Chapter 13

Mapping and Interpretation of the Lithospheric

Magnetic Field

Michael E. Purucker and David A. Clark

Abstract We review some of the controversial and
exciting interpretations of the magnetic field of the
earth’s lithosphere occurring in the four year period
ending with the TAGA meeting in Sopron in 2009.
This period corresponds to the end of the Decade
of Geopotential Research, an international effort to
promote and coordinate a continuous monitoring of
geopotential field variability in the near-Earth envi-
ronment. One of the products of this effort has
been the World Digital Magnetic Anomaly Map,
the first edition of which was released in 2007.
A second, improved, edition is planned for 2011.
Interpretations of the lithospheric magnetic field that
bear on impacts, tectonics, resource exploration, and
lower crustal processes are reviewed. Future inter-
pretations of the lithospheric field will be enhanced
through a better understanding of the processes
that create, destroy, and alter magnetic minerals,
and via routine measurements of the magnetic field
gradient.

13.1 Introduction

The magnetic field originating in the earth’s litho-
sphere is part of the earth’s magnetic field complex,
a dynamic system (Friis-Christensen et al. 2009) dom-
inated by the interaction of the earth’s magnetic field
dynamo with that of the sun’s. The lithospheric field
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is dominated by static (on a human time scale) con-
tributions that typically represents less than 1% of
the overall magnitude of the magnetic field complex,
and originate from rocks in the crust and locally, the
uppermost mantle. Interpretation of the lithospheric
magnetic field is used in (1) structural geology and
geologic mapping, and extrapolation of surface obser-
vations of composition and structure, (2) resource
exploration and 3) plate tectonic reconstructions and
geodynamics.

This article is designed as a review describing recent
progress in mapping and interpreting the lithospheric
magnetic field, and also includes some highlights from
the 2009 TAGA meeting in Sopron, Hungary. Since
TIAGA meets every four years, we have designed this
review to highlight progress in the four year period
from 2005 through 2009, although references to ear-
lier important works are not neglected, especially in
the area of resource exploration. Several reviews bear-
ing on the mapping and interpretation of the litho-
spheric magnetic field have appeared between 2005
and 2009. Review articles within books and encyclo-
pedias have included those within the Encyclopedia
of Geomagnetism and Paleomagnetism (Gubbins and
Herrero-Bervera 2007) and the Treatise of Geophysics
(Schubert 2007). The Encyclopedia included arti-
cles on the Crustal Magnetic Field (D. Ravat, pp.
140-144), Depth to Curie temperature (M. Rajaram,
pp. 157-159), Magnetic anomalies for Geology and
Resources (C. Reeves and J. Korhonen, pp. 477-481),
Magnetic Anomalies, Long Wavelength (M. Purucker,
pp. 481-483), Magnetic Anomalies, Marine (J.
Heirtzler, pp. 483-485), and Magnetic Anomalies,
modeling (J. Arkani-Hamed, pp. 485-490). The
Treatise of Geophysics included articles on ’Crustal
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Magnetism’ (Purucker and Whaler 2007), on the
‘Source of Oceanic Magnetic anomalies and the geo-
magnetic polarity timescale’ (Gee and Kent 2007)
and on ‘Plate Tectonics’ (Wessel and Miiller 2007).
A series of workshops at the International Space
Science Institute (Bern, Switzerland) in 2008 and
2009 on Planetary Magnetism (2008) and Terrestrial
Magnetism (2009) has resulted in a review arti-
cle on the earth’s magnetic lithosphere (Langlais
et al. 2010). Reviews in journals in this time
frame include those of Nabighian et al. (2005),
Mandea and Purucker (2005), and Robinson et al.
(2008).

This review will highlight some of the controver-
sial and exciting areas relating to the interpretation
of the lithospheric magnetic field. We begin with the
World Digital Magnetic Anomaly Mapping project
(Korhonen et al. 2007), the first truly global compi-
lation of lithospheric magnetic field observations. This
sets the stage for the discussion of impact processes,
and the magnetization and demagnetization processes
involved. After briefly reviewing the magnetic record
of terrestrial impact craters, we discuss recent quanti-
tative and theoretical work in the area, both terrestrial
and extra-terrestrial. We then go on to review some
of the new interpretations at the Vredefort, Lonar,
and Sudbury structures, with possible implications
for the extraterrestrial record, especially at Mars. We
next review some of the interpretations of magnetic
data for tectonics, and structural geology and geo-
logic mapping. Included within this section is recent
work suggesting that parts of the uppermost man-
tle, especially in the vicinity of subduction zones,
may be magnetic. If true, this may have important
implications as a predictive tool for the spatial local-
ization of large megathrust earthquakes and associated
tsunamis. Following this is a review of interpreta-
tions for resource exploration, especially minerals,
geothermal resources, and water. We also highlight
some of the new developments in predictive mineral
exploration models. This is followed by a review of
the interpretation of lower crustal processes, moti-
vated by exciting new work on ilmenite-hematite inter-
growths by S. McEnroe and colleagues, and on the
effects of pressure on magnetization by S. Gilder and
colleagues.

13.2 World Digital Magnetic Anomaly
Map

The first version of the World Digital Magnetic
Anomaly Map (WDMAM), published by the
Commission for the Geologic Map of the World
(CGMW), summarizes our publicly available mapping
knowledge of the lithospheric magnetic field of the
Earth (Fig. 13.1) as of 2007. Prior to that compila-
tion, there had been publicly available regional and
continental scale digital compilations, and several
global analog compilations. As befitting a subject with
significant economic importance, commercial groups
have also produced compilations for the exploration
community. The digital data and metadata of the
WDMAM are at 3 min of arc spacing, and 5 km
above the WGS84 ellipsoid. They are available in
grid and map form at http://ftp.gtk. iy WDMAM?2007.
The map grew out of the peer review of several
candidate models (Maus et al. 2007b; Hamoudi et al.
2007; Hemant et al. 2007). The NOAA model (Maus
et al. 2007b) was selected as the base model, and
subsequent changes were made to this base map prior
to its publication as the WDMAM (Korhonen et al.
2007). Two versions of the WDMAM are available,
A and B. The A version fills areas without near-
surface data with a downward-continued CHAMP
model (Maus et al. 2007a) whereas the B version uses
model data derived from marine ages to fill in marine
areas without near-surface data (Purucker et al. 2007).
The B version is shown in the printed map available
from the CGMW. The major data sets utilized for
the WDMAM, their spatial resolution, and online
links are available at http://www.agu.org/pubs/eos-
news/supplements/2007/25-263.shtml and on the
printed map. There are also a series of products
derived from the WDMAM (equivalent source,
Reduced to Pole, and analytic signal) that are available
at http://dapple.geosoft.com. While the lithospheric
field represented by the WDMAM may be quasi-static,
the maps of that field continue to improve. Examples
include a new full spectrum magnetic anomaly grid
of the United States (Ravat et al. 2009), and a new
global marine magnetic anomaly data set (Quesnel
et al. 2009). We thus expect that there will be updates
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Fig. 13.1 Version B of the World Digital Magnetic Anomaly
Map, with Mercator and polar stereographic projections, from
Korhonen et al. (2007). The distribution of data sources is shown

to the WDMAM, with both formally released prod-
ucts from the WDMAM organization, and informal
releases of interim products from individual research
groups, such as the recent releases from NOAA at
http://geomag.org. The next update is scheduled to be
released in 2011.

13.3 Impacts

Impact cratering produces two classes of craters, the
smaller ’simple’ and the larger ’complex’ (Melosh
1989). The two types can be distinguished based on
their morphologies, and the transition between the two
occurs at diameters of between 2 and 4 km on the
Earth. Complex craters have central peaks, wall ter-
races, and a much smaller depth/diameter ratio than
simple craters. They have undergone more collapse

in the index map. Ridges, fracture zones, and trenches are shown
in black

than the simple craters, and the transition diameter is
inversely proportional to the local (planetary) gravita-
tional acceleration. At even larger diameters the central
peak evolves into a central peak ring. Multi-ring craters
are a type of complex crater characterized by multiple,
large inward-facing scarps, and are most clearly devel-
oped on the Moon. Unlike the transition from simple
to complex, or from complex to peak ring, multi-ring
craters do not seem to scale with the local gravita-
tional acceleration. The other crater type worthy of
mention on the Earth is the ‘inverted sombrero’ often
seen in km-size terrestrial craters and characterized
by a disturbed central zone surrounded by a shallow
moat. Atmospheric interactions may contribute to this
distinctive shape, as discussed by Melosh (1989).

The magnetic signature of impact craters can be
complex, but in general two types of features are
often apparent (Pilkington and Hildebrand 2003).



314

M.E. Purucker and D.A. Clark

Short-wavelength, relatively intense magnetic anoma-
lies that occur near the center of the structure are
the first of these types of features. Impact craters
also disrupt the pre-existing magnetic signature, and
that disruption is the second feature that can some-
times be recognized (Spray et al. 2004). The relatively
intense magnetic anomalies occurring within the crater
can be attributed to (1) uplifted magnetic lithologies,
often basement, (2) magnetized impact melt rocks or
breccia, (3) hydrothermal activity, (4) shock remanent
magnetization or demagnetization, or (5) some combi-
nation of the above. Although variable, it is often the
case that terrestrial impact structures are characterized
by broad magnetic lows (Grieve and Pilkington 1996).
Two useful guides to the variability of the magnetic
signature are provided by the works of Ugalde et al.
(2005), and Cowan and Cooper (2005). Numerical
modeling using 2-D hydrocodes predict the distribu-
tion of pressure and temperature from which infer-
ences can be made about the final magnetization dis-
tribution (Ugalde et al. 2005). While very useful, this
model does not take into account later hydrothermal
processes, which can significantly alter the magnetiza-
tion distribution, and are often the source of significant
ore deposits (Grant 1984; Clark 1997; Clark 1999).

Recent work on the utility of the magnetic method
over terrestrial impacts includes the work of Pilkington
and Hildebrand on estimating the size of the tran-
sient and disruption cavity. These sizes can be directly
related to the energy release associated with impact.
Weak lower and upper bounds are placed on these
quantities by establishing the sizes of two parameters:
(1) the size of the relatively intense features in the inte-
rior of the crater, and (2) the size of the region where
magnetic features have been disrupted. The authors
suggest, based on 19 complex terrestrial structures, that
the collapsed disruption cavity is about half the size of
the crater diameter.

Of critical importance to the interpretation of the
magnetic signature is the coherence scale, or size of
a region of coherent magnetization (Lillis et al. 2010;
Carporzen et al. 2005). The high-frequency and rela-
tively intense magnetic features seen in the interior of
impact basins, when upward-continued, often result in
broad magnetic lows because adjacent coherently mag-
netized regions effectively cancel out. To complicate
matters further, the coherence scale is often asym-
metric. A simple example comes from the terrestrial
oceans, where strongly magnetized sea-floor ‘stripes’

are often very narrow (kms) in a direction perpendic-
ular to the spreading axis, but very wide (thousands
of kms) in the direction parallel to the spreading axis.
When marine magnetic surveys of the oceans are
upward-continued to satellite altitude they ‘reveal’ that
oceanic magnetic fields are much weaker than conti-
nental magnetic fields (Hinze et al. 1991). The reality
is more complex. Typical oceanic basalts are much
more magnetic than typical continental granitic rocks.
Another example, discussed in depth below, comes
from the Vredefort impact crater (Carporzen et al.
2005) where aerial measurements of the magnetic field
are lower than over surrounding regions, but surface
magnetizations from within the crater are large and
variable on the cm scale. Finally, it should be noted
that there may not be a single coherence scale for a
particular region. The coherence scale is dictated by
the physical process or processes at work, and multi-
ple processes may result in multiple coherence scales.
In certain idealized cases, it is often useful to employ
the concept of a matched filter (Syberg 1972; Phillips
1997) to estimate the depths of the principal mag-
netic sources, and to estimate crudely what a map of
the magnetic fields from those sources would resem-
ble. Certain parameters are independent of coherence
scale. Ideal body theory helps to establish bounds on
quantities such as the magnetization strength required
to explain a magnetic field distribution (Parker 1991;
2003, Purucker et al. 2009b).

The Vredefort impact in South Africa, Earth’s
oldest and largest impact crater, has been the sub-
ject of several recent studies (Carporzen et al. 2005;
Muundjua et al. 2007) and commentary (Dunlop 2005;
Reimold et al. 2008; Muundjua et al. 2008). Carporzen
et al. (2005) explain the elevated NRM intensities
and Q-ratios typical of many of the exposed rocks at
Vredefort as a consequence of short-lived plasmas pro-
duced during the impact. They find that paleomagnetic
directions from the shocked but unmelted bedrock
exposed to these hypothetical plasmas have directions
which vary on scales of 10 cm or less. They explain
the broad aeromagnetic low over the central portion of
the impact (Fig. 13.2) as a consequence of viewing this
spatially incoherent magnetic signal from an altitude of
150 m. Carporzen et al. (2005) also find magnetic evi-
dence for lightning in the surface rocks at Vredefort,
another example of a plasma phenomenon. According
to the authors, lightning can reproduce many, but not
all, of the magnetic features of the surface rocks. As
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Fig. 13.2 Acromagnetic
anomaly map of the Vredefort
impact structure, from
Muundjua et al. (2007)

many as a quarter of their samples have been affected
by lightning. Graham (1961) was the first to docu-
ment the pervasive magnetic effects of lightning on
surface rocks in South Africa. Carporzen et al. (2005)
extrapolate their Vredefort results to the five youngest
large impact basins on Mars (Lillis et al. 2010) where
very weak magnetic fields have been measured. They
suggest that a much smaller coherence wavelength
characterized these basins, and the measured magnetic
fields do not require the absence of a planetary dynamo
when they were created. The Martian observations had
previously been taken as evidence (Acuiia et al. 1999)
that these basins had been demagnetized by the impact,
and that the magnetic dynamo had ceased by this time.
In addition, it has been observed that the 14 oldest
large impact basins on Mars have significant magnetic

fields associated with them (Lillis et al. 2008), sugges-
tive of the presence of a magnetic dynamo at this time
(Fig. 13.3). To explain the difference in terms of coher-
ence wavelength, and not in terms of the presence or
absence of a magnetic dynamo, suggests that another
process is at work, perhaps changes in the aqueous
alteration environment (Lillis et al. 2010).

The 1.85 Ga impact that produced the Sudbury
structure struck a region of the southern Canadian
shield characterized by late Archean and early
Proterozoic faulting, and dike emplacement. Spray
et al. (2004) document the termination of the mag-
netic signature of the 2.47 Ga Matachewan dike swarm
as it reaches Ring 2 of the impact structure, some
65 km from the center of the impact (Fig. 13.4). Post
impact magnetic dikes at 1.24 Ga are not terminated.
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Fig. 13.3 Magnetic anomaly map of Mars, adapted from Lillis et al. (in press). The circles represent the visually determined
locations of the youngest large impact basins on Mars
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Fig. 13.4 Distribution of magnetic dikes, and ring structures, from Spray et al. (2004)
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The authors interpret these observation in terms of
shock demagnetization, and further interpret Ring 2
to correspond to a shock isobar pressure of between
1 and 10 GPa, depending on whether the magnetism
of the dikes is dominated by induced or remanent
magnetization.

A recent magnetic study of the Lonar impact struc-
ture (Louzada et al. 2008) document the magnetic
processes active at this simple, young (< 50 ka) crater
formed in the Deccan basalts. In this 1.88 km diameter
crater, shocked ejecta blocks exhibit a slightly elevated
coercivity. No evidence of shock remanent magnetiza-
tion (Gattacceca et al. 2008), shock demagnetization,
or transient, plasma-related processes, such as have
been suggested around larger impact structure, was
identified.

13.4 Tectonics

Interpretations of magnetic field observations for tec-
tonics, structural geology, and geologic mapping have
a long history (Reeves 2007), and a recent special
issue of Tectonophysics (Singh and Okuma 2009)
highlights the utility of magnetic field observations in
the understanding of complex crustal structure. The
US Geological Survey has long been active in this
area, and their current efforts include an ongoing pro-
gram to evaluate seismic hazards in the Seattle (USA)
region. The shallow earthquakes in this active fore-
arc basin can be devastating, and paleoseismology
studies indicate the presence of a M7+ earthquake
some 1100 years ago on the Seattle fault, accompanied
by a tsunami. Integrated magnetic studies (Blakely
et al. 2002) have focused on recognizing these shal-
low faults, and tracing them in areas of poor exposure.
Recent work in the Puget lowland (Sherrod et al. 2008)
and to the west in the Olympic peninsula (Blakely et al.
2009) continues to unravel the complexities, and high-
lights the advances that can be made by an integrated
geological and geophysical approach, which includes
LIDAR, magnetics, gravity, and paleoseismological
studies. For example, the Saddle Mountain deforma-
tion zone (Blakely et al. 2009) in the Olympic penin-
sula has been shown to have been active at approxi-
mately the same time as the Seattle fault, some 1100
years ago, suggesting a kinematic linkage between
the two fault zones. The interpretation favored by the
authors suggests that the Seattle and Saddle Mountain

zones form the boundaries of the northward advancing
Seattle uplift.

Recent work (Blakely et al. 2005) suggests that
parts of the uppermost mantle, especially in the vicin-
ity of subduction zones, may be magnetic. At critical
depths of 40 to 50 km, subducting ocean crust goes
through important metamorphic changes that release
large amounts of water into overriding mantle rocks.
Introduction of water into the mantle produces ser-
pentinite (Peacock et al. 2002), a highly magnetic,
low-density rock (Fig. 13.5).

Thermal models (Oleskevich et al. 1999) indicate
that, in many of the subduction zones of the world, this
part of the mantle is cooler than the Curie tempera-
ture of magnetite, the most important magnetic mineral
in serpentinite, and thus large volumes of mantle in
subduction-margin settings should be magnetic. The
World Digital Magnetic Anomaly Map (Fig. 13.6) does
indeed show large-amplitude magnetic signatures over
many of the world’s subduction forearcs, including the
Aleutian Islands, southern Alaska, Cascadia, Central
America, and the Kurile Islands. Certainly these near-
surface magnetic anomalies are caused in large part
by upper crustal lithologies, and they have been rec-
ognized since the time of the U.S satellite MAGSAT
(Frey 1982). However, detailed analysis of a number
of these subduction zones (Cascadia, Nankai, southern
Alaska, Aleutians, and Central America) indicates that
the magnetic anomalies also include long-wavelength
components originating from mantle depths. These
mantle-depth anomalies are thought to be caused by
highly magnetic serpentinite in the mantle above the
subducting slab (Blakely et al. 2005; Manea and
Manea 2008).

Not all subduction zones exhibit high-amplitude
magnetic anomalies, reflecting geothermal and geo-
chemical complexities. Part of this may be the result
of inadequacies in the WDMAM maps (Thébault et al.
in press), which form the background of several of the
illustrations here. In the WDMAM, the oceanic com-
ponent of the B map has been supplemented by models
derived from the Digital Age map of the oceans, and
the polarity reversal timescale. The details of both A
and B maps, even in places where marine magnetic
surveys have been conducted, are compromised by the
inability to separate spatial from temporal variations, a
consequence of the absence of base stations in marine
magnetic surveys. Future generations of this map will
result in a more objective and useful product.
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Fig. 13.6 Magnetic
anomalies of the Circum
Pacific, showing the location
of subduction zone magnetic
anomalies. Source: World
Digital Magnetic Anomaly
Map (Korhonen et al. 2007)

The presence of serpentinite in subduction margins
has two important links to large and giant earthquakes,
and associated tsunamis. First, dewatering the subduct-
ing slab is thought to embrittle the slab, reactivate
pre-existing faults and other structures, and produce
within-slab earthquakes (Kirby et al. 1996; Peacock
et al. 2002).Thus, we expect to see a spatial association
between this type of earthquake and mantle magnetic
anomalies (Hyndman and Peacock 2003; Blakely et al.
2005). Second, in cool subduction margins, the down-
dip limit of megathrust earthquakes (M 8.0-9.6) is
controlled by the slab’s first encounter with serpen-
tinized mantle (Oleskevich et al. 1999). Again, we

200
Distance (km)

expect to see a spatial association between these dev-
astating earthquakes and mantle magnetic anomalies.
For example, the devastating 2004 and 2009 Sumatra-
Andaman earthquakes are spatially associated with
long-wavelength magnetic anomalies and thus con-
sistent with the predicted pattern. Long recurrence
intervals on megathrust earthquakes make current seis-
mic compilations an unreliable guide to the location of
past earthquakes, although non-volcanic tremors can
be used, at least in part.

The existence of serpentinized mantle is well
demonstrated in a few subduction margins. At
Cascadia, for example, anomalously low mantle
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velocities have been interpreted as evidence for serpen-
tinization of the mantle wedge (Bostock et al. 2002;
Brocher et al. 2003), and these low-velocity zones are
located directly beneath static long-wavelength mag-
netic anomalies (Blakely et al. 2005). However, in
many of the subduction zones of the world, includ-
ing the Aleutian Islands (Fig. 13.7), where a proposed
magnetic survey (Serpent) would be conducted, seis-
mic data appropriate for these studies are unavailable.
If it can be demonstrated that long-wavelength mag-
netic anomalies are a reliable predictor of the presence
of serpentinized mantle, then high-altitude magnetic
surveys, such as the Serpent survey proposed to NASA
by Purucker et al. (2009a) provide the promise of
mapping hydrated mantle at subduction zones world-
wide, thereby illuminating zones spatially and causally
associated with both megathrust and within-slab earth-
quakes.

In the Antarctic, aeromagnetic surveys play a much
larger role than elsewhere in deciphering tectonics
because exposures of basement rocks are rare. The
interpretation of a new survey over the Admiralty
Block of the Transantarctic Mountains by Ferraccioli
et al. (2009b) adds to our understanding of the relation-
ships there between Cenozoic magmatism, faulting,
and rifting. Fault zones here are defined by magnetic
lineaments, and these help to define transtensional
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Fig. 13.7 Proposed high altitude Global Hawk magnetic sur-
veys (Purucker and SerpentTeam 2010) over the Aleutian Islands
and surrounding regions, outlined by the white polygon. Yellow
triangles locate arc volcanoes, and white circles are historic
megathrust earthquakes with magnitude greater than 8.0. The

-3 .13 2

fault systems which may have served to localize the
McMurdo volcanics. Farther inland, interpretations
of high-frequency aeromagnetic anomalies within the
Wilkes subglacial basin (Ferraccioli et al. 2009a) sug-
gest the presence of large volumes of Jurassic tholeiites
which may be related to rifting. By analogy with the
Cordillera of North America, the authors infer that the
Wilkes basin contains fold and thrust belts and a for-
mer backarc basin. These features may represent the
transition between the Precambrian East Antarctic cra-
ton and the Ross orogenic belt. On the other side of
the Antarctic continent, Shepherd et al. (2006) delin-
eated subglacial geology via a combined aeromagnetic
and radio echo sounding survey over three tributaries
of Slessor Glacier in the East Antarctic. They ten-
tatively identified Jurassic dikes and sills intruding
the Precambrian block here, and a post-Jurassic(?)
sedimentary basin with a significant accumulation of
sediment. Ice motion above the inferred sedimentary
basin is seen to be different in character, comprising
basal sliding and/or a deforming layer of sediment,
than that above the remainder of the survey area.

In the Sinai peninsula, Rabeh and Miranda (2008)
interpret a new high-resolution aeromagnetic survey,
in conjunction with GPS and seismic data. They find
systematic trends in the depth to the magnetic base-
ment, and in the magnetically defined structural trends.

18 41 95 T

Amlia fracture zone is indicated by the dotted white line. The
color base map shows an approximation of magnetic anomalies
observed at 20 km altitude. Anomalies were calculated by ana-
Iytically continuing the World Digital Magnetic Anomaly Map
to 20 km altitude, from its nominal 5 km altitude
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The depth to basement increases to the west and north,
reaching some 4 km deep at the north end of the study
area.

Aeromagnetic, gravity, geologic, and remote sens-
ing data were combined in the Eljufra region of Libya
by Saadi et al. (2008) to define geologic structures and
outline hydrothermally altered basalt. Analytic sig-
nal determinations of the magnetic field were used to
estimate the location and depths of magnetic contacts.

Aeromagnetic surveys often provide unparalleled
views of faults in sedimentary basins. For example,
Grauch and Hudson (2007) find that prominent low-
amplitude (5-15 nT) linear anomalies are often associ-
ated with surficially hidden faults that offset basin-fill
sediments in the central Rio Grande rift of north-
central New Mexico (USA). They also find that the
linear anomalies are not the consequence of chemi-
cal processes acting within the fault zone, but rather
due to the tectonic juxtaposition of magnetically dif-
ferent strata across the fault. They develop a set of
simple graphical, mathematical, and conceptual mod-
els to help them determine parameters of direct interest
to structural geology.

Drenth and Finn (2007) have also recognized hid-
den faulting in the Pine Canyon caldera of Big Bend
National Park, along the US-Mexico border. The
caldera-filling Pine Canyon rhyolite can be used as a
magnetic marker because it is reversely magnetized.
The authors use this marker to assess the thickness
of the caldera fill, and suggest that it is controlled by
buried faults evident in the magnetic survey.

Magnetic surveys, interpreted in conjunction with
gravity and radiometric data, can also delineate basin
architecture and tectonic evolution, as illustrated by the
study of the Neocomian Rio do Peixe basin of NE
Brazil (de Castro et al. 2007). The Rio do Peixe is
a tripartite basin developed during the opening of the
South Atlantic Ocean. Many pre-existing faults within
the basement complex were reactivated during basin
development, and the magnetics also serves to delin-
eate the thickness of the sedimentary packages in these
asymmetrical half-graben basins.

The utility of high-resolution airborne magnetic
data in the interpretation of tectonic processes is borne
out by the analysis of such a survey along a 120-km-
long section of the Dead Sea Fault in Jordan and Israel
(ten Brink et al. 2007). This fault is poorly delineated
on the basis of surface morphology, or micro-seismic
activity, although damaging earthquakes have struck

along this fault as recently as AD 1458. The fault is
clearly seen on maps of the first vertical derivative,
indicating a shallow source for the anomalies. The
authors interpret these 5-20 nT anomalies as origi-
nating from the alteration of magnetic minerals due
to groundwater within the fault zone. Based on mod-
eling of the magnetic observations, the width of the
shallow fault zone is several hundred meters wide.
On a regional scale, the authors observe no igneous
intrusions related to the fault zone, and confirm previ-
ous interpretations of 107-111 km of left-lateral offset
across the fault.

Magnetic techniques continue to play a major role
in delineating plate tectonic processes in the marine
realm. Maia et al. (2005) document the interaction
between the Foundation hotspot and the Pacific-
Antarctic ridge within the South Pacific. Analysis of
the magnetic anomaly data document a difference
between the age of hotspot-related seamounts, and
the underlying oceanic crust. This difference suggests
that the ridge has approached the hotspot at a rate of
40 km Ma~!. This is in good agreement with published
radiometric dates.

13.5 Resource Exploration

Over the last three decades there have been dra-
matic improvements in the quality of magnetic sur-
veys, accompanied by lowering of acquisition costs.
Rapid developments in image processing, 3D visual-
ization, computer-intensive enhancements of magnetic
data and semi-automated interpretation methods have
ensured that magnetic data is routinely acquired and
used by geologists as well as geophysicists, at every
stage of hard rock mineral exploration programs, from
regional area selection to prospect scale exploration.
Recognition of the information about the sedimentary
section, as well as the crystalline basement, that is
obtainable from modern high resolution magnetics has
also led to greater use of magnetics in hydrocarbon
exploration programs, although potential field meth-
ods will always remain subsidiary to seismic methods
in that arena. Nabighian et al. (2005) have provided
a comprehensive overview of the historical develop-
ment of magnetics in exploration and the recent state
of the art. Accordingly, we will concentrate on some
new developments in magnetic exploration and some



13 Mapping and Interpretation of the Lithospheric Magnetic Field

321

hitherto unpublished work on magnetic signatures of
mineralization.

Robinson et al. (2008) have reviewed magnetic
and other geophysical methods for hydrogeological
research, with suggestions for future research direc-
tions. Tectonic and structural interpretations derived
from aeromagnetic and Landsat thematic mapper (TM)
data sets form the basis for an ambitious program
of groundwater exploration (Ranganai and Ebinger
2008) in the arid southern Zimbabwe craton (Africa).
The lack of primary permeability and porosity in this
crystalline basement terrain results in poor overall
groundwater potential. However, available groundwa-
ter is localized by the presence of faults, fractures,
dikes, and deeply weathered regions. These features
are often recognizable through enhanced aeromagnetic
and/or thematic mapper observations, and the authors
utilize these to identify lineaments, and place them in
the context of the regional structural geology. They
develop a model in which the aeromagnetic data is
used to map faults and fractures of considerable depth
extent which may be open to groundwater (under ten-
sion) while the TM lineaments are typically closed to
groundwater (under compression) and define recharge
areas. The authors predict that coincident magnetic and
TM lineaments, and continuous structures associated
with large catchment basins, will be most favorable
for groundwater. The sparse record of existing bore-
hole data, some of which is of questionable quality,
suggest a relationship between productivity and spa-
tial proximity to faults and dikes, but proximity does
not guarantee productivity. The trends of the NNE and
NW sinistral faults in the Chilimanzi plutons can be
traced from higher elevation areas in the north that rep-
resent the watershed, to lower areas in the arid south.
Since regional groundwater flows mostly follow the
dominant topographic gradient, these structures were
identified as the most promising in terms of sustainable
ground water resources.

Aeromagnetic data can also be utilized to infer heat
flow within the crust, via determination of the depth
to the Curie isotherm, the depth at which rocks lose
their permanent and induced magnetism. When these
determinations are from active geothermal areas, they
provide important constraints on the depth to the heat
source, and its extent. Espinosa-Cardena and Campos-
Enriquez (2008) make such a determination from the
Cerro Prieto geothermal area of NW Mexico. They find
that the Curie point ranges from 14 to 17 km depth,

slightly deeper than previous studies, but supported by
seismic, gravity, and heat flow measurements.

Province- and continental-scale compilations of
magnetic data sets provide a useful framework for
identifying regional crustal structures that control
distribution of mineralization and favorable geolog-
ical environments (e.g., Hildenbrand et al. 2000;
Chernicoff and Nash 2002; Chernicoff et al. 2002;
Betts et al. 2004; Sandrin and Elming 2006; Airo
and Mertanen 2008; Austin and Mertanen 2008, 2009;
Anand and Rajaram 2006; Anand et al. 2009), par-
ticularly if these data sets are integrated with other
geophysical data.

By utilizing magnetic and gravity data in an inte-
grated geological and geophysical study, Blakely
et al. (2007) establish that the White River area of
Washington exhibits many similarities to the Goldfield
mining district of Nevada, home to one of the largest
epithermal gold deposits in North America. To date,
White River has produced only silica commercially,
but deep weathering, young surficial deposits, and
dense vegetation have hindered the evaluation of its
economic potential for base and precious metals in
the near surface. The magnetic data was invaluable
in defining structural controls on hydrothermal alter-
ation in both areas, but especially at White River
because of poor exposures. The deposits are pene-
contemporaneous products of the Cascade Arc some
20 Ma ago. Gravity and magnetic data were instrumen-
tal in locating the intrusive body beneath both regions
that presumably was the source of fluids and heat to the
overlaying calc-alkaline volcanic rocks. Magnetic sus-
ceptibility measurements at White River demonstrate
the destruction of magnetic minerals in the altered
rocks, and provide a way of estimating the depth extent
of alteration (230-390 m). The White River altered
area is located between two magnetically identified
faults, in a temporary extensional stress regime.

Magnetic petrological studies of magnetic stratigra-
phy within layered intrusions (e.g., Ferré et al. 2009;
McEnroe et al. 2009a) should improve detailed map-
ping within such intrusions, particularly beneath cover
or between widely spaced drill holes, with evident
applications to exploration for such commodities as Cr,
PGEs, Ni, Cu, V and Ti.

The magnetic properties of igneous rocks that
are genetically related to metalliferous mineralization
vary systematically with the ore metals and deposit
style (Clark 1999). Table 13.1 summarizes generalized
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Table 13.1 Magnetic properties of Unaltered Weakly Altered Intrusive Rocks related to Mineralization

Lithology Strongly Oxidized (NNO-HM) Strongly Reduced (<QFM)
k (103 SI) NRM Associated k (1073 ST) NRM Associated
mineralization mineralization

Syenogranite, 1-30 Weak, VRM, Mo, Mo-W, (Au) 0.1-0.3 V. weak, Sn, Sn-W

Alkali granite o<1 VRM,

0o<<1

Monzogranite 3-40 VRM, 0< 1 Cu, Cu-Mo, Au 0.1-0.4 V. weak,

(Adamellite), VRM,

Qtz monzonite 0<<1
Granodiorite, 20-70 VRM, 0< 1 Cu, Cu-Mo, 0.2-0.5 Weak;

Monzonite, Cu-Mo-Au, 0o<<1

Tonalite Au
Qtz diorite, Qtz 25-90 VRM + TRM; Cu-Au, 0.4-0.6 Weak;

monzodiorite o<1 Cu-Au-Mo, 0<<1

Au

Monzodiorite, 30-100 TRM+(VRM); Cu-Au, Au 0.5-0.8 Weak;

diorite o~1 0<<1

Q<1

Gabbro, Norite, 40-160 TRM + (VRM); Fe, Ti, V 0.6-1.3 Weak; Cr, PGEs

Alkali gabbro 05<0<10 0O<<1

Rocks that have undergone deuteric alteration and/or minor rock-buffered hydrothermal alteration of normal type and intensity,
as well as essentially unaltered rocks, are included here. Susceptibilities of unaltered and unmetamorphosed volcanic rocks are
similar to those of their corresponding intrusive rocks, e.g., for a given igneous suite k(andesite) & k(diorite). NNO—HM indicates
crystallization at oxygen fugacities between the Ni—NiO and hematite-magnetite buffers; <QFM indicates crystallization at oxygen
fugacities at or below the quartz-fayalite-magnetite buffer. NRM = natural remanent magnetization, TRM = thermoremanent
magnetization, VRM = viscous remanent magnetization, Q = Koenigsberger ratio.

results from a magnetic petrophysical database (Clark
et al. 2004). Although for a given rock type the total
range of susceptibilities given in Table 13.1 can be
quite large, the general trends are clear. Within individ-
ual provinces, and in particular within specific igneous
suites, the variability is much less. Understanding the
magnetic signatures of magmatic-hydrothermal sys-
tems associated with mineralization requires detailed
consideration of the effects of different alteration types
on a range of protoliths. Some examples are given
below.

Clark et al. (2004) produced a major study of the
magnetic signatures of porphyry copper deposits,
volcanic-hosted epithermal gold deposits, and
iron-oxide copper-gold (IOCG) deposits. Although
magnetic surveys are an integral part of exploration
programmes for porphyry, epithermal and IOCG
deposits, the magnetic signatures of these deposits
and mineralized systems are extremely variable and
exploration that is based simply on searching for
signatures that resemble those of known deposits
is rarely successful. However, the reasons for this
variability are reasonably well understood and are
summarized below.

A number of well-known geological models
of porphyry and epithermal deposits are routinely
used in exploration, even though most deposits
fail to match the idealized models closely, due to
post-emplacement tectonic disruption and rotations,
asymmetric alteration zoning due to emplacement
along a contact between contrasting country rock
types, and so on. These complications are taken into
account by exploration geologists as geological infor-
mation about a prospect accumulates. The variability
of magnetic signatures of these deposits reflects strong
dependence of magnetic signatures on local geological
setting, departures of real mineralized systems from
idealized geological models, the direction and inten-
sity of the geomagnetic field, which varies over the
Earth, and differing magnetic environments (host rock
magnetization, regional gradients, interference from
neighbouring anomalies etc.). To tackle this problem
Clark et al. (2004) developed the concept of predic-
tive magnetic exploration models that are specific to
the local geological environment and history, and are
based on magnetic petrological principles (Clark 1997,
1999) applied to standard geological models, and on
magnetic petrophysical data and detailed modeling
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of selected deposits for which detailed magnetic and
geological data are available.

Significant geological factors that affect magnetic
signatures include tectonic setting and its influence on
magma composition and mode of emplacement; influ-
ence of pre-existing structures on the geometry and
depth of emplacement; and the crucial influence of host
rock composition on alteration assemblages, including
secondary magnetic minerals, and on the stability of
primary magnetic minerals.

Magnetic signatures reflect not only the local
geological setting at the time of emplacement, but
also post-emplacement modification of deposits. Post-
emplacement tilting of porphyry and epithermal sys-
tems and dismemberment by faulting are very com-
mon and drastically modify the geophysical signa-
tures. Burial of a deposit by younger sedimentary
or volcanic rocks also modifies the anomaly pattern.
Conversely, exhumation and partial erosion of the
system produces a very different magnetic signature.
In older deposits, metamorphism can substantially
modify the magnetic mineralogy of the deposits and
host rocks, with concomitant changes in the mag-
netic anomaly pattern. Although the majority of por-
phyry and epithermal deposits are relatively young
and, at most, weakly metamorphosed, some rela-
tively ancient deposits in metamorphosed terrains are
known. There is a strong possibility that some older
porphyry and epithermal deposits occur that have not
been recognized, because effects of metamorphism and
deformation have obscured their true nature.

Given a comprehensive magnetic petrophysical
database and the understanding of the geological fac-
tors that create and destroy magnetic minerals in por-
phyry systems, however, the magnetic effects of the
above-mentioned geological complications are quite
predictable. Variations in signatures due to varying
geomagnetic inclination across the globe are best han-
dled by calculating reduced-to-pole (RTP) signatures
that can be compared with RTP processed survey
data from high and moderate latitudes or in low lat-
itudes, where RTP processing is unstable, by calcu-
lating reduced-to-equator (RTE) that can be compared
with observed signatures, particularly if they are also
reduced to the equator.

The porphyry copper model of Lowell and Guilbert
(1970) has been highly influential in exploration pro-
grams and has been successfully applied in many
different areas. It should be remembered, however, that

the model is based on a reconstruction of the San
Manuel and Kalamazoo porphyry deposits in Arizona,
which originally formed a single intrusion-centred ore-
body with concentric zoning, before being tilted and
disrupted by faulting (Lowell 1968; Force et al. 1995).
The present disposition of intrusive rocks and alter-
ation zones in and around these orebodies differs
greatly from the idealized model, but when the dis-
placement along the San Manuel fault is removed and
the intact porphyry system restored to the vertical,
it is apparent that the system originally conformed
closely to the model. Figure 13.8(a) shows a model
of a Laramide type deposit, associated with a high
sulfur quartz monzonite magma that intruded weakly
magnetic felsic rocks and subsequently was tilted and
dismembered by faulting in a similar fashion to the San
Manuel-Kalamazoo system. The predicted magnetic
signature is shown in Fig. 13.8(b)-(d). This model,
and those in subsequent figures, were created using the
Noddy™ structural history modeling program (Jessel
2001).

Such post-emplacement disruption of porphyry sys-
tems is common. Wilkins and Heidrick (1995) report
that approximately 45% of the deposits of the south-
western North American porphyry copper province
have been significantly faulted, extended and rotated
during Oligocene and Miocene time. Tilting through
more than 0° is common. Geissman et al. (1982)
have quantified rotations in the Yerington district
using paleomagnetism. A paleomagnetic study of the
Porgera Intrusive Complex by Schmidt et al. (1997)
showed that the upper levels of this complex have been
disrupted by thin-skinned tectonics. The exposed intru-
sions have undergone substantial, but varying, degrees
of tilting and rotation about vertical axes. Lum et al.
(1991) point out the prevalence of local block rotations
that distort outcrop patterns of high level intrusions
and porphyry and epithermal alteration systems in the
tectonically very active SW Pacific. Rotation rates of
20°-30° in 100,000 years are unexceptional.

A more straightforward modification of a
zoned alteration system is afforded by the giant
Chuquicamata porphyry copper deposit in Chile
(Lindsay et al. 1995), which has been bisected by
a major fault, leaving a mineralized system with
zoned alteration juxtaposed against unaltered intru-
sive rocks. Mineralized systems are susceptible to
dismemberment, because major faults that controlled
emplacement of intrusions and flow of hydrothermal
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Fig. 13.8 (a) Laramide type quartz monzonite porphyry model
with concentric zoning, emplaced vertically into felsic rocks
and subsequently tilted and faulted. Alteration zones are inner
potassic core (red), outer potassic (orange), ore shell (pink),
phyllic/argillic (yellow), strong propylitic (dark green), and

fluids, as at Chuquicamata, are often reactivated during
or after deposition of mineralization.

Clark et al. (2004) summarized data from 50
deposits for which some information on magnetic
signatures was available. The quality of the data is
highly variable, making definitive statistical conclu-
sions problematic. Taking the data at face value, how-
ever, they found that approximately 50% of deposits
exhibited local RTP magnetic highs associated with
mineralizing intrusions, approximately 70% had highs
associated with alteration (usually potassic alteration
with magnetite), approximately 70% also exhibited
local magnetic lows over magnetite-destructive alter-
ation zones, approximately 20% had highs associated
with skarns, and 40-60% of deposits were associ-
ated with magnetic lineaments that appear to represent
structural controls on mineralization. Recognition of
structural controls, in particular, is very sensitive to
the quality of the data. Many deposits show more than
one of these features, accounting for the fact that the
proportions add up to much more than 100%.

Of the deposits for which high resolution mag-
netic data are available, 12 show well developed con-
centric zoning patterns. Ten of these, the majority

weak propylitic (light green), (b) calculated RTP magnetic sig-
nature of model, (¢) calculated analytic signal amplitude of
RTP magnetic signature, (d) profile of calculated RTP magnetic
signature across model

from the Goonumbla cluster, New South Wales, have
“doughnut” patterns, with central alteration low sur-
rounded by an annular alteration high (Clark and
Schmidt 2001). Two, the Bajo de la Alumbrera Cu-Au
deposit and the Anabama Hill Cu prospect, have
“archery target” patterns, with central alteration highs
surrounded by annular alteration lows.

Although the number of well-characterized
empirical examples of these types of zoned signature
is low, the likely occurrence of similar signatures
can be inferred from other information, e.g., the
distribution of magnetite reported for some deposits.
Predictive models are designed to bridge the gap
between purely geological models (both ideal-
ized models and detailed deposit descriptions) and
empirical magnetic signatures. This process has
suggested the following conclusions for porphyry
deposits that have not been significantly modified by
post-emplacement tectonism or metamorphism:

(1) The majority of gold-rich porphyry copper
deposits (classic morphology, quartz-monzonite
zoning pattern) hosted by magnetic mafic-
intermediate volcanics are predicted to have
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(i)

(iii)

(iv)

(v

~

(vi)

large (> 1000 nT) bullseye high RTP anomalies
over the potassic core, with incipient to promi-
nent development of the archery target signature,
depending on the extent of the phyllic zone, pro-
viding erosion has exposed or nearly exposed the
potassic zone. This signature should be easily
detectable beneath 100 m of sedimentary cover,
and even beneath a similar thickness of magnetic
volcanics.

For a completely buried, uneroded or slightly
eroded, gold-rich porphyry copper system the
signature is basically an alteration low due to the
large volume of magnetite-destructive alteration
surrounding the deeply buried magnetic core.
At intermediate levels of exposure a more com-
plex pattern of a central high surrounded by an
alteration low occurs, with the relative amplitude
of the high and low dependent on the erosion
level.

Similar deposits emplaced into weakly mag-
netic felsic rocks or unreactive rocks, such as
quartzites or shales, are characterized by a strong
bullseye high, without a surrounding low.

If emplaced into limestone the bullseye high
associated with the potassically altered intrusion
is likely to be supplemented by skarn anoma-
lies (possibly remanently magnetized) associ-
ated with proximal magnetite-garnet skarn in
favourable horizons, with discrete anomalies
associated with distal skarn bodies, developed
near the marble interface in structurally con-
trolled zones. The skarn signature should be
more strongly developed if the host rocks are
dolomitic.

Alkalic porphyry Cu-Au deposits typically
exhibit diorite model zonation, with poorly
developed phyllic zones, and produce strong
bullseye highs over the potassic core.

In areas of greater crustal influence on mag-
mas (e.g., the Laramide province), those mag-
mas with relatively high sulphur content gen-
erate large volumes of magnetite-destructive
alteration, in contrast to low sulfur magmas,
for which magnetite is associated with potas-
sic alteration. Porphyry Cu and Cu-Au deposits
of the former type are associated with alter-
ation lows, if emplaced into magnetic host rocks,
or very weak signatures if emplaced into non-
magnetic host rocks.

(vii)

(viii)

(ix)

Giant porphyry copper deposits of the Atacama
desert are characterized by large volumes of
magnetite-destructive alteration, with locally
developed magnetite-bearing potassic alteration,
and thick overlying supergene blankets. The
signature of such deposits, when hosted by
moderately magnetic rocks, is an areally exten-
sive alteration low, with a typical amplitude of
approximately 100 nT. Such deposits will be
visible to magnetics if they are covered by non-
magnetic overburden, but cover by magnetic vol-
canics renders them difficult to see. When hosted
by non-magnetic rocks the magnetic signature is
inconspicuous, apart from local highs associated
with remnant zones of potassic alteration within
the broad zones of phyllic overprinting. These
deposits are ringed by chargeable zones due to
pyrite-bearing propylitic halos.

Phyllic alteration produced by magmatic, rather
than meteoric, fluids (e.g., the Goonumbla, New
South Wales, deposits) tends to be “inside-out”
with respect to the potassic zone, producing a
doughnut magnetic signature. Another source of
this reverse zoning pattern may be structurally
controlled access of meteoric fluids to deeper
portions of a deposit. This type of signature is to
be expected in two main settings: Volcanic mor-
phological models, with small intrusive spines
within comagmatic volcanics, tapped off a large
mother magma chamber (e.g., Goonumbla), and
plutonic/batholithic porphyry deposits.

Reduced porphyry Au-(Cu) and reduced
intrusion-related gold deposits are characterized
by incomplete doughnut signatures on a scale
of kilometers, due to distal pyrrhotite-bearing
mineralization developed in favourable sites,
around a weakly magnetic intrusion.

As an illustration of a specific category of predictive
magnetic exploration model we will discuss gold-rich
porphyry copper deposits, which have been intensively
studied and for which genesis, structural controls,
overall morphology and alteration zoning patterns are
quite well understood (Sillitoe 2000).

Predictive magnetic models for gold-rich porphyry
copper deposits illustrated here conform to general
geological models of this type of deposit and are
closely based on deposits that may be regarded as
archetypes for particular settings. In particular, the
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Table 13.2 Canonical Magnetic Model of a Gold-Rich Porphyry Copper Deposit with a Magnetite-Rich Potassic
Core, Hosted by Mafic-Intermediate Oxidized Igneous Rocks

Zone Diameter* (m) Width* (m) Depth extent (m) Susceptibility (SI)
Inner potassic 360 360 2400 0.351
Outer potassic 600 120 2500 0.173
Phyllic/argillic 1000 200 3000 0.003
Strong propylitic 1200 100 3000 0.007
Weak propylitic 1500 150 3000 0.027
Andesite/Basalt/Diorite/Gabbro Very large Very large 3000 0.043

*Diameters and widths of zones are maxima (at a depth 2000 m below the top of the phyllic zone for the propylitic
and phyllic zones, and 1000 m below the top of the phyllic zone for the potassic zones).

model adopted for mafic-intermediate host rocks is
based upon the Bajo de la Alumbrera deposit in
Argentina (Guilbert 1995), and the model for car-
bonate host rocks is based upon Grasberg/Ertsberg
(Papua New Guinea) (MacDonald and Arnold 1994;
McDowell et al. 1996; Potter 1996). The assumed zon-
ing is concentric with a magnetite-rich potassic core
surrounded by a shell of phyllic alteration passing out-
wards into propylitic alteration (in silicate host rocks)
or zoned skarn alteration (in a carbonate host).

The geometry of a gold-rich porphyry copper
model, hosted by intermediate-mafic oxidized igneous
rocks (nominally andesite), with a magnetite-rich
potassic core is shown in Fig. 13.9(a). This type of
model is mostly applicable to relatively mafic sys-
tems in island arc environments, or to those asso-
ciated with alkaline (e.g., high-K calc-alkaline to
shoshonitic) magmatism in continental settings. In
Fig. 13.9(a) there has been insufficient erosion to
expose the deposit. The top of the mineralization
lies 500 m below the surface and the only sign of
the mineralized system at the surface is a patch of
propylitic alteration that could easily be overlooked
or, if observed, assumed to be of little significance.
The inner potassic zone is strongly mineralized and
magnetite-rich. It is surrounded by an outer potas-
sic zone that contains less abundant, but still signif-
icant, magnetite. The inner potassic zone represents
relatively intense development of quartz-magnetite-K
feldspar veins, whereas the outer potassic zone cor-
responds to biotite-K feldspar-quartz-magnetite alter-
ation. A shell of magnetite-destructive phyllic alter-
ation with very low susceptibility envelops the potassic
zones. At upper levels this alteration may grade into
intermediate argillic and shallow advanced argillic
alteration, but the magnetic properties are equivalent
for these alteration types and a single shell is sufficient
to model the effects. The phyllic zone is surrounded

by a zone of intense propylitic alteration, which is
partially magnetite-destructive, which passes out into
weak propylitic alteration and then into unaltered
andesite. The dimensions and susceptibilities of the
zones are given in Table 13.2. The predicted reduced-
to-pole (RTP) magnetic signature of this model is
shown in Fig. 13.9b—c.

After 500 m of erosion (Fig. 13.9d) a patch of phyl-
lic, surrounded by propylitic, alteration is exposed, but
the mineralization is only subcropping. Removal of a
1 km thickness of rock exposes the mineralized core of
the system and its surrounding alteration zones, as at
Bajo de la Alumbrera.

An alternative model with lesser secondary mag-
netite is shown in Fig. 13.9g. Its RTP magnetic sig-
nature is shown in Fig. 13.9h—i. This model type is
generally applicable to less strongly oxidized or rela-
tively felsic systems, or to low-medium K calc-alkaline
associations, typically in areas with thick continental
crust.

Other models include deposits hosted by dif-
ferent country rocks, including weakly magnetic
felsic igneous (or metaigneous) rocks, as shown
in Fig. 13.9j-1, unreactive sedimentary rocks (e.g.,
quartzites), and carbonates. Quartzites (unaltered and
within the propylitic and phyllic zones) and unaltered
carbonates have essentially zero susceptibility.

The predicted RTP magnetic signatures for many
deposit types depend strongly on the level of exposure.
For exposed systems within magnetic intermediate-
mafic igneous host rocks, as at Bajo de la Alumbrera, a
strong central high is surrounded by a relatively weak
annular low over the phyllic zone, gradually return-
ing to background levels over the propylitic zone.
For a completely buried system, however, the signa-
ture is basically an alteration low due to the large
volume of magnetite-destructive alteration surround-
ing the deeply buried magnetic core. At intermediate
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Fig. 13.9 Examples of canonical exploration models and their
predicted magnetic signatures. (a) Gold-rich porphyry cop-
per with magnetite-rich potassic core, emplaced into mafic-
intermediate volcanics, uneroded, (b) RTP magnetic signature
of model (a), (¢) profile of RTP magnetic signature across model
(a), (d) Same as model (a), with 500 m removed by erosion, (e)
RTP magnetic signature of model (d), (f) profile of RTP mag-
netic signature across model (d), (g) As for model (a), with less

|
Y04 |

secondary magnetite in potassic core, (h) RTP magnetic signa-
ture of model (g), (i) profile of RTP magnetic signature across
model (g), (j) Gold-rich porphyry copper with magnetite-rich
potassic core, emplaced into felsic igneous rocks, uneroded, (k)
RTP magnetic signature of model (j), (1) profile of RTP magnetic
signature across model (j)
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levels of exposure a more complex pattern of a central
high surrounded by an alteration low occurs, with the
relative amplitude of the high and low dependent on
the erosion level.

For quartzites and similar host rocks, on the other
hand, the signature is a simple high over the min-
eralized, potassically altered intrusion, for all levels
of exposure. The anomaly becomes gradually weaker
and broader with increasing depth of burial of the
magnetic core. The signature for moderately magnetic
felsic host rocks is intermediate between the signa-
tures for mafic hosts and unreactive sedimentary host
rocks, but the annular low around the central high
is poorly developed, due to the relatively low mag-
netization contrast between the magnetite-destructive
alteration zones (phyllic and strong propylitic) and the
unaltered felsic rocks. Carbonate host rocks have the
central high, with highs also developed over magnetite-
rich proximal Cu-(Au) skarns, in the inner garnet-rich
zone, and distal Au skarns, near the marble contact.
These skarns tends to occur as discrete magnetite-
bearing skarn bodies, developed within favourable
horizons and localized by overall zonation patterns and
by structural controls.

Figure 13.10a—c shows effects of burial under a sig-
nificant thickness of magnetic volcanics of the deposit
model shown in Fig. 13.9(a), demonstrating that such
deposits should be clearly detectable beneath volcanic
cover. Fig. 13.10d—f shows distortion of the mag-
netic signature produced by post emplacement tilting.
Figure 13.10g—i illustrates a porphyry system similar
to that of Fig. 13.9(a) but emplaced into carbonate
rocks, and Fig. 13.10j-1 shows the effects of asymmet-
ric alteration zoning produced by emplacement into a
contact between magnetic mafic rocks and carbonates.

With regard to epithermal gold deposits, intense
epithermal-style alteration, whether low- or high-
sulphidation, is invariably magnetite-destructive. The
magnetic signature is strongly dependent on the host
rocks. Epithermal alteration systems hosted by mag-
netic volcanic rocks are characterized by smooth, flat
magnetic low zones within the overall busy mag-
netic texture (Irvine and Smith 1990, Feebrey et al.
1998). Similar systems within non-magnetic sedimen-
tary rocks have negligible magnetic expression. High
sulphidation systems may have a diffuse intrusion +
alteration high due to a deeper porphyry system within
a few hundred meters to a few kilometres of the
deposit. This may be more prominent if post-formation

faulting has brought the intrusion closer to the surface,
or the porphyry and epithermal systems are telescoped
by rapid uplift during formation. Upward continuation
of magnetic maps may help identify deep intrusions,
beneath magnetic volcanics, that are possible sources
for mineralizing fluids (Gunn et al. 2009). Magnetics
can also be useful for detecting structural corridors
and fluid pathways that are related to more localized
epithermal systems. Radiometrics can detect K-rich
alteration (e.g., adularia-sericite) associated with some
exposed or subcropping epithermal deposits. Although
in favourable circumstances magnetics is a useful tool
for defining hydrothermal systems that are prospective
for volcanic-hosted epithermal gold deposits, delin-
eation of the ore zones is not possible. Electrical meth-
ods are generally more useful for detecting conductive
or chargeable mineralization and defining resistive
zones of silicification. Gravity methods are sometimes
useful for defining lower density alteration, or in some
cases enhanced density due to silicification of porous
rocks.

Smith (2002) has reviewed geophysical signatures
of IOCG deposits, with an emphasis on magnetics and
gravity. Due to the high densities of iron oxide min-
erals, IOCG deposits are invariably associated with
gravity highs, up to 20 mgal for large deposits. The
magnetic signatures of IOCG deposits, and their rela-
tionships to the gravity anomalies, depend on the
geological history and are much more variable. The
iron oxide zonation pattern of IOCG systems (Hitzman
et al. 1992; Wall and Gow 1995) indicates that the
magnetic sources overall tend be deeper and more
laterally extensive than the gravity sources. For this
reason detailed analysis of the anomalies should reveal
a somewhat deeper and/or broader magnetic zone than
the anomalous density distribution, as at the archetyp-
ical Olympic Dam, South Australia, deposit (Esdale
et al. 2003). Thus a better term for the relationship
between the magnetic and gravity anomalies is “super-
posed”, rather than “coincident”, anomalies.

Redox conditions during deposition and alteration
overprinting, which controls the abundances and pro-
portions of magnetite and hematite in IOCG deposits
and their alteration envelopes are a crucial control on
the magnetic signatures. Magnetite, formed under rela-
tively reducing conditions, has very high susceptibility
compared to hematite. Hematite has low susceptibil-
ity and also has fairly weak remanence, unless it has
formed at, or been taken to, very high temperatures
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Fig. 13.10 Examples of canonical exploration models and their
predicted magnetic signatures. (a) RTP magnetic signature of
model in Fig. 13.9(a), buried beneath 100 m of magnetic vol-
canics (b) As for (a), but upper 1000 m of deposit removed
by erosion, then covered by 100 m of magnetic volcanics
(c¢) Analytic signal amplitude (total gradient) of RTP magnetic
signature in (a), (d) Model of Fig. 13.9(a), with post-formation
tilt through 60 degrees, (e) RTP magnetic signature of model
(d), (f) profile of RTP magnetic signature across model (d),

(g) Gold-rich porphyry copper, emplaced into carbonate rocks
with magnetite-rich potassic core plus proximal and distal
skarns, eroded 500 m, (h) RTP magnetic signature of model
(g), (i) profile of RTP magnetic signature across model (g), (j)
Gold-rich porphyry copper with magnetite-rich potassic core,
emplaced into contact between mafic volcanics and carbonate
rocks, eroded 500 m, (k) RTP magnetic signature of model (j),
() profile of RTP magnetic signature across model (j)

%
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and thereby acquired a thermoremanent magnetiza-
tion. Monoclinic pyrrhotite, formed under reducing
conditions with moderate sulphur fugacity, has moder-
ate susceptibility, but tends to carry intense remanence.
The oxidation state of the host sequence appears to
influence the oxidation state of the IOCG deposits, as
well as the redox state of the source (e.g., magmatic
fluids) and the paleodepth (more oxidized at shallow
depths). IOCG deposits tend to occur in relatively
oxidized crustal provinces, characterized by strong
anomalies and complex magnetic patterns (Haynes
2000). Within the regional magnetic variability, the
deposits lie within or near relatively strong mag-
netic highs, associated with semi-regional magnetite-
producing sodic and sodic-calcic alteration systems.

In a typical vertically zoned IOCG system,
magnetite-destructive, hematite-rich hematite-sericite-
chlorite-carbonate (HSCC) alteration dominates upper
levels, whereas magnetite-rich alteration (potassic at
intermediate depths, grading into deeper sodic or
sodic-calcic alteration) dominates at depth. Thus the
current erosion level determines whether the exposed
or near-surface portions of the system are hematite-
rich or magnetite-rich. If the level of exposure is
sufficiently deep, overprinting magnetite-rich potas-
sic alteration tends to be more focussed around the
deposits, enhancing the magnetic highs. On the other
hand, if upper levels of the system have been retained,
magnetite-destructive hematite-rich alteration hosts
the mineralization. In this case the signature is a
relatively smooth pattern, which can be a local mag-
netic low (depending on the host rock magnetization)
within the overall broad high associated with deeper
and/or more laterally extensive magnetite-dominant
alteration. Tilting of a vertically zoned system, or
upfaulting of the deeper magnetite-rich portion, may
juxtapose the magnetite and hematite zones, produc-
ing juxtaposed, rather than “coincident” gravity and
magnetic anomalies.

High grade regional or contact metamorphism of
hematite-rich zones can impart an intense thermorema-
nence to the hematite, which can cause large magnetic
anomalies. This appears to explain the strong mag-
netic anomalies exhibited by massive hematite bodies
of the Mount Woods Inlier that have been contact
metamorphosed, such as the Peculiar Knob deposit
(Schmidt et al. 2007), whereas similar unmetamor-
phosed massive hematite at Prominent Hill produces
no discernible magnetic anomaly.

At continent to province scale favourable tectonic
settings for ancient deposits may be recognisable
from regional potential field data sets, supplemented
by seismic, magnetotelluric or other deep-penetrating
methods. Ancient buried subduction zones are charac-
terized by arc-parallel linear belts of magnetic highs,
corresponding to magnetite-series granitoid provinces,
and lows, corresponding to ilmenite-series granitoid
provinces or sedimentary basins. Subduction-related
magnetite-series belts are much more prospective for
IOCG and porphyry copper-(gold) deposits. Belts
of reduced, ilmenite-series granitoids are prospec-
tive for Sn-(W) and also for intrusive-related Au and
reduced porphyry Au-(Cu) deposits. Within belts of
magnetite-series granitoids, Cu-Au is associated with
more magnetic magmatic-hydrothermal systems than
Cu-Mo; W-Mo-Bi and Au in tin provinces is much
less magnetic. In oxidized Au-bearing systems, Au
mineralization is often associated with the felsic end
of magmatic evolution and is then associated locally
with a weaker magnetic character and higher radioele-
ment contents. Continental rift settings, which are also
prospective for IOCG deposits, may be associated with
rift-parallel regional gravity and magnetic highs along
the ancient continental margin, with a quiet magnetic
zone outboard of the regional highs and relatively
busy magnetic patterns inboard of the margin (Gunn
1997). Large intrusions associated with bimodal mag-
matism, which is characteristic of anorogenic envi-
ronments, including several IOCG provinces, can be
seen in magnetic and gravity images, due to the
contrasting physical properties of mafic and felsic
intrusions.

At a regional scale major structures that control the
emplacement of mineralizing or heat-engine magmas,
or which channel flow of crustal fluids, are often evi-
dent in suitably processed gravity and magnetic data
sets (e.g., Sandrin et al. 2007). These features may also
be visible in satellite imagery. Intersections of linea-
ments appear to be particularly favourable for IOCG
mineralization. Structural controls at a range of scales,
from semiregional to prospect scale, may be evident
in detailed magnetic data. Identification of favourable
orientations of structures may be possible if senses of
movement, block rotations etc. are known. Anomaly
offsets and abrupt changes of trend in magnetic images
can help to define tectonic movements. Paleomagnetic
studies can also be useful for defining rotations and
tilting within and around deposits (Geissman et al.
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1982; Force et al. 1995; Schmidt et al. 1997) and to
define distinct magmatic and hydrothermal alteration
events recorded by remanent magnetization (Schmidt
et al. 1997; Clark and Lackie 2003; Astudillo et al.
2010).

A large range of magma compositions within a
comagmatic suite is indicative of substantial fractional
crystallization, which can partition metals into late
stage fluids, potentially concentrating them to lev-
els that can produce economic ore deposits. For this
reason fractional crystallization is favourable for devel-
opment of intrusive-related mineralization. Strongly
zoned oxidized intrusions produced by fractional crys-
tallization exhibit zoned magnetic signatures and, if
exposed or subcropping, zoned radiometric patterns.
Similarly, multiple/nested intrusions, with a substantial
range of magnetic properties, densities and radioele-
ment contents, particularly when there are geophysical
indications of an underlying magma chamber, are also
favourable indicators of fractional crystallization.

Well-developed contact aureoles around intrusions
are indicative of emplacement of high-temperature,
melt-rich magma capable of undergoing substan-
tial fractional crystallization. Strong contact aureole
effects produce substantial mineralogical changes in
the metamorphosed and metasomatized host rocks,
often with pronounced changes in magnetic suscep-
tibility (particularly increased susceptibility due to
creation of secondary magnetite and/or pyrrhotite).
Strong remanent magnetization of contact aureoles is
also suggestive of high temperature emplacement or
substantial metasomatism. Prominent contact aureole
magnetic signatures, particularly if they are clearly
zoned or show strong local overprinting are therefore
also favorable indicators of potentially mineralized
magmatic-hydrothermal systems.

Future advances in magnetic exploration will rely
firstly on better understanding of the processes that cre-
ate, destroy and alter magnetic minerals in mineralized
environments, based on magnetic petrological studies,
accompanied by more comprehensive magnetic prop-
erty databases and detailed case studies of magnetic
signatures of mineralized environments. Secondly,
improvements in acquisition, processing and interpre-
tation of the crustal magnetic field will enable more
geological information to be extractable from mag-
netic surveys. Although small incremental improve-
ments in conventional surveys will continue, the most
dramatic advances are likely to involve gradiometry,

particularly measurements of the full gradient ten-
sor by new generation highly sensitive instruments, to
obtain more detailed information about structures and
subtly varying magnetization patterns in the shallow
crust.

In a seminal paper Pedersen and Rasmussen (1990)
discuss in some detail the practical problems encoun-
tered in the collection and processing of gradient tensor
data and the benefits obtainable from acquisition of
tensor data. For instance, these workers point out that
resolution is enhanced compared to conventional mag-
netic surveys and that rotational invariants calculated
from tensor data have attractive properties for interpre-
tation. Christensen and Rajagopatan (2000) suggested
that the next breakthrough in magnetic exploration is
likely to be the measurement of the gradient tensor
and demonstrated the utility of analytic signal ampli-
tudes (total gradients) of vector components, which
can be derived directly from gradient tensor compo-
nents, for locating boundaries and interpreting source
geometries in the presence of remanence. Schmidt and
Clark (2006) have summarized the multiple benefits
of gradiometry in general and tensor gradiometry in
particular.

Recently the first practical low temperature (liquid
helium cooled) SQUID-based system for geophysi-
cal gradient tensor surveys has been developed by
the Jena (Germany) group (Stolz et al. 2006). The
intrinsic noise of the LTS planar gradiometers devel-
oped by this group is 0.2 pTm~! (integrated between
0.01 Hz and 10 Hz). Noise spectral density of the
full tensor gradiometer system in motion is about
1-10 pTm~'(v/Hz)~! over a frequency range of 0.1 —
2 Hz in a bird towed beneath a helicopter and approxi-
mately ten times higher for installation on a fixed wing
aircraft.

The discovery of high temperature (liquid nitrogen
temperatures and above) superconducting materials in
the late 1980s has created opportunities for cheaper,
smaller devices that can be readily transported and
refilled, but retain very high sensitivities. Liquid nitro-
gen cooled SQUIDs and gradiometers are very sen-
sitive, with noise levels that are about an order of
magnitude higher than those of low T SQUIDs. Clark
et al. (1998) suggested the use of combined vector
field and gradient tensor measurements, using high T
superconducting devices, for separating contributions
of induced and remanent magnetization to magnetic
anomalies and for inferring source properties, such as
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total magnetization direction, remanence direction and
Koenigsberger ratio.

A number of tensor gradiometer systems, based on
a wide range of different technologies including high
temeprature SQUID devices, are under development
(e.g., Clem et al. 2001; Humphrey et al. 2005; Leslie
et al. 2007; Wiegert et al. 2007; Sunderland et al.
2009; Keenan et al. 2010). We anticipate that over the
next decade full gradient tensor systems will be com-
mercialized and be routinely used in next generation
magnetic surveys for exploration.

13.6 Interpretation of Lower Crustal
Processes

Lower crustal processes are dominated by increas-
ing temperatures, and an important temperature is that
associated with the Curie point of magnetite (580°C),
above which it loses its permanent and induced mag-
netism. To the extent that other magnetic minerals
dominate in the lower crust, the temperatures of those
other magnetic phases will be important for inter-
pretation. Ilmenite-hematite, hematite-magnetite, or
titanomagnetite-rich, phases exhibit different Curie,
Néel, or unblocking temperatures from pure magnetite
(McEnroe et al. 2004), and they extend to 670°C
for hematite-rich compositions. Fine-scale exsolution
of ilmenite-hematite phases (McEnroe et al. 2009b),
and possibly also magnetite-hematite phases (Schmidt
et al. 2007), significantly increases the magnetic rema-
nence and coercivity from typical multi-domain val-
ues. If these lamellae are not resorbed by temperature
and pressure conditions in the lower crust, then a
much greater range of magnetic mineral phases may
be present. Experiments by McEnroe et al. (2004) sug-
gest that the lamellae may be stable at lower crustal
temperatures and pressures.

Increasing pressures also have an effect on the mag-
netic properties of single and multi-domain magnetite
(Gilder et al. 2004) and titanomagnetite (Gilder and Le
Goff 2008). Both saturation remanent magnetization
and coercivity increase markedly in titanomagnetites
at typical lower crustal pressures. The percentage of
Ti in the titanomagnetite structure seems to control
the increase in magnetization and coercivity, with the
highest increases associated with the highest amounts
of Ti.

Much work continues to be devoted to the difficult
question of determining the depth to the Curie and Néel
isotherms, and with comparing results from differ-
ent approaches. Works utilizing standard approaches
(Spector and Grant 1970) include those of Bilim
(2007), Bektas et al. (2007), and Maden (2009) in
Turkey, Trifonova et al. (2009) in Bulgaria, ChunFeng
et al. (2009) and Xu-Zhi et al. (2006) in China, Prutkin
and Saleh (2009) in Egypt, and Stampolidis et al.
(2005) in Albania. A fractal approach based on the for-
mulation of Maus et al. (1997) was used in the western
United States by Bouligand et al. (2009), and a sim-
ilar approach was used in California by Ross et al.
(2006). Ravat et al. (2007) compares several spec-
tral approaches, while Rajaram et al. (2009) compares
the spectral approach with an approach that integrates
seismic, heat flow, and satellite magnetic data sets
(Purucker et al. 2007).

13.7 Summary

The interpretation of terrestrial impact structures con-
tinues to garner much attention because of its rele-
vance to the interpretation of extraterrestrial impacts.
These impacts are the targets of robotic exploration by
NASA, ESA, and the national space agencies of Japan,
India, and China.

The importance of the coherence scale, or size of a
region of coherent magnetization, can not be overem-
phasized, both in the terrestrial and extraterrestrial
examples. It is often the case that observations of a
feature are made from only a single altitude. A change
in that altitude can often make a dramatic difference
in what features are available for interpretation, and
‘color’ the interpretation in subtle ways.

Future advances in magnetic exploration are crit-
ically dependent on a better understanding of the
processes that create, destroy, and alter magnetic min-
erals. Comprehensive magnetic property databases are
also a requirement for future advances in magnetic
exploration.

The magnetic technique has often been faulted as
having too little resolution. Recent advances in the
measurement, processing, and interpretation of gradi-
ent data utilizing high temperature SQUID devices on
helicopters and fixed-wing aircraft offer the prospect
of dramatic improvements in the resolution of our
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magnetic imagery. Similar improvements in our view
of the magnetic lithosphere from near-Earth space will
be inaugurated with the Swarm constellation (Friis-
Christensen et al. 2009). Swarm will utilize highly
sensitive Helium and fluxgate magnetometers flying in
constellation to make its gradient field measurements.
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