.5 ± 2.4, 1847.4 ±
2.8, 1846.3 ± 2.9 and 1848.9 ± 2.2 Ma (Maidment et al., 2013) using
SHRIMP U–Pb zircon analyses. Maidment et al. (2013) suggest that it
was deposited during a long-lived rifting phase between 1880 and
1845Ma. This unit contains aweaklymetamorphosed turbiditic succes-
sion of tuffaceous sandstones, siltstones and argillaceous banded
ironstones (Stephens, 2010). The Warramunga Formation has two
lateral equivalents; The Woodenjerrie Beds outcrop in the south of the
province but lack the massive ironstones present in the Warramunga
Formation, and the Junalki Formation which includes a greater propor-
tion of intercalated volcanic rocks, which are not recognised in the
Warramunga Formation A dacitic lava from Junalki Formation, has an
igneous crystallisation age of 1862 ± 5 Ma (Smith, 2000).

The Warramunga Formation preserves upright, open to isoclinal,
east–west oriented folds with associated axial-planar slaty cleavages
which formed during the Tennant Event at ca. 1855 Ma (Carson et al.,
2008; Worden et al., 2008). It was also intruded by granites of the
Tennant Creek Supersuite at about the same time (ca. 1850 Ma). The
Warramunga Formation hosts major IOCG-style mineral deposits of
Au–Cu–Bi, which are temporally associated with the Tennant Creek
Supersuite.

Following the Barramundi Orogeny, the volcano-sedimentary
Ooradidgee Group (ca. 1850–1820 Ma) was deposited unconform-
ably above the Warramunga Formation and its correlatives. Part of
this stratigraphic package (the Epenarra Volcanics) has been dated
at 1840 ± 4 Ma by Claoué-Long et al. (2008). It is currently exposed
to the south and southwest of Tennant Creek, extending into the
adjacent Davenport Province. The rocks intersected by the Rover 3
drill hole are thought to be part of the Ooradidgee Group (Donnellan
and Johnstone, 2004).

Toward the end of deposition, the Ooradidgee Group was intruded
by monzonites, porphyritic granites and dolerites of the Treasure Suite
(ca. 1810 Ma) coupled with volcanism and extensional tectonism
(Donnellan, 2013). The extension initiated a transition from generally
laterally variable sedimentation around volcanic centres in Ooradidgee
Group to layer-cake sedimentation in theHatches Creek and Tomkinson
Creek groups (Donnellan, 2013).



Fig. 1.Geological map of the Rover Field, after: Geology simplified from interpreted geologymap of Johnstone andDonnellan (2001). NB: thewestern portion of the abovemap is covered
by Sedimentary rocks of the Wiso Basin.
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2.1.2. Davenport Province (ca. 1840–1700 Ma)
The Davenport Province stratigraphy overlies the Warramunga

Province in the south. It comprises the Hatches Creek Group, which
consists of two subgroups. The upper Hanlon subgroup is composed
predominantly of sandstone, siltstone, shale and minor conglomerate.
Fig. 2. Regional Magnetic Map showing the Rover 3 Ano
The lower Wauchope Sub-group contains felsic to intermediate volca-
nics, interlayered with derived sedimentary rocks, whereas the upper
part comprises mafic lavas and interbedded sedimentary rocks
(Donnellan and Johnstone, 2004). These units were subsequently
intruded by the ca. 1710 Ma felsic Devil's Suite and deformed during
maly, and the anomalies discussed by Foss (2006).



Fig. 3. A. The Rover 3 totalmagnetic intensity and B. total gradient (analytic signal amplitude) anomalies, with flight lines overlaid. The collar location of drillholeWGR3D001 ismarked by
the grey circle. Contour interval is 20 nT for A.
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the ca. 1700 Ma Davenport Event, which produced widespread
concentric and disharmonic folding in the Davenport stratigraphy
(Blake and Page, 1988; Stewart, 1987). However, Stewart (1987)
noted that the folds die out downwards toward the base of the
Davenport sequence, implying that that strain in the underlying
Ooradidgee Group may have been accommodated by fault movement
rather than folding. Occurrences of W–Sn, U, Ni, Cu, Pb and Zn are
known from the Davenport Province (Blake and Page, 1988; Wyborn
et al., 1998).

2.2. Local geology

The Rover 3 area is entirely covered by a thin veneer of recent
sediments above extensive, flat-lying, Cambrian siltstones, dolomitic
siltstones and dolomites of the Wiso Basin, which in turn uncon-
formably overlie the Proterozoic. The depth to Proterozoic basement
(i.e., the thickness of the Wiso Basin) varies from less than ~70 m in the
east to N200 m in the west (Stephens, 2010). An age of 1798 ± 5 Ma
Fig. 4. A. The ellipsoid (red), plunging elliptic pipe (blue), and plunging polygonal pipe (gre
with each other, and their fits to the magnetic data (above). The green line on A. represents
lines. On B. the black curve shows the measured TMI profile, the mauve line with blue dots ind
TMIprofiles corresponding to the ellipsoid, plunging elliptic pipe and plungingpolygonal pipe, r
referred to the web version of this article.)
was obtained from volcaniclastics in the area by Smith (2001), however
Maidment et al. (2013) have recently revised the age of volcaniclastics
of the Rover Field to 1842.3 ± 4.5 Ma, stating that Smith (2001) results
may have been influenced by Pb loss.

Outcrops of the Woodenjerrie Beds, the Junalki Formation, the
Ooradidgee Group and the Hatches Creek Group with minor granite
and porphyry have beenmapped about 20 km east of Rover 3. Although
not outcropping in the area, Warramunga Formation rocks have been
correlated with meta-sedimentary rocks from the nearby Rover 1 pros-
pect (Stephens, 2010). Furthermore, the magnetic signature of the area
is similar to the response seen from theWarramunga Formation around
Tennant Creek (Stephens, 2010). If in fact there are Warramunga
Formation rocks beneath the Rover Field, then the metallogenic model
that applies to the Tennant Creek Field could be assumed to also apply
to the Rover Field. To the south of Rover 3, the magnetic response
indicates that rocks of the Hatches Creek Group underlie the Phanerozoic
cover (Stephens, 2010), indicating that Rover 3 lies just north of the
boundary with the Davenport Province.
en) models in perspective view; B. A section through the models showing their overlap
drillhole WGR3D001 and the purple lines above the models represent the survey flight
icates the estimated regional field and the green, blue and red curves show the calculated
espectively. (For interpretation of the references to colour in thisfigure legend, the reader is



Fig. 5. Contoured images of: A. Measured TMI, and B. The field computed from the modelled elliptic pipe in the presence of the estimated background ‘regional’ field.

Table 2
Results of the various approaches to determining “remanence” directions. N is the number
of results analysed, a95 and a99 values represent the half-angle of the 95% and 99% confi-
dence cone respectively, for themeanmagnetisation direction, kappa is a precision param-
eter for thedistribution formean directions (Fisher, 1953) andmean length is ameasure of
the randomness of the vectors (Watson, 1956) where numbers approaching 0 indicate
randomness and numbers approaching 1 indicate non-randomness. The units correspond
to those in Fig. 6. See Fig. 7 for the corresponding stereonets.
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3. The Rover 3 aeromagnetic anomaly

The Rover 3 anomaly is defined from data flown on north–south
flight lines at a nominal spacing of 200 m and a nominal terrain
clearance of 60 m. The anomaly has an amplitude of 360 nT and an
approximate diameter of 1200 m, as shown in Fig. 3A.

The anomaly is reasonably well defined on eight flight lines, but is
imperfectly separated from other, generally lower amplitude, field
variations due to adjacent sources. A total gradient transform of the
TMI data (Fig. 3B) maps the distribution of shallow magnetization
with little influence of magnetization direction. The discrete Rover 3
total gradient anomaly maps the horizontal location of the Rover 3
magnetization, and the depth to the centre of magnetization (assuming
a reasonably compact source) can be postulated from a simple analysis
of thewidth of the anomaly at its half-peak value (e.g., Smellie, 1956), in
this case giving an estimate of ca. 400 m subsurface.

Across Australia anomalies due to magnetizations induced in the
geomagnetic field are predominantly positive, with a minor negative
to the south. A primarily negative anomaly such as Rover 3 could be
explained by either: a zone of weak magnetization surrounded by
stronger magnetizations or by a dominant ‘reverse’ remanent magneti-
zation, rotated by over 90° from the current geomagnetic field direction.
Because the Rover 3 anomaly has higher amplitude than any of the
other nearby field variations, the reverse remanent magnetization
explanation is strongly favoured. The ratio of remanent to induced
magnetization intensity in a rock is known as its Koenigsberger ratio
(Q). In order to explain the Rover 3 anomaly theQ valuemust be greater
Table 1
Physical properties of the three bodies used to model the Rover 3 anomaly. NB. Jres
refers to the resultant magnetisation of the bodies, i.e., the vector addition of the
induced + remanent components.

Modelled body Body top Moment (μ) Jres Volume

(m b.s.l.) (Am2) (A/m) (m3)

Polygonal pipe 244.3 4.91 × 108 3.558 1.38 × 108

Ellipsoid 185.6 5.21 × 108 2.291 2.28 × 108

Elliptic pipe 237.4 4.92 × 108 3.481 1.41 × 108
than 1, so that the reverse remanentmagnetization exceeds the normal
induced magnetization. Before the Rover 3 Anomaly was drilled it was
not possible to derive a value for Q (other than knowing that it must
be greater than 1). The measured magnetic anomaly might either be
due to strong induced and remanent magnetizations almost cancelling
each other (Q just greater than 1), or to a weaker remanent magnetiza-
tion with little cancellation by an even weaker induced magnetization
(a high Q). One difference between these two scenarios is that in the
first case themagnetization can be readily detected bymagnetic suscep-
tibility measurements of core samples, whereas in the second case the
magnetization might easily be overlooked frommagnetic susceptibility
measurements alone.
4. Magnetic field modelling and inversion

Wehave derived an estimate of the source body location, size, shape
and magnetization from inversion of the TMI anomaly. The Rover 3
magnetic anomaly was inverted using 3 different source geometries;
Lithological unit N Dec° Inc° a95° a99° kappa
Mean 

length

Mean + 62 127 62.7 10.4 13 4 0.7543

Mean – 22 264 –55 14.8 18.7 5.4 0.8227

Rhyodacite Upper – 6 243 –53 1.1 1.5 2948 0.9998

Rhyodacite Upper +  10 122 54.4 3.9 5.1 136 0.9940

Rhyodacite Mid – 6 318 –43 4.8 6.5 164.3 0.9958

Rhyodacite Mid + 17 99.5 42.3 5.5 7 42.9 0.9780

Rhyodacite Lower – 4 279 –45 2.5 3.6 1027.4 0.9995

Rhyodacite Lower + 15 87.2 59.3 10.2 13.1 14 0.9376

Modelled 3 127 52.5 8.7 14.1 134.1 0.9967

PCA 17 111 59.2 5.8 7.4 38.6 0.9756
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Fig. 6. Graphic pseudo-log of rock properties downhole. The lithologies (from Stephens et al., 2010) and sample numbers are shown at the bottom of the figure. Purple = Andesite; Green=
Basalt; Orange= Rhyodacite, Yellow= Rhyolite. NB: this horizontal scale is not linear, but representative of individual samples, numbered at the bottom. The pseudo log is also labelled with
the lithological divisions used for later calculations and modelling (e.g., RD-U+ is Rhyodacite, upper level, positive magnetisation inclination). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

A B C

Fig. 7. A. Stereonet showing all NRM directions and mean vectors for each hemisphere; B. Shows the selected NRM results of the upper rhyodacitic sequence segmented by depth and
polarity, blue is the upper section, orange the middle, and black the lowermost section of the drill hole; C. Shows well-defined paleomagnetic directions defined by PCA (principal com-
ponent analysis), obtained by fitting a line to AF demagnetization trends (Blue) and the results obtained from an unconstrained 3-D inversion of the data. The present field direction (⋄)
and the up drillhole orientations (Δ) are shown for reference; magnetization directions that plot in the lower hemisphere are closed circles, and those in the upper hemisphere are open
circles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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an ellipsoid, a plunging elliptic pipe, and a plunging polygonal pipe.
Fig. 4A shows themodels in perspective view,with all 3models spatially
coincident to the extent their different geometries allow. Fig. 4B shows a
section through the model (note that the models are not developed to
optimise the fit to the data on this line alone, but across the complete
anomaly). To illustrate how well the data is matched, Fig. 5 shows
contoured images of the measured TMI and the field computed from
the elliptic pipe model added to the estimated background ‘regional’
field.

These models are not independent, as they all use identical separa-
tions of the regional and residual anomalies, and all assume a homoge-
neous magnetization. Nevertheless, the close agreement between
models establishes a repeatable estimate for the location, extent,
strength and direction of the magnetization (with details as listed in
Tables 1 and 2).

Comparison with the drillhole data shows that the flat-topped pipe
model provides the best estimates of depth below surface to the top of
the magnetic source of approximately 240 m (with a slightly shallower
depth of approximately 190m to the top of the ellipsoidmodel). The ap-
parent volumes, magnetization intensities and magnetic moments (μ)
of the 3 models are also quite consistent (Table 1). Of these properties,
themagnetic moment is themost direct comparison, as it is more stable
than the individual estimates of magnetization intensity and volume, of
which it is the product.

Although, this is not the modelling used for the siting of the Rover 3
hole, it does confirm that the hole location was appropriate, and that
the pre-drilling expectation, that magnetization would be intersected at
a depth of approximately 260 m (Stephens, 2010), is valid. The depth to
the base of a magnetic model is generally poorly constrained, because
the base contributes little to the measured anomaly, but nevertheless all
three inversions are quite consistent in suggesting that themagnetization
is depth-limited,with a base depth in the rangeof 560 to 650mbelow the
surface. Thesemodels produce acceptable matches to a distinct anomaly,
and as such can be classified as relatively reliable, although with the
universal caveat that the necessary simplicity of geophysical inversions
rarely encapsulates the true complexity of the geology.
Fig. 8. The stable magnetization vectors calculated from a principle component analysis of AF d
plotted with their antipode relative to the generalised APWP of Idnurm and Giddings (1988). T
solutions. White squares represent paleomagnetic poles of Idnurm and Giddings (1988) and blu
deposits in the Tennant Creek area (Clark and Tonkin, 1987).Map is inMollweide projection. (Fo
web version of this article.)
5. Rock properties and palaeomagnetism

5.1. Methods

Specific Gravity (SG; density), magnetic susceptibility (K), and rema-
nent magnetization (J) measurements can be used to attribute specific
rock properties to lithologies which are in turn used to constrain
geophysical modelling and inversion. To characterize themagnetic prop-
erties of the Rover 3 Prospect, it is imperative to understand the rock
properties of the lithologies intersected. For this studywemeasuredmag-
netic susceptibility (MagSus), specific gravity (SG) and remanentmagne-
tization of 73 specimens. The 73 specimens are 2.5 × 2.2 cm cores (the
optimum cylindrical approximation of a sphere), drilled from 21 samples
of oriented drill core obtained from drill hole WGR3D001.

Densities were calculated based on the ‘Archimedes’ method
(weight in water, weight in air), using a Mettler Toledo AG204 scale.
MagSus was measured using a Sapphire Instruments SI-2B susceptibili-
ty metre. Remanent magnetization was analysed with a 2G Enterprises
755R three-axis cryogenic magnetometer with in-line 2G 600 Series AF
demagnetizers. All specimens were incrementally demagnetized using
an alternating field (AF) of increasing intensity to progressively remove
remanent magnetization before each measurement. AF demagnetiza-
tion consisted of 16 steps: NRM, NRM (after liquid nitrogen cleaning),
1, 3, 5, 7, 10, 15, 20, 25, 30, 35, 40, 50, 70, and 100 mT.

The successivemeasuredmagnetizationswere plotted on stereonets
and Zidjerveld diagrams, which were both used to assess the migration
of the magnetization vectors with stepwise demagnetization. A Princi-
pal Component Analysis (PCA) of the magnetization components was
performed using an interactive version of Linefind (Kent et al., 1983),
where linear segments are fitted to data points weighted by the inverse
of their measured variances (as by Schmidt and Williams, 2011). This
method was used to extract multiple, low to high coercivity (i.e., unsta-
ble vs. stable), magnetisation vectors from the demagnetisation trends.
The resultant mean magnetization directions were then used to calcu-
late paleomagnetic poles, which were compared to the Apparent Polar
Wander Path (APWP) for Australia (Idnurm and Giddings, 1988).
emagnetization data were used to calculate paleomagnetic poles (red squares) which are
he antipodes plot significantly distal to the APWP, so wemay discount them as reasonable
e squares represent the hard and soft magnetization components of measured from IOCG
r interpretation of the references to colour in thisfigure legend, the reader is referred to the



Fig. 9.A. shows NRMdirections from samples of the uppermost mafic units (ROV190, 191, 261 and 262). The NRMdirections arewidely distributed in both hemisphere between thewest
and SSE. However, none of the NRMs reflect stable magnetisation directions as illustrated by the complex demagnetisation paths, shown in (B). C. shows the magnetisation directions
obtained by principal component analyses of AF-demagnetisation results, which often contain 2–3 distinct linear magnetization components, in a wide array of orientations, most of
which are attributed to low coercivity magnetisations.
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6. Results

6.1. Magnetic susceptibility and density

The results of the rock property study are displayed graphically in
Fig. 6. The density pseudo-log shows that the mafic rocks near the top
of the pile probably have andesitic (shown in purple) and basaltic
(shown in green) chemistry. The rocks referred to as “Rhyodacites”
(Stephens, 2010), which make up the majority of the pile, have a fairly
uniform density of ~2.7 g/cm3, and the “Rhyolites” have slightly lower
density. The magnetic properties are much more variable.

Themafic rocks near the top of the pile showmoderate to highmag-
netic susceptibility and generally low remanence, other than in ROV261,
which displays high to very remanent magnetisation intensities.
Samples ROV261 and 262 have consistent susceptibilities but widely
variable remanence intensities. A possible reason for the inconsistency
of the remanence values is that these samples have been partially
remagnetized, probably in conjunction with subsequent metamor-
phism and/or metasomatism.

The deeper rhyodacitic to rhyolitic rocks have moderate to low
susceptibilities but high remanence intensities over a significant
thickness. The Koenigsberger ratios within this 350 m sequence of
rocks (sample ROV272–ROV621) are typically in the range of 10–25
(remanence is 10–25 times stronger than the induced component).
Unaltered rhyolites usually have much lower susceptibilities than
Fig. 10.Demagnetization paths (great circles) and thefinalmagnetization vectors for theupper
results from the lower mafic unit, samples ROV261 and 262. C. The mean magnetization vector
the lower mafic rocks. Closed circles sit in the lower hemisphere, open circles in the upper hem
found here (an order of magnitude according to Clark and Emmerson,
1991), so it is also likely that the magnetite content was enriched
metasomatically (Clark, pers comm., 2013).
6.2. Remanent magnetization

Natural remanent magnetization (NRM) directions were measured
and are shown in Table 1 and Fig. 7A. It is apparent that the bulk of
the samples have NRM directions oriented moderately to steeply
down to the east-southeast. The mean NRM directions (Fig. 7A) are
calculated separately for the lower and upper hemispheres, and the
results indicate that the mean positive magnetization direction has
Dec = 127°, Inc = 62.7°. It is important to also note that the mean
direction is influenced significantly by a population of results with
NRMs that are shallow down to the west. Many of these results are
from samples of andesite and basalt near the top of the volcanic pile,
and the array of magnetization directions appear to be inconsistent
with each other and the bulk of the samples further down hole.We sus-
pect that some of these samples contain multidomain (MD) magnetite,
and hence have recorded a component of paleomagnetic noise, e.g., a
drilling-induced overprint and or post-drilling overprint whilst sitting
in the core facility in Alice Springs. Alternatively, or in addition, this
unit may represent a stratigraphically higher sequence with a signifi-
cantly displaced magnetization direction.
mafic units; A. shows results from the uppermafic unit, samples ROV190 and191; B. shows
(square) calculated from combining the results from the upper mafic and the antipode of
isphere.
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For the lower sequences there is a spread of results, whichmay indi-
cate that the pole has migrated significantly during deposition of the
sequence, or that the rocks have seen minor folding syn- to post-
deposition. For the purposes of testing this possibility the stratigraphic
sequence was subdivided into upper, middle and lower packages, each
of which have a small component of opposite polarity results. The result
(Fig. 7B) shows that the uppermost units (RD-U+), which contribute
most strongly to the anomaly because they are nearer the surface, plot
a little shallower than the mean NRM directions (All mean+), with a
mean remanent magnetization direction of Dec 122° and Inc 54.4°.
The results from the middle of the stratigraphic pile (RD-M+) are
shallower still, with Dec 99.5° and Inc 42.3°, whilst the deeper rocks
(RD-L+ and R-L+), which contribute least to the anomaly, record a
remanence direction of Dec 87.2° and Inc 59.3°, which is steeper than
the upper and middle packages.

The AF demagnetization results were analysed to determine compo-
nents of remanent magnetization within the samples by fitting linear
segments to the results of stepwise AF demagnetization data. Most of
the samples record one magnetization direction, but in some cases
(primarily in samples from the mafic units), there are multiple magne-
tization components. The main group of analyses is shown in Fig. 7C
along with the results of unconstrained inversion (explained in the
preceding section). Note that the results from the unconstrained
inversion, the NRMs from the upper rhyodacitic units and the AF-
demagnetization results are all closely aligned. The directions obtained
are also similar to a “hard” component of magnetization measured in
rocks of the Warramunga Group by Clark and Tonkin (1987), which
they interpreted to be “thermoremanence or thermochemical rema-
nence acquired at ~1800 Ma during post-metamorphic cooling”, and
to results obtained from magnetic moment analysis and modelling of
similar anomalies nearby (e.g., Foss, 2006; marked in Figs. 1 and 2).

The mean NRM directions and magnetization vectors calculated
from AF demagnetization were used to calculate paleomagnetic poles,
which are plotted in Fig. 8. Although the APWP is poorly constrained
in the Proterozoic, the poles obtained provide a framework to interpret
the likely age distribution of the volcanic sequence. Two characteristic
Table 3
The results of liquid nitrogen cleaning of the upper mafic units show that a significant
proportion of the remanence is held in MD magnetite, which hence has a low coercivity
and is therefore very unstable. In contrast, liquid nitrogen cleaning of the felsic units
generally removed b5% of remanent magnetization, indicating that remanence is primar-
ily carried by SD magnetite. Δ is the difference between the NRM intensity and the NRM
measured after liquid nitrogen treatment, measured in mA/m, and Δ% is the difference
calculated as a percentage of the NRM.

Specimen NRM (mA/m) LN (mA/m) Δ Δ%

R190B 254 178 77 30%
R191B 800 389 411 51%
R191C 4948 3238 1710 35%
R261B 12,048 8321 3727 31%
R261C 6698 2313 4385 65%
R261D 18,846 16,086 2760 15%
R262B 768 569 199 26%
R262C 818 906 −88 −11%
R262D 993 642 351 35%
R262E 808 367 441 55%
Avg mafic 4698 3301 1397 30%
R283B 3769 3606 163 4%
R311B 2379 2245 134 6%
R318B 5529 5333 196 4%
R323B 5073 4961 112 2%
R331B 1752 1612 141 8%
R333B 575 535 40 7%
R375B 811 694 117 14%
R392B 957 878 79 8%
R600B 553 510 43 8%
R612B 1980 1898 83 4%
R617B 855 835 21 2%
R621C 482 465 17 4%
Avg felsic 2060 1964 95 5%
magnetization directions were obtained by combining the data from
each of the layers (using the antipodes of the opposite pole results)
and determining a single mean magnetization direction for both
the mafic and felsic portions. The stable magnetization directions
obtained from the principal component analysis were then used to
calculate palaeomagnetic poles. The paleomagnetic pole for the felsic
portion (Rhyodacite–Rhyolite) plots at Lat = −28.4° and Long =
188.2° (dp = 6.4°, dm = 8.6°). The result is very close to the pole from
the Plum Tree Volcanics (dated between 1858 ± 43 and 1822 ±
6 Ma) which is part of the Pine Creek Orogen to the north. These ages
are consistent with a SHRIMP age of 1842.3 ± 4.5 Ma obtained from
the Rover Field (Maidment et al., 2013). If separated out, poles from
rocks in mid to upper sections of the felsic portion would plot south of
the primary magnetization direction, closer to younger rocks, e.g., the
1725 ± 2 Ma (Page and Sweet, 1998) Hobblechain/Packsaddle Pole
(Idnurm and Giddings, 1988). Conversely, rocks nearer the bottom of
the volcanic pile plot to the north of the primary magnetization pole,
potentially indicating that they are older than rocks in the upper units.
However, it is important to note that these minor differences in the
magnetization direction could be due to deformation and or secular
variation, so using a greater data population is more likely to yield a
realistic pole. The ages determined from the palaeomagnetic analyses
are consistent with the age of depositional ages expected for the
sequence. The ca. 1840–1815 Ma Ooradidgee Group is indicated for
the magnetization directions obtained. However, it is possible that the
upper sequences could be correlated with the overlying Wauchope
Group, whereas the older sequence could potentially be correlated
with the underlying Junalki Formation The porphyritic texture of the
felsic rocks is consistent with textures reported for the Tennant Creek
supersuite, suggesting it may be a temporally equivalent magmatic
feeder to the sills reported by Le Messurier et al. (1990) and McPhie
(1993). However, the presence of dual polarity remanent magnetiza-
tions suggests that the rocks are stratified. Furthermore, the presence
of sub-rounded lithic clasts and fractured phenocrystswithinmost sam-
ple specimens suggests that they are volcaniclastic in origin. We might
speculate then that the rocks causing the anomaly are layered and occu-
py a sub-circular depression, based on Fig. 3B, consistent with a caldera.

The uppermost mafic units (samples ROV190, 191, 261 and R262)
display a wide variation in NRM directions (Fig. 9A). However, their
demagnetization paths are complex (Fig. 9B) and often contain three
distinct magnetization components in a variety of orientations
(Fig. 9C). Essentially the data is uninterpretable, because there is no
consistency amongst the results. However, further investigations have
provided some insight into the reasons for this.

A simple way to get an approximate gauge of the proportion of MD
magnetite is to remove the viscous component by cleaning the specimen.
This can be achieved by cooling the samples below the Verwey transition,
using liquid nitrogen, and rewarming to room temperature in zero field
(Schmidt, 1993). The results shown inTable 3explain the inconsistency in
some of the measured magnetization directions. Many of the specimens
from themafic units recorded significantly lowermagnetization intensity
after cleaning (up to 65%), indicating thatmost have a large component of
MD grains. Domain walls within these MD grains can realign over short
periods, resulting in the acquisition of a newmagnetization in the present
geomagnetic field direction. Although such magnetizations only cause
confusion inmeasuringmagnetization directions, the viscous remanence,
acquired in situ in the recent geomagnetic field, does reinforce the in-
duced magnetization, thereby contributing to the measured magnetic
field anomaly (without being detectable by magnetic susceptibility mea-
surements). In contrast, specimens from the felsic units show much
smaller variation in magnetization direction and commonly retain
approx. 50% of their magnetization intensity after degaussing in a
50mT alternatingfield, indicating that thosemagnetizations are predom-
inantly carried by single domain magnetite.

The mafic units show very large variability from specimen to speci-
men, indicating that there may be relatively subtle, yet complex,
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geological controls on the distribution of the magnetic minerals, and
hence magnetization. We observed that many of the specimens display
variable alteration, including retrograde chloritization, carbonate vein-
ing, hematite veining (ROV191C) and some specimens contain visible
pyrrhotite (ROV262).We speculate that the variability ofmagnetizations
carried by MD magnetite is related to chloritization of the rocks, and
complex overprinting by hematite or carbonate ± pyrrhotite veining.

Ultimately, it is difficult to quantify the effect of the mafic units on
magnetic modelling of the causative body and its bulk magnetization.
However, the fact that the NRM directions are widely scattered, the
fact that much of the magnetization is carried by MD magnetite, and
that the remanent component is generally low, implies that the effect
on the bulk remanence vector is probably negligible.

However, the paleofield direction recorded by the subpopulation of
more stable magnetite grains is still of interest. It is important to note
that the mafic samples retained significant magnetizations throughout
the AF demagnetization and that, although their individual demagneti-
zation paths are quite different, theirmagnetization directions appear to
converge with progressive demagnetization. The two upper samples
ROV190 and 191 plotwithfinalmagnetization vectors that havemoder-
ate downward inclinations to the north (Fig. 10A). Conversely, the two
lower samples (ROV261 and 262) plot with almost opposite directions
that are moderate up to the south (Fig. 10B). These results suggest
that the NRM directions obtained represent the sum of the stable
magnetizations and a late overprint. The late overprint is probably
in part due to drilling-induced magnetization, that is commonly
carried by MD magnetite in altered mafic rocks and IOCG systems
(e.g., Audunsson and Levi, 1989; Austin et al., 2013, in press; Pinto and
McWilliams, 1990). The final magnetization vectors are very consistent
Table 4
Physical parameters measured and calculated for discrete layers downhole. The induced and re
vectors, whichwere thenweighted according to their depth from sensor and layer thickness in o
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Mafic –U+ (And) 190 249 12 27956 1128 –51 5 229 –40 211

Mafic –U+ (And) 191 250 1 14685 592 –51 5 1882 7 239

Rhyolite–U– 2 314 64 632 26 –51 5 170 –52 243

Mafic–U– (Bas) 261 319 5 63381 2557 –51 5 10793 –22 253

Mafic–U– (Bas) 262 321 2 56021 2260 –51 5 773 29 160

Rhyolite–U– 3 266 326 5 632 26 –51 5 170 –52 243

Rhyodacite–U+ 272 329 6 5993 242 –51 5 5373 54 126

Rhyodacite–U+ 280 337 5 6740 272 –51 5 4404 58 128

Rhyodacite–U+ 283 340 15 3788 153 –51 5 3913 50 113

Rhyodacite–M– 311 367 17 3164 434 –51 5 2177 –47 313

Rhyodacite–M– 318 374 6 7246 128 –51 5 4640 –40 323

Rhyodacite–M+ 323 379 6 8570 292 –51 5 4277 47 110

Rhyodacite–M+ 331 387 5 5802 346 –51 5 1773 36 92

Rhyodacite–M+ 333 389 22 3319 234 –51 5 541 45 80

Rhyodacite–M+ 375 430 23 11028 134 –51 5 889 48 114

Rhyodacite–M+ 380 435 6 5174 445 –51 5 642 45 115

Rhyodacite–M+ 387 442 6 7367 209 –51 5 726 31 92

Rhyodacite–L– 392 447 110 10771 297 –51 5 817 –45 279

Rhyodacite–L+ 600 663 108 4113 166 –51 5 510 36 51

Rhyolite–L+ 612 664 8 3283 132 –51 5 1905 71 135

Rhyolite–L+ 617 669 4 3060 123 –51 5 1014 63 107

Rhyolite–L+ 621 673 6 1446 58 –51 5 431 49 85
and can be used to derive an apparent pole to plot on the APWP.
The data were all transposed to the lower hemisphere, and a mean
magnetization direction of Dec 347.7° and Inc 45.9° (A95 = 7.8°) was
calculated. The combined paleomagnetic pole calculated is Lat 41.3°
and Long 119.1° (dp = 6.3°, dm = 9.9°). This pole is consistent with
an age of about 0.8 Ga (Fig. 8) based on the APWP of Idnurm and
Giddings (1988), assuming themafic rocks have not been (significantly)
folded since. Based on this age wemight speculate that the mafic layers
could be correlated with the ca. 825 Ma Gairdner mafic event (Hoatson
et al., 2008). Mafic rocks of this age were deposited in the Amadeus
Basin (the Loves Ck member) and intruded the Arunta Block to the
south. Mafic rocks of this age have not been previously recognised in
the Rover Field, but their stratigraphic position (whether they are
volcanics or near surface sills) is consistent with an age between
the Palaeoproterozoic (lower Felsic sequence) and the overlying
Cambrian Basin.

7. Determination of bulk magnetization

With detailed knowledge of the rock properties intersected, we can
approximate the relative contribution of each unit, based on the mea-
sured NRM andmagnetic susceptibility. This is achieved by firstly sepa-
rating both the remanent magnetization and induced magnetization
into X, Y, and Z vector components, and adding them to determine
their total magnetisation (J) per metre. The relative contributions of
each layer to the totalmagnetization of the anomalywere approximated
by weighting these vectors according to the inverse cube of their depth
below the survey elevation and multiplying the resultant components
by the intersected thickness of rock. Table 4 shows the results of these
manent magnetizations were used to calculate 3 component (X, Y, Z) total magnetization
rder to calculate the relativemagnetization per layer, both as 3 component (X, Y, Z) vectors
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calculations. An approximation of the total magnetization direction of
the anomaly is calculated by adding the resultant relative magnetiza-
tions for each layer, and then converting the X, Y and Z components
back to a directional vector. (See Table 3.)

In order to get themagnetization direction to agree with themodel-
ling, the magnetization of mafic units at the top of the pile must be
ignored. This can be justified because we have determined that these
are overprinted significantly by paleomagnetic noise, and hence are
not representative of the true remanence in situ. Furthermore, we
postulate, that since the unit is stratigraphically higher that the
rhyodacitic–rhyolitic sequence, that it might extend over a wider area,
which would not explain the localised magnetization distribution that
produces the Rover 3 anomaly. If we remove the input from the mafic
units, then the bulk magnetization of the source has an intensity of
158 mA/m with Inc 51° and Dec 136°. This direction of magnetization
is in good agreementwith that estimated from themagnetic field inver-
sion, but the intensity is an order of magnitude less than the modelled
magnetization (2.3–3.6 A/m). The intensity of magnetization estimated
from the palaeomagnetic measurements is substantially reduced
by cancellation between magnetizations of opposite polarity, and
it is quite feasible that the limited sampling of the borehole, or of
our sampling of the core, has misrepresented this effect (i.e., the
amplitude of the magnetic field anomaly suggests that the reverse
magnetization is more dominant than we have detected in the limited
paleomagnetic sampling).

In order to achieve a magnitude of ~2 A/m it is necessary to remove
all of the up oriented magnetized layers from the volcanic pile, indicat-
ing that the upward oriented remanence might not be as significant as
assumed here. It must also be noted that the NRMs used in this calcula-
tion do not necessarily correspond to the remanent magnetization of
the rock in the ground. We have demonstrated that the measured
Fig. 11. A. 3-Dmagnetic model constructed using a generalised stratigraphy of the hole (shown
covert the results of Table 4 into a simplified geologicalmodel, the intersected thicknesses from
within each layer were averaged, the PCA results for each layer were used for the remanent m
zation intensities were calculated after liquid nitrogen cleaning, in order to ignore softmagnetiz
NRMs for many of the upper units are contaminated by unrepresenta-
tive paleomagnetic noise. Hence, we interpret that the intensity mis-
match between the calculated and modelled magnetization intensity
may be due to the fact that NRMs used in the calculation are not in all
cases representative of the remanent magnetization in the ground.

8. Reconciliation of anomaly and magnetization

In this sectionwe attribute each layerwith its likely in situ remanent
magnetization values identified by the demagnetization study, and
incorporate knowledge of the relative proportion of “hard” vs “soft”
remanence in each lithology (as determined from liquid nitrogen
“cleaning”). To test whether the determined properties and layer thick-
nesses are realistic, a 3-D magnetic model was constructed based on a
generalised stratigraphyof the hole, and attributedwith thedetermined
rock properties (Fig. 11).

The layers used were based on the divisions identified in the
palaeomagnetic analyses, and the thicknesses constrained by the gener-
alised stratigraphy of the drill hole (Stephens, 2010). The actual geology
is undoubtedly more complex than as represented in this model. How-
ever, because the drill hole intersected a sequence of largely unde-
formed, somewhat layered volcanics, corresponding to a sub-circular
magnetic anomaly we feel that the suggested model is justifiable.

The susceptibilities used were determined by averaging susceptibil-
ities of samples within the given thickness. Each layer was given a rem-
anent magnetization direction corresponding to the determined stable
magnetization, and the intensitywas calculated as the average intensity
of cleaned samples (i.e., after removal of the soft component of rema-
nentmagnetization). Remanent magnetizationmay also be determined
by averaging the vector sumof themagnetisations fromeach unit. How-
ever, neither method is necessarily more accurate that the other (both
) and with layers that have been attributed properties based on the preceding sections. To
the 80° plunging drillholewere converted to true thicknesses, themagnetic susceptibilities
agnetization directions and the mean intensity was calculated from Table 4. The magneti-
ation components (from themafic units in particular). Numbers are rounded for simplicity.



Fig. 12. The resultant model, shown in 3-D, beneath the ground surface (transparent) and TMI anomaly.
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are estimations). Furthermore, where the magnetizations are reason-
ably consistent, the difference in results is negligible, e.g., for the
Upper Rhyodacite+ the method used gave a result of J = 4500 mA/m,
Dec 122° and Inc 54.4°, whereas the vector addition method gave an
estimate of J = 4371 mA/m, Dec = 120° and Inc = 53°. In the case of
the felsic units there is little difference in the results. The resultant 3-D
model (Fig. 12) matches the magnetic anomaly to within 10% rms,
which is a surprisingly close match. We could adjust the model to
match the anomaly even more closely, but there is little justification
to choose between the various changes that could achieve this, given
the paucity of geological data available.

9. Conclusions

This study has shown the importance of measuring remanent
magnetization in drill core, especially where anomalies are clearly due
to remanence. We have presented a workflow for reconciling models
derived frommagnetic field data withmeasurements of the rockmagne-
tizations which cause them. The study has shown that the distribution of
remanent magnetization within a body can be highly inhomogeneous,
that NRMmeasurements may not be indicative of ‘in ground’magnetiza-
tions, and that there is a need to measure multiple samples throughout a
body to determine its bulk magnetic properties. In this case, the initial
interpretation that the upper basalt could not explain the anomaly
(Stephens, 2010) was correct, however the actual source of the anomaly
was overlooked because it does not have a particularly high magnetic
susceptibility, and it was only searched for using magnetic susceptibility
measurements. Since the anomaly is clearly due to remanent magnetiza-
tion, a more rigorous approach would have been to include measure-
ments of remanent magnetization. At the time that Rover 3 was drilled,
this would have required sending core samples to a palaeomagnetic
laboratory, but those measurements would not have been available in
the timeframe required to make decisions about the drilling. Fortunately
there are portable instruments being developed for such applications
(e.g., the Q-meter, described by Schmidt and Lackie, 2013). With such
instruments, it would have been possible to identify that the remanence
causing the magnetic field anomaly was primarily retained in the
rhyodacitic units by the time drilling had reached a depth of approxi-
mately 400 m — thereby saving a further 350 m of drilling.
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