
FOR FURTHER INFORMATION 

Figure 3: (A, B & C) 3D Magnetic modeling along 3 sections (above) explain the anomaly at Candelaria well (rms error 3.2%) with a series of sub-parallel bodies 
of high susceptibility, dipping shallowly to the south. The bodies are colored by their susceptibility, with dark blue = 3 SI and Red = 4 SI. Lines shown are as for Fig 
2. (D) A 3D view of the modeling result showing Total Magnetic Intensity (top; data supplied by Fugro Gravity and Magnetic Services Inc.) above a GoogleEarthTM 
image which is draped over SRTM data (below). The modeled bodies are shown stepping up to the west through the pit. NB: in figs A-C that the sub-horizontal 
magnetite bodies correspond to areas that have been mined out, indicating that the model is a good approximation of the magnetic architecture of the deposit. 
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Magnetic modeling of the Candelaria IOCG deposit, Chile:     
The Influence of Remanent Magnetism and Self-demagnetisation. 

Iron Oxide Copper Gold (IOCG) deposits make interesting subjects for geophysical modelling. Deposits 
contain large amounts of iron oxides, which are extremely dense and, in the case of magnetite-rich 
deposits, highly magnetic. Magnetism within an IOCG is commonly comprised of two components, and 
it is important to consider both induced and remanent magnetisation when modeling 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. In 
magnetite, grains larger than about 1 μm form magnetic domains of opposite polarity (Fig 1a), which 
reduce the magnetostatic energy of the grain. 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. 

Forward modeling of magnetic data over magnetite-rich sources, such as Iron Oxide Copper-Gold deposits (IOCGs) is problematic and quantifying the effects of remanence 
and self-demagnetisation are critical. However, measurement of remanence is often neglected and its importance in IOCGs is poorly understood. In this study, we present analyses 
of remanent magnetisation from the Candelaria deposit, Chile and compare the results with Proterozoic magnetite-rich IOCGs of the Cloncurry district, Australia. We discuss how remanence can 
be contaminated by drilling, show that remanence is less important than self-demagnetisation for magnetite-rich IOCGs, and provide examples of difficulties encountered with modeling IOCGs.  
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3. Modeling the Magnetic Properties of IOCGs 
Although remanence is relatively easily measured, some workers infer that remanence is dominant in IOCG deposits based only on 
interpretation of the magnetic field data. For example, Ellis et al. (2012) used a 3-D voxel-based inversion to derive total magnetisation 
vectors, from which they infer remanence to be dominant at Osborne. However, their inference conflicts with measured data (Clark, 
1988) which demonstrates that remanence is minor and that the modeling difficulties at Osborne are due to self-demagnetisation 
(Gidley, 1988). Similarly, 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 a remanent magnetisation of 650 nT. It is possible to reproduce the 
modeling result of Taylor (2000; Fig 2). The result seems an adequate fit to the data (15% rms error). However, it must be noted that the 
regional 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 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). 
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Figure 1: Shows the difference between 
Multi domain magnetism and Single 
domain magnetism. A. Uniformly 
magnetized (single-domain) grain 
where magnetization is shown by the 
arrow, and surface charge by + & - ; b. 
Grain of ferromagnetic material 
subdivided into domains (Multidomain) 
which reduced the magnetostatic 
energy of the grain. Grains that are 
intermediate are called pseudo single 
domain. [from: Butler, 1998]. 

5. Conclusions 
Magnetite-rich end members of the IOCG family (e.g., Candelaria, Osborne, Starra, 
Ernest Henry, Brumby) have high susceptibilities, but because they contain such high 
proportions of coarse-grained magnetite their remanent magnetisation is commonly 
multi-domain (i.e., “soft”; easily reset). Therefore magnetite-rich IOCGs do not 
commonly retain large components of stable remanent magnetisation oblique to the 
Earth’s local field, but, due to their high susceptibility, are commonly affected by self- 
demagnetisation.  

There are considerable differences between the observed fields when demagnetising 
effects are included in forward modeling. We have shown differences of up to ± 500nT 
arising from the demagnetising effects and the rotation of the magnetisation vector into 
the plane of highly susceptible magnetite sheets.  

It must be noted that any number of models could be used to explain a given anomaly, 
due to the ambiguities of magnetic modeling. However, this work shows that it is 
imperative to consider the effects of remanence and self-demagnetisation to achieve 
accurate geophysical modeling of  magnetite-rich Iron Oxide Cu-Au systems. 

2. Magnetic Properties of Candelaria and Some Australian IOCGs 
Numerous hysteresis and coercivity studies on Magnetite-rich IOCGs, such as Starra, Osborne and Candelaria (Clark, 1988, Clark et al, 
2003) have shown that remanent magnetisation present in IOCGs is primarily carried by MD magnetite, and is unstable. Because the 
magnetisation is so unstable, the measured “Natural Remanent Magnetisation” (NRM) in IOCGs is often not “natural” at all, but is 
acquired by stress release in the magnetic field within the steel drilling rods. This induces remanent magnetisation along the drill 
hole axis. This phenomenon may lead workers to overestimate the importance of remanence in IOCGs.  “Cleaned” NRM vectors, 
representative of in situ NRM, are obtained by applying low temperature demagnetisation (using liquid nitrogen).  

When correctly treated and measured, remanence in magnetite-rich IOCGs is typically subordinate to induced magnetisation, 
although not completely negligible. For example, the average magnetic susceptibility of the Candelaria Magnetite ore is 3.4 SI, 
whereas the remanent magnetisation is only 10-20% of the induced magnetisation (Clark et al, 2003). Similarly, IOCGs of the 
Cloncurry District commonly have high magnetic susceptibilities (e.g., 1-4 SI) but remanence is 10-20% of induced magnetisation. 
Furthermore, because the NRM carriers are large MD magnetite grains, the magnetisation direction is oriented parallel to the 
inducing field, so the remanence effectively only adds to the induced component. In contrast, pyrrhotite, which is found in very high 
concentrations in parts of the Brumby IOCG prospect, can have extremely high Koenigsberger ratios# (e.g., up to 146) corresponding 
with significant susceptibility (e.g., 0.3 SI). However, the limited volume of pyrrhotite within most IOCGs does not add significantly to 
their total anomalies.                                                                                                        (# = the ratio of remanent to induced magnetisation) 
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4. Modeling Self-demagnetisation 
Self-demagnetisation occurs in all magnetic bodies, however, the effect is 
negligible for susceptibilities of less than about 0.1 SI. The demagnetising 
field within a body tends to oppose the inducing field, decreasing the 
magnetisation and hence reducing the measured anomalous field, and 
may lead to the rotation of the magnetic field vector into the plane of the 
body. By modeling a body as a collection of sub-volumes and calculating 
their interactions, using the method of Hillan and Foss (2012), we are able 
to account for the self-demagnetising effect of a body and its interactions 
with all surrounding bodies.    

A simple model of the Candelaria anomaly is constructed as a collection of 
4 sub-horizontal, highly susceptible (3-3.5 SI) dipping sheets surrounded by 
a host rock of 0.4 SI. Figure 4 plots the total magnetisation as a North-
South section both without (top panel) and with (bottom panel) the 
demagnetising effects included, with the observed TMI plotted in Figure 5. 

The TMI images show considerable suppression of the 
anomalies, more so of the positive anomalies, due to the 
complex interactions and magnetisation suppression 
illustrated in Figure 4 (bottom panel). The anomaly with 
demagnetisation effects included appears as though the 
inducing field has rotated to become more equatorial. The 
difference between the TMI grids is plotted in Figure 6 and 
shows differences of up to +\- 500 nT.  

These experiments demonstrate that the complexity of the 
Candelaria anomaly can be modeled by complex 
interactions of self-demagnetising bodies within the 
layered, “manto” style architecture (e.g., Marschik and 
Fontbote, 2001) that is typical of this area (e.g., Sillitoe, 
2003). We furthermore interpret that the clockwise 
rotation of the anomaly noted by Taylor (2000) could be 
due to self-demagnetisation, probably coupled with 
incomplete separation of residual from regional anomalies. 
 

Figure 4: North-South cross sections, through 372500 (m) East, showing the total 
magnetisation distribution through the modeled bodies and host rock. The total 
magnetisation is plotted both without and with the demagnetising effect being 
calculated in the top and bottom panels, respectively. Self-demagnetisation in this 
case accounts for a 10 A/m suppression of the magnetisation of the bodies. ->          
NB: There is an approximately 5x vertical exaggeration. 

Figure 5: Contoured TMI images calculated from the synthetic model at 800 m 
altitude A. Shows the anomaly from the bodies as modelled and B. Shows anomaly 
from the bodies after the demagnetising effect has been incorporated. 

Figure 6: Contour plot of the difference between 
the TMI grids in Figure 5. Areas  where fields have 
become more negative are plotted as cooler 
colours, while areas where fields have become 
more positive are plotted as warmer colours. 

Figure 2: A replication of the magnetic modeling of Taylor 
(2000). Upper window: Pink line = regional gradient; Red = 
modeled Mag; Black = measured mag. Lower window: Dashed 
blue line = Sensor height; Red = pre-mining ground surface; 
Black = current surface. The body in Blue has a susceptibility of 
0.063 SI and a remanence of 650 nT, oriented  near-vertical, up. 

Analyses by Clark et al. (2003) have since shown that the Candelaria ore has an 
extremely high susceptibility of 3.4 SI, and relatively weak remanence, which 
itself is dominated by recent  viscous overprinting, aligned parallel to the 
Earth’s Field (as discussed by Roperch et al., 2001). Furthermore, because the 
ore is so highly susceptible it will suffer from self-demagnetisation. Magnetic 
modeling of the Candelaria deposit incorporates these new data (Fig 3). The 
resultant model consists of a number of sub-parallel bodies with extreme (3-4 
SI) susceptibility, that dip shallowly to the south, and step up to the west, 
indicating thrusting of the lenses, west over east. This model, which estimates 
self-demagnetisation, fits the data well (3.2% rms error) and accounts for the 
repetition of this style of anomaly locally. The Cu-Au mineralisation is spatially 
non-coincident with the magnetised rocks, the “mantos” (sub-horizontal 
magnetite sheets), but with a steep, N-trending shear zone. 
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1. Induced vs Remanent Magnetisation - Some Background 
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