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MEASUREMENTS 

 

Induced vs Remanent Magnetisation 

Magnetism within most rocks containing magnetic minerals 

will be comprised of two components, induced and remanent 

magnetisation, and it is important to consider both when 

modelling geological bodies. Induced magnetisation is a 

response to the ambient field and is equal to the product of the 

magnetic susceptibility and the inducing field. For isotropic 

rocks, it is parallel to the internal inducing field, which for 

weakly magnetic rocks is essentially along the regional 

geomagnetic field direction.  Remanent magnetisation is a 

more-or-less permanent magnetisation present in the rock, i.e. 

it is not induced by the earth’s field, but is retained in the rock 

over geological time spans by fine-grained particles of 

minerals such as magnetite, pyrrhotite and hematite. Natural 

Remanent Magnetisation (NRM) is often acquired during 

thermal or metasomatic events. As the rocks cool through the 

Curie point they acquire a remanence along the magnetic field 

direction of the earth at that time. The orientation of remanent 

magnetisation can be stable for billions of years, or it can be 

highly dynamic, acquiring new magnetisation over days to 

years. Its stability is primarily a function of grain size.  

 

Magnetite, grains larger than about 1 μm form magnetic 

domains of opposite polarity (Fig 1a), which reduce the 

magnetostatic energy of the grain.  

 

Figure 1: Shows the difference between Multi domain magnetism and 
Single domain magnetism. A. Grain of ferromagnetic material 

subdivided into domains (Multidomain) which reduced the 

magnetostatic energy of the grain. B. Uniformly magnetized (single-
domain) grain where magnetisation is shown by the arrow, and 

surface charge by + /-. Grains that are intermediate are called pseudo 

single domain. (from: Butler, 1998). 

 
Where grains are >10μm there are scores of domains within 

the grain. These grains fall into the large multidomain (MD) 

size range. In finer grained magnetite (e.g., <0.1 μm) the 

energy required to form magnetic domains is too great, so a 

single domain structure is retained (Figure 1b). Not 

surprisingly, remanence in large MD magnetite is easily 

changed by exposure to magnetic fields or by thermal 

fluctuations (even at ambient temperatures), due to movement 

of domain walls, whereas remanence in single domain 

magnetite is very stable. 

 
Myth: Mt-rich IOCGs have high remanent magnetisation 

On the contrary, detailed studies (e.g., Clark, 1994; Clark et al, 

2003; Austin et al., 2012; 2013a; 2013b) have shown that 

remanence is usually subordinate to induced magnetisation. 

Measurements from numerous IOCGs, Ernest Henry (Clark, 

1994), Starra and Osborne, (Clark, 1988), Candelaria (Austin 

et al, 2012) and Monakoff (Austin et al, 2013a) have shown 

that remanence it usually one fifth the intensity of induced 

magnetisation (i.e., the ore has a Q ratio of ~0.2). Of this, 

around 60-80% of the remanence will commonly be viscous 

remanence, meaning it is unstable, and usually this component 

will be aligned with the Earth’s field, thus mimicking the 

effect of the induced magnetisation. Accidental experiments 

(conducted by leaving demagnetised samples lying around in 

laboratories for a few months/years, and then remeasuring), 

have shown that magnetite-rich ores, with multidomain 

structure, will be quickly remagnetised. 

 

In contrast, hematite and pyrrhotite can retain significant 

remanence in IOCG systems. At Monakoff the host iron 

formations retain remanence in barren hematite, along strike 
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Magnetic methods are integral to modern mineral 

exploration, often providing the starting point for 

explorers. However, in many cases the data are not 

investigated beyond image analysis, and rarely do we get 

an opportunity to determine the cause of a given anomaly 

in any great detail. In this study we investigate some of 

the methods used to get more out of magnetic datasets, 

e.g., integration of magnetic data with rock property and 

geochemical data across a range of scales. We look at 

some of the myths surrounding rock magnetism, e.g., 

remanence is important in magnetite-rich ore systems, 

and explore some of the more esoteric aspects of rock 

magnetism in mineral systems, such as, self-

demagnetisation, thermal, viscous and chemical remanent 

magnetisation, magnetic domain structure, and 

mineralogy, and consider how they affect our 

interpretations. The study, which is mostly focussed on 

IOCG deposits, aims to give some insights into “what 

causes the anomaly?”, from deposit to microscopic 

scales. This review also aims to highlight why new 

methods for remote determination of rock properties, 

particularly remanence, are so important. 
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from the main ore zone (Austin et al, 2013a). At Brumby 

remanence is strongest in pyrrhotite which is associated with 

elevated copper concentrations (Austin et al, 2013b). 

 

Myth: Measuring NRM gives you a “remanence” direction 

If you are really lucky this might be true, i.e., your sample 

may contain only TRM (thermo-remanent magnetisation). 

However, most of the time samples will be affected by some 

kind of secondary overprint. There are many types of 

remanence in rocks, including: Viscous (VRM), thermo-

viscous (TVRM), Isothermal (IRM), Chemical (CRM) and 

Detrital (DRM) remanent magnetisation (see Butler (1998).  

Two common types of overprint that make interpretation of 

remanence difficult are drilling-induced remanence (DIR) and 

lightning-induced IRM.  

 

DIR is most commonly associated with multi-domain 

magnetite (which is common in IOCGs: e.g., Austin et al., 

2012), and is caused by stress release in the magnetic field 

within the steel drilling rods (Pinto and McWilliams, 1990). 

This phenomenon may lead workers to overestimate the 

importance of remanence in IOCGs. DIR is easy to recognise 

in palaeomagnetic studies because the measured “NRM” will 

be oriented parallel to the drill hole plunge. In the southern 

hemisphere it is usually inclined upward, whereas in the 

northern hemisphere it is usually inclined downward. Figure 2 

shows an example of DIR from the Brumby prospect (Austin, 

et al., 2013) and from Prominent Hill. “Cleaned” NRM 

vectors, representative of in situ NRM, are obtained by 

applying low temperature demagnetisation (cooling through 

the Verway transition, using liquid nitrogen). 

 

 

 

Figure 2: Drilling induced magnetisation; A. A magnetite-rich 

ore from the Brumby IOCG, where the remanence direction 

migrates toward the drilling direction. B. A mafic dyke from 

Prominent Hill where the remanence direction migrates away 

from the drill direction towards a stable magnetisation. 

 
Lightning-induced IRM is more likely to affect surface rocks, 

especially where they occupy a relative topographic high. The 

effects usually include elevated remanent magnetisation 

intensity, often coupled magnetisation vectors that both vary 

gradually away from the strike site. Where there are sufficient 

unaffected data, it is usually straight forward to identify the 

affected samples, but it can be difficult where the rocks 

display significant geochemical and or textural variation, or 

have undergone significant deformation. Once a sample is 

affected by lightening induced TRM it would commonly take 

high AF fields (>100 mT) or low temperature demagnetisation 

to demagnetise the sample sufficiently to deduce a primary 

magnetisation direction (if this could be done at all).  

 

Myth: Magnetic susceptibility meters measure remanence 

One uncommon reason that a magnetic target can be missed is 

that remanent magnetisation was not recognised. Currently, 

there is no easy way of measuring remanent magnetisation in 

the field and so if there is remanence, a geologists logging the 

core would usually have no idea. However, this problem is 

now being addressed by Schmidt and Lackie (2013).  A case 

study by Foss and Austin on the Rover 3 anomaly (Figure 3), 

near Tennant Creek, determined that a drill-hole had been 

continued for 500m after intercepting the causative body, and 

200m past the body simply because remanence had not been 

recognised. As a general rule, where an anomaly is negative or 

RTP is asymmetric there will be remanence, and a 

susceptibility meter will tell you little about its magnetic 

properties.   

 
 

Figure 3: A 3-D representation of the Rover 3 anomaly, 

showing the magnetic field (top), the ground surface, 

intersecting drill hole and interpreted causative body 

 

MINERALOGY 

 

Ore deposits are geologically, geochemically and 

geophysically complex, both spatially and temporally. They 

may contain multiple magnetic minerals, which have been 

deposited at different times, and may overprint each other in 

complex ways. Each of these minerals may behave in a 

number of ways due to differences in their depositional, 

structural, metamorphic and metasomatic histories. The main 

physical factors that affect how a magnetic grain will behave 

are its mineralogy, chemistry, crystal structure, and grainsize 

(which influences magnetic domain structure). These factors 

influence the intensity of its remanent magnetisation and 

magnetic susceptibility, how easily it can be remagnetised (its 

coercivity) and at what temperatures it may be reset (Blocking 

Temperature, Curie Point). 

 

It is common to find varying amounts of magnetic minerals 

within ore deposits. For example, an IOCG system may 
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contain magnetite, pyrrhotite and hematite. They all have 

different magnetic susceptibilities, capacity to retain remanent 

magnetisation, and curie temperatures (Table 1) and their 

magnetic properties combine in various ways to affect the 

overall petrophysical properties of a deposit (Figure 4).  

 

Table 1: Properties of some main ore forming minerals, 

Q=Koenigsberger Ratio (Remanence: Magnetic susceptibility) 

 

Mineral Formula Mag Sus (SI) Q Curie point

Magnetite (MD) Fe3+
2Fe2+O4 3.8-10.0 0.05-0.5 580°C

Maghaemite Fe2O3 variable 0.05-0.5 545-675°C

Ilmenite Fe2TiO3 0.03 - 3.5 ? 50-300°C

Pyrrhotite (m-clin) Fe7S8 variable 1-500 320°C

Hematite Fe3+
2O3 0.0005 - 0.01 30-1000 685°C

 

 

 
Figure 4: Relationships between magnetic susceptibility and 

density for host rocks, BIFs and Ore of the Monakoff deposit. 

 

The susceptibilities can be highly variable, primarily due to 

differing concentrations of magnetic minerals, but also due to 

variations in grainsize (Clark, 1983; 1984; Dekkers, 1988; 

1989), and to impurities or structural variations in the crystal 

lattice of the minerals. For example, the magnetic 

susceptibility of pyrrhotite increases due to missing iron 

cations in its crystal lattice (Butler, 1988). Therefore, the more 

defect-rich, Fe-poor, the lattice, the more magnetic the 

pyrrhotite is.  

 

Variations in the magnetic susceptibility of magnetite are 

largely due to substitution of different cations into the spinel 

crystal structure (Harrison and Putnis, 1999). For example, 

magnetite with high amounts of titanium (titanomagnetite) 

crystallises at high temperatures (1200°C), but as it cools 

further (at ~580°C) it will exsolve into magnetite and ilmenite. 

While the ilmenite is less magnetic, the resulting partitioning 

of the magnetite grains can lead to more extreme remanence in 

the rock. A similar process can occur with titanohematite. 

 

Fine magnetite lamellae within hematite bodies can also cause 

very extreme magnetism. This was detected using 

petrographic and scanning electron microscope observations, 

and rock magnetism measurements by Schmidt et al, 2007. 

They proposed that fine intergrowths of very minor amounts 

of magnetite and/or maghemite within a high grade hematite 

body (Peculiar Knob) were responsible for the high coercivity 

and high remanent magnetisation. The intergrowths are not 

typical exsolution lamellae and were likely caused by high-

grade metamorphic overprinting of hematite (>680°C). 

 
Fe oxides and sulphides within an ore system are all reactive, 

and can be altered during thermal and metasomatic events. Fe 

sulphides (pyrite, pyrrhotite) will oxidise to iron oxides 

(magnetite, hematite) given an oxygen rich environment and 

heat. Conversely, iron oxides can be altered to sulphides given 

the presence of sulphur and reducing conditions. These 

processes are commonly called Redox reactions. IOCG 

mineralisation commonly involves metasomatic alteration of 

host rocks by both oxidizing and reduced fluids that are 

channelled by fault systems, and localised in favourable 

structural traps (e.g., fault intersections). These fluids may 

overprint each other, or interact, in complex and variable ways 

which lead to complex magnetic textures within an ore 

system. Iron oxides can also replace other iron oxides. Given 

reducing conditions and heat, hematite can be oxidized to 

form mushketovite, a mineral which mimics the magnetic 

properties of magnetite. This has been observed at a number of 

IOCG deposits, e.g., Candelaria (Austin et al., 2012). 

Conversely, martite (which mimics hematite) may form from 

magnetite in oxidizing/acidic conditions (Clark, 2013). 

 

It is common to observe zonation of ore systems. The zonation 

can be concentric, e.g., a reduced core containing sulphides 

and an oxidised rim containing magnetite as interpreted for 

Brumby prospect (Austin et al., 2013b). Concentric zonation is 

very common in porphyry systems, as illustrated by figure 5 

below (after Clark et al., 2003). The anomaly generated from a 

zoned ore deposit will depend on the distribution of the 

reduced and oxidised zones, the properties of the host rock and 

the level of erosion. In the example below, the inner high is 

caused by outer (0.173 SI) and inner potassic (0.35 SI) 

alteration, the broad low is due to magnetite destructive 

phyllic and propylitic alteration (0.003-0.03 SI) , and the high 

background field is due to the magnetic andesitic host rock 

(0.043 SI).  

 

 

 

Figure 5: A synthetic model of a gold-rich porphyry copper 

deposit, exposed by erosion. Dark red is inner potassic zone, 

orange is outer potassic, yellow is phyllic (argillic), dark 

green is strong propylitic and light green is weak propylitic 

alteration. The host andesite is blue. The profile above is the 

modelled RTP total magnetic field across the model (after 

Clark et al, 2003). 
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Zonation can be vertical, e.g., magnetite at depth and hematite 

near surface, as is interpreted for the Olympic dam IOCG 

(Esdale, et al., 2003, Austin & Foss, 2012; Clark 2013). 

Zonation may also be planar, e.g., a stratiform iron horizon 

which transitions from hematite rich to magnetite-sulphide 

rich, e.g., Monakoff (Figure 6; Austin et al., 2013a).  

 
Figure 6: Magnetic model of the folded hematite-magnetite 

BIF horizon (yellow), and the crosscutting ore lens (blue) 

 
The zonation may be due to proximity to source, redox or 

simply mineral replacement. With this zonation it is common 

to also observe zonation in the magnetic properties, for 

example at Monakoff (Austin et al, 2013a) the flanks of the 

anomaly display strong remanent magnetism (Koenigsberger 

ratio [Q] of ~13) in hematite ± magnetite BIF, whereas the 

central calcite-magnetite-chalcopyrite-barite-fluorite ore zone 

has a Q of 0.15. In porphyry systems, there can often be highly 

remanent components of magnetisation associated with 

skarnification (e.g., Clark et al., 2003). 

 

 

MODELLING 

 

Myth: Ore deposits are geophysically homogeneous 

This is obviously not true, but when it comes to modelling this 

is an assumption that is often made to simplify the modelling 

process. In fact, ore deposits and IOCGs in particular, 

represent some of the most geophysically inhomogeneous 

rocks on earth. This can be illustrated by examination of 

downhole susceptibility measurements through an IOCG ore 

system, the Brumby prospect (Figure 7; Austin et al, 2013b).  

 

These data show that, not only is there a variation of 6 orders 

of magnitude over very small distances, but that the data is 

also very “nuggety”. This implies that low resolution MagSus 

data (≥1m) cannot be used to make estimations of bulk 

properties. It is optimal to take a higher resolution data (~25 

cm) and apply a rolling average filter to determine bulk 

properties of ore deposits, which can then be used to make 

spatial interpolations, such as in LeapfrogTM, e.g., Figure 8. 

 

 
Figure 7: Down-hole magnetic Susceptibility data measured 

with a handheld susceptibility meter on drill-hole BRNQ-008. 

A. Raw data; B. Data after application of a rolling average of 

11 data. Applying a rolling average filter allows a more 

accurate estimation of the bulk susceptibility of the breccia.  

 

 

Figure 8: A spatial interpolation of Magnetic Susceptibility 

data, and its relationship to an interpreted fault within the 

Brumby IOCG prospect. (From Austin et al, 2013b) 
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The same is true of remanence; the intensity can vary widely 

over very small distances, due to variation in either abundance 

of Fe- minerals, or changes in grainsize. However, 

determining bulk properties for remanence is significantly 

more difficult than for susceptibility because the vector of 

magnetisation is harder to resolve. Where there are no 

geological constraints to work with, methods currently being 

developed (e.g., Pratt et al., 2012; Pratt, 2013; Ellis et al., 

2012) that determine the total magnetisation from the TMI 

data should provide new tools for remote determination of 

remanent magnetisation. Another approach is to use 

geological and/or geophysical data to constrain the geometry 

of the body. Useful constraints might include: determination 

of rock petrophysics (remanence, magnetic susceptibility and 

density), better locating the top of the body using geophysical 

filters and or geochemistry, simultaneous (joint) inversion of 

magnetics and gravity, using drill data to interpolate 3-D 

distribution of density, susceptibility, geochemistry. An 

approach incorporating many of these constraints, such as the 

modelling of the Brumby IOCG (Figure 9: Austin et al, 

2013b) is more likely to result in a good modelling outcome. 

 

Figure 9: An example of constrained modelling, the Brumby 

prospect, Qld, where drilling data, basement geochemistry 

and fault mapping were used to constrain geophysical 

modelling 

 

Myth: High magnetism equals high mineralisation 

This statement might be accurate for (most) magnetite 

deposits, but it is not always true of IOCG mineralisation. 

Commonly there will be a good correlation at the deposit 

scale. However, at finer scales (e.g., core scale) the opposite is 

often true (e.g., Austin et al., 2013a; 2013b). In magnetite rich 

systems this is due to Fe forming sulphides, (e.g., pyrite, 

chalcopyrite, pyrrhotite) when sulphur is introduced into the 

ore system. These all have significantly lower susceptibilities 

than magnetite, and with the exception of pyrrhotite do not 

retain significant remanent magnetisation. Where there are 

zones enriched in pyrrhotite there can be a positive correlation 

between high magnetisation and high mineralisation, but this 

is uncommon (cf. Austin et al., 2013b). Hematite-rich IOCGs 

can display vertical zonation of magnetite (e.g., Clark, 2013) 

and concentric zonation of mineralisation whereby the 

hematite-rich core of the system can be barren (e.g., Esdale et 

al., 2003). But there is no consistent relationship between 

mineralisation and magnetite. Magnetic anomalism in 

hematite-rich IOCGs is often unrelated to mineralisation, e.g., 

at Prominent Hill (Hart and Freeman, 2003) where it is due to 

skarnification. Consequently, bullseye magnetic anomalies do 

not always represent the best drill targets for IOCG 

mineralisation. A zone of locally suppressed magnetic field, 

coincident with a gravity high should be more prospective. 

This is illustrated by an anomaly associated with the Brumby 

prospect (Figure 10; Austin et al., 2013b), showing an overall 

high with a subtle low in the centre, or a donut shape in the 

analytic signal, corresponding with magnetite destruction in 

the core. Alternatively juxtaposed magnetic and gravity 

anomalies may also be considered prospective (Clark, 2013). 

 

Figure 10: A magnetic high with a zone of locally suppressed 

magnetic field in the core, indicating magnetite destructions and/or 

sulphide precipitation. Left is TMI, right is analytic signal. (After 
Austin et al., 2013B) 

Myth: Highly magnetic bodies units can be modelled like 

other anomalies. 

Self-demagnetisation is commonly ignored because it is 

perceived only to affect the intensity of magnetisation, and not 

to have a significant impact on the geometry of the causative 

body. However, it is well known that self-demagnetisation 

may lead to rotation of the magnetic field vector into the plane 

of the body (e.g., Hillan, 2013b) and hence may cause highly 

magnetic bodies to be mis-modeled. In a case study on the 

Osborne IOCG, Gidley (1988) determined that early drilling 

efforts failed because self-demagnetisation was not accounted 

for, and the body was mis-modelled. 

Taylor (2000) suggested that the complexity of Candelaria’s 

magnetic anomaly was caused by remanence. He modelled 

Candelaria using a susceptibility of 0.05 cgs (0.063 SI) and 

remanent magnetisation five times stronger than induced, 

oriented down to the SW. It is possible to reproduce the 

modelling result of Taylor (2000; Fig 11, below). 

 

 

Figure 11: A replication of Taylor’s (2000) magnetic model of 

Candelaria. Top panel: black is observed TMI, red is 

modelled TMI, pink is regional field. Bottom panel: blue dash 

is flight line, red is pre-mining surface, black is post-mining 

surface. NB: the low to the SW is very poorly modelled, and 

the ore body is spatially displaced from the mined area. 
 

The result seems an adequate fit to the data (15% rms error). 

However, it must be noted that the regional field is set too 

high, and thus the low in the south is very poorly modelled. 

Furthermore, the body appears to sit above the original ground 
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surface over its entire length, and only occupies the 

northernmost part of the Candelaria pit. Examination of the 

regional data shows that Candelaria sits within a highly 

magnetic environment, with strong local gradients, and that 

neighbouring anomalies strongly interfere with the anomaly 

modelled by Taylor (2000).  

Subsequent analyses (Clark et al., 2003; Austin et al., 2012) 

have since shown that the Candelaria ore has an extremely 

high susceptibility of ~3.4 SI, and relatively weak remanence.  

Such highly susceptible rocks will suffer from self-

demagnetisation. Magnetic investigation of the Candelaria 

IOCG deposit by Austin et al. (2012) developed a model 

consisting of a number of sub-parallel bodies with extreme (3-

4 SI) susceptibility, that dip shallowly to the south (Figure 12).  

 

Figure 12: Magnetic model of Candelaria by Austin et al, 

2012. Lines are as for Fig 11. Note that the low to the south is 

modelled accurately and that the magnetite sheets are 

spatially coincident with the mined area. 

This model, which uses an estimate of self-demagnetisation 

(built into ModelVisionTM software), fits the data well (3.2% 

rms error) and accounts for the repetition of this style of 

anomaly locally. Numerical modelling of self demagnetisation 

(Hillan, 2013a, b) has been tested on Candelaria (Austin et al, 

2012) showing that approximately half of the magnetic 

response is suppressed and the anomaly significantly rotated 

due to demagnetisation and the complex sheet interactions. 

CONCLUSIONS 

This review of some commonly overlooked aspects of rock 

magnetism highlights the need for remote methods for 

determination of rock magnetic properties and the need for 

better integrated modelling approaches. Hopefully, it has 

provided some background on the complexities of magnetism 

in mineral systems, and insights into “what causes the 

anomaly?” 
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