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matrix theory, wavelets, interpolation, and Fourier and spectral applications. The publicly
available Generic Mapping Package (GMT) is useful for both producing maps, and for
analysis of potential field data. It is documented in Wessel and Smith (1998) and
available online from http://gmt.soest.hawaii.edu. Commonly used commercial codes
include Geosoft, Matlab, and IDL.

Online applications include those for the evaluation of the International Geomagnetic
Reference Field (Maus and Macmillan, 2005), available from the NGDC web site at the
address above. Along these same lines, there is also available an application for the
evaluation of the CM-4 Comprehensive Model (Sabaka et al., 2004) at
http://planetary.mag.net. Finally, the Atlas of Structural Geophysics (Jessel, 2002) can be
found online at http://www.mssu.edu/seg-vm/exhibits/structuralatlas.

6.01.1.6 Structure of the remainder of the chapter

The remainder of this chapter begins with a summary of the salient points of magnetic
petrology. We then outline the utility of crustal magnetism through a series of case
studies, and discuss compilations to produce models at continental or larger scale. This is
followed by details of the processing, transformation and modeling methods that are
applied to crustal magnetic data to facilitate interpretation. The issue of the separation of
the various contributions to the measured magnetic field is then addressed, and we
conclude with one of the key outstanding questions, identifying the induced and remanent
components of magnetization. We have included within the references both papers,
which we have cited within the text of the review, and ones, which, while important, we
were unable to discuss because of space limitations.
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Because magnetic oxide or sulphide-bearing phases are commonly associated with other
economic mineral phases, magnetic measurements play a significant role in mineral
exploration. Mapping of the crustal magnetic field is a geologic and exploration tool in
the terrestrial environment, and provides a 3rd dimension to surface observations of
composition and structure. The magnetic method also contributes to plate tectonic theory,
oil and gas exploration, structural geology, and geologic mapping. The generation of new
seafloor at the ridge crest was established via the magnetic method. The symmetry of the
magnetic patterns (Vine and Matthews, 1963) about the ridge crest is often cited as the
breakthrough which led to the widespread acceptance of plate tectonics. The magnetic
time scale (Heirtzler et al., 1968), suitably calibrated with numerical ages, serves many
purposes in the Earth sciences. In particular, readers are referred to Chapter 12 for further
details of crustal magnetism within the oceanic realm. Inferences from crustal magnetic
fields, interpreted in conjunction with other geological and geophysical information, can
locate kimberlite pipes, impact structures, plutons, ophiolites, and other geologic entities
which have a magnetic contrast with their surroundings. This permits extrapolation from,
or interpolation between, outcrops, drill holes, or regions of localized geophysical
measurements into areas where surficial materials may obscure the feature. Magnetic
studies can locate faults, folds, and unconformities, and describe their geometrical
properties. Magnetic measurements provide constraints on the amount of sediment in a
depositional basin by characterizing its depth and dimensions. Magnetic measurements
can be used to infer heat flux, and the depth to the bottom of the magnetic crust, because
magnetic properties are temperature dependent. Finally, crustal magnetic fields can help
delineate suture zones or terrane boundaries, and unravel the history of volcanic terranes.

In the sections that follow, we use a case study approach to illustrate the utility of the
magnetic method. We begin with the Chicxulub impact structure, showing how it was
first recognized using a combination of aeromagnetic and gravity data, and how these
data sets have been used to produce 3-dimensional (3-D) models of the structure. We
proceed then to review geodynamical interpretations of aeromagnetic data that have been
derived from dike swarms, and some of the caveats that must be considered. We then
discuss structural and tectonic interpretations of aeromagnetic maps over forearc basins
with Cenozoic to Recent faulting, and their role in assessing earthquake risk. We next
illustrate how magnetics has been used to infer heat flux under the Antarctic ice cap, and
how this may have applications in modeling ice flow, and in identifying undiscovered
volcanic regions under the ice. In the exploration arena, we summarize the role of aero-
and ground magnetic surveys in identifying diamond-bearing kimberlites from northern
Canada. Finally, we review the structural inferences drawn from magnetic and gravity
surveys over the West Siberian basin, and their relation to the world’s largest gas field,
the Urengoy. A case study approach such as this might also have included a
demonstration of the utility of magnetics in determining the depth to basement in
sedimentary basins, and its relevance in petroleum exploration. The proprietary nature of
this kind of work means that while there are no shortage of articles discussing depth to
basement techniques (e.g. Peters, 1949; Li, 2003; Thompson, 1982; Thurston et al. 2002;
Thurston and Smith, 1997; Hsu et al., 1998; Ku and Sharp, 1983; Mushayandebvu et al.,
2001, 2004; Naudy, 1971; Salem and Ravat, 2003; Silva et al., 2001,2003; Nabighian et
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The magnetic signature consists of three concentric zones (Pilkington and Hildebrand,
2000) with radii of 20, 45, and 80 km. The impact occurred in a carbonate sequence
several kilometers thick characterized by much longer (hundreds of kms) and weaker
amplitude magnetic anomalies. The innermost zone is characterized by a single, high
amplitude anomaly indicative of a single source. The middle zone consists of numerous,
intermediate amplitude dipolar anomalies. The outermost zone consists of short-
wavelength, low amplitude anomalies. The outermost zone is better defined by its gravity
signature, and associated cenotes (fresh-water caves), than by its magnetic signature. In
their recent interpretation of the aeromagnetic survey data, Pilkington and Hildebrand
(2000) perform 3-D modeling of the crater structure by inversion using a two-layer
model. The layers, at depths corresponding to the melt sheet and the basement surface,
are inverted individually subsequent to separation via a wavelength filter (see 6.01.5.5.2.2
for the related concept of matched filter). The inner magnetized zones within the melt
sheet are interpreted to result from hydrothermal activity at the edge of the central uplift
and the collapsed disruption cavity. Although some lines of evidence (Snyder et al.,
1999) suggest that Chicxulub may be a multi-ring impact structure, the magnetic data as
currently modeled resolve only a single ring with a central peak. Although the magnetic
signature of Chicxulub is distinctive, a variety of magnetic signatures are encountered in
other terrestrial impact structures (Pilkington and Grieve 1992; Grieve and Therriault
2000; Shah et al 2005; Goussev et al., 2003), dependent on the target rocks, impact
magnetizations, and subsequent evolution of these metastable assemblages. A magnetic
low is frequently encountered, due to a reduction in magnetic susceptibility. Large
structures such as Chicxulub tend to exhibit a central high-amplitude anomaly. Imaging
techniques that emphasize the edges of magnetic bodies via derivatives, or via artificial
illumination in one or more directions (Wessel and Smith, 1998) are commonly
employed adjuncts to magnetic survey interpretation of impacts. Specific extensions to
impact, and other circular features (e.g. kimberlite pipes) within magnetic data, are
circular sunshading as described by Cooper (2003) and Cooper and Cowan (2003), and
fractional derivatives (Cowan and Cooper, 2005) for better matching to the available
data.

6.01.3.2 Dike Swarms

The Earth hosts hundreds of radiating, arcuate or linear mafic dike swarms (Ernst et al.,
1996) whose mapping has contributed to improved geodynamic models of the Earth. In
southern Africa alone, one digital database (Mubu, 1995) has enumerated 14000 dikes,
mapped in large part because of their magnetic expression. While some of these dikes are
exposed, most are not, and hence the magnetic method has played a crucial role in their
understanding. These magnetically defined dike swarms have been used in global plate
reconstructions, and locally to understand the kinematics of rifting. In addition, dikes
define fractures and shear zones (Figure 2), along which economic mineralization is often
found.
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point of these Jurassic dikes defines the location of a paleoplume. The dikes here consist
of four distinct swarms, the Okavango, the Save-Limpopo, the Olifants River, and the
Lebombo. Dikes of both Jurassic and Proterozoic age have been identified within the
ESE-trending Okavango dike swarm (Jourdan et al., 2006), suggesting that the Jurassic
events represent the reactivation of a pre-existing trend, and calling into question Jurassic
kinematic reconstructions made using these dikes. Many older dike swarms are now
dismembered, as in the well-documented Central Atlantic dike swarm of Africa, North
and South America (May, 1971). Magnetic identification of dikes relies on simple pattern
matching from contour maps generated from simple source geometries (Vacquier et al.,
1951). The depth to the top of dikes can be a valuable indicator of the kinematics of post
dike faulting (Modisi et al., 2000). In Modisi et al.’s (2000) study, determinations of the
depth to the tops of dikes were made using Euler’s homogeneity equation (see section
6.01.4.7). Although the magnetic signature of a dike is usually easy to recognize, little
attention has been directed to the important problem of magnetically recognizing dikes of
common trend but dissimilar ages from within a single swarm. There are likely to be
significant differences in magnetic signature, although the identification and mapping of
these differences will require inputs from both field and laboratory studies.

6.01.3.3 Cenozoic-Recent faulting in forearc basins

Forearc basins around the Pacific Rim are the site of devastating earthquakes because of
their proximity to large population centers. Three types of earthquakes (mega thrust
contact, deep intra-slab, and shallow) are commonly encountered in these basins (Saltus
et al., 2005). The faults that host earthquakes occurring along shallow crustal faults in
the overriding continental plate can sometimes be located with high-resolution magnetic
surveys. The Seattle fault zone, an east-trending zone of reverse faulting extending
through Seattle, Washington, was the site of a M 7 earthquake about 1100 years ago
(Bucknam et al., 1992), and is an example of such a fault. Mapped geologically and with
an aeromagnetic survey (Blakely et al. 2002), and studied along several profiles with
seismic reflection surveys, this region hosts a tripartite package of rocks in close
proximity to the fault zone. The package has a distinct magnetic signature, and allows the
fault zone to be traced in areas of poor exposure, or where it is covered. From north to
south, the package consists of a magnetic Miocene volcanic conglomerate, a thick
sequence of nonmagnetic marine and fluvial rocks, and variably magnetic volcanic and
sedimentary rocks of Eocene age. After accounting for remanent magnetization, the
magnetic contacts were picked objectively (Blakely and Simpson, 1986). Near-surface
features of this magnetic survey have also been enhanced using a matched filter approach
(Syberg, 1972; Phillips, 1997, and see Section 6.01.5.5.2.2). The deformation front of the
Seattle fault zone, as revealed by the seismic reflection data, lies immediately north of,
and locally coincident with, the magnetic conglomerate. The aeromagnetic survey can
also provide information on individual strands of the fault zone, and whether it is
segmented (Blakely et al., 2002). The longer wavelength information within these
aeromagnetic surveys (Finn, 1990; Blakely et al., 2005, Wells et al., 1998) can be used to
provide a regional context for the tectonics of the Cascadia forearc region that hosts these
basins.



16

6.01.3.4 Heat flux beneath the Antarctic ice sheet

Using magnetic data to infer heat flux is possible because the magnetic properties of
rocks are temperature dependent, and at the Curie temperature rocks lose their
magnetism. The geothermal heat flux is an important factor in the dynamics of ice sheets,
the occurrence of sub glacial lakes and onset of ice streams, and may affect the mass
balance. Direct heat flux measurements in ice covered regions are difficult, thus Fox
Maule et al. (2005) developed a method using first-order features of the satellite magnetic
data to estimate the heat flux underneath the Antarctic ice sheet. They found that it varies
from 40 to 185 mW/m2, that areas of high heat flux coincide in part with known current
volcanism, sub glacial lakes, and ice streams, and that some areas landward of the Ronne
ice shelf near the shoulder of the West Antarctic rift system may host active, but
undiscovered, sub-ice volcanic regions.

Traditional methods for inferring heat flux, or the related magnetic problem of inferring
the bottom of the magnetic crust, have relied on the shape of radially averaged spectra
from gridded aeromagnetic data sets (Spector and Grant, 1970; Maus et al., 1997). To
quote Blakely (1995), ‘this calculation ranks among the most difficult in potential field
inversion’. At all wavelengths the contribution from the bottom of the magnetic source is
dominated by contributions from the top. The top of the source must be also be known, in
itself a difficult problem. The estimate of the bottom focuses on the lowest wave
numbers, which overlap with poorly known regional fields that may be unrelated to
bottom of the magnetic bodies. There also exists a dependence on the characteristic shape
of the magnetic bodies, and an assumption about the magnetization distribution.
Assuming the magnetization is spatially uncorrelated (‘white’) is common, although
magnetic susceptibility distributions are often correlated (Pilkington and Todoeschuk,
1995).

The method of Fox Maule et al. (2005) uses a self-consistent compositional and thermal
model of the mantle and crust (Nataf and Ricard, 1996) as a starting point, and this model
is then modified in an iterative fashion with the satellite data until the magnetic field
predicted by the model matches the observed magnetic field. At the scale of the surveys
used (400+ km wavelength), a unique solution is guaranteed by assuming that induced
magnetizations dominate over remanent magnetizations in continental crust, and that
vertical crustal thickness variations dominate over lateral susceptibility variations
(Purucker and Ishihara, 2005). The resulting magnetic crustal thickness is then used as
one boundary condition in a thermal model of the continental crust, assuming 1D heat
conduction, and using a simple model to account for radioactive heat production in the
crust. The largest complications and uncertainties in this approach are 1) uncertainties in
determining the magnetic field model in the dynamic, high-latitude auroral, sub-auroral,
and polar cap region, 2) the starting seismic and thermal model, 3) uncertainties in the
upper and lower temperature boundary conditions, 4) lateral variations in thermal
conductivity, and 5) lateral variations in viscous remanent magnetization.

6.01.3.5 Northern Canadian Kimberlite province
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Diamond-bearing kimberlites were first recognized in rocks of cratonic North America
more than 150 years ago. Exploration interest focused on the Slave Craton in Canada
beginning in the 1970s, and the discovery of diamond-bearing kimberlites in the early
1990s set off a mineral staking rush (Krajick, 2001). By 2004 these deposits accounted
for 15% of global diamond output by value. The exploration program relied on a
complementary suite of geochemical and geophysical techniques, of which the magnetic
technique was one. Exploration usually proceeded from a program of indicator mineral
sampling, to one of geophysical surveys in favorable regions, and finally to drilling in
order to prove the deposits (Power et al., 2004). Airborne total magnetic field and
electromagnetic surveys, and follow-up ground surveys, were the most common
geophysical surveys performed (Jansen and Witherly, 2004), although sometimes gravity,
ground-penetrating radar, and seismic techniques were used. The kimberlite host rock
often exhibits a positive magnetic susceptibility contrast, and a strong remanence,
compared to the surrounding country rock, commonly a high-grade metamorphic rock, or
granite, in the Slave craton. Kimberlite pipes are often found in geographically localized
groups, frequently under lakes because of differential erosion, and the remanence
directions within those groups is often similar. Kimberlite pipes are often associated with
diabase dikes (see previous section for a discussion of their magnetic signature), and are
also commonly intruded along pre-existing zones of weakness (regional faults, geological
contacts), many of which will have magnetic signatures. A completely preserved
kimberlite pipe may be several hundred meters wide, and is often pipe or carrot shaped
(Macnae, 1979). The resulting magnetic anomalies are usually circular in form (because
the area is near the magnetic pole; see section 6.01.5.4.2), and data enhancement
techniques are similar to those used for impact craters (see section 6.01.3.1). The use of
the analytic signal (see section 6.01.4.6), and a pattern recognition technique (Keating
and Sailac, 2004), has been shown to be of some use in identifying possible kimberlite
target rocks.

6.01.3.6 Structural control of the Urengoy gas field

The West Siberian Basin, one of the world’s largest sedimentary basins developed on
continental crust, hosts a super giant gas accumulation in the Urengoy field (Littke et al.,
1999). The hydrocarbons in the Urengoy are found in an anticlinal trap defined by
rejuvenated graben faults (Gibson, 1998; Grace and Hart, 1990). Aeromagnetic
(Makarova, 1974) and gravity (Arctic Gravity Project, 2002) mapping (Figure 3) over
this region reveals north-south trending positive anomalies that are fundamentally
lithologic, originating in Permo-Triassic basalt now found in rift basins. The basalt in
these buried grabens is of the same age (Reichow et al., 2002) as the bulk of the Siberian
traps exposed further east on the Siberian platform.
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Cretaceous sediments. Maturation of Jurassic source rocks was followed by migration of
hydrocarbons into traps located within the Pokur Formation of Cenomanian age.

6.01.4 COMPILATIONS AND MODELS

Because maps of the crustal magnetic field are so useful for regional geologic
understanding, and because magnetic surveys are usually acquired over small regions,
there is a need to assemble the individual magnetic surveys into larger compilations. This
assembly is often assisted by the addition of longer, higher altitude magnetic surveys that
serve to tie the individual surveys together, and ameliorate the discontinuities that occur
at survey boundaries. Perhaps the best known of these higher altitude surveys are a series
of surveys flown in Australia (Tarlowski et al., 1996) for the purpose of leveling the
Australian magnetic map, and the Project Magnet surveys (Coleman, 1992) of the US
military. In North America, the 1970s saw the first regional compilations, followed by
partial compilations of the entire continent in the 1980s, and more complete compilations
by 2003. Similar scenarios have played out in Australia, the Former Soviet Union, China,
South Asia, Australia, the Arctic and Antarctic, in Europe, and over the world’s oceans.
In contrast, Africa and South America are less advanced in terms of magnetic
compilations, most of which have been led by industrial consortiums. The longest
wavelengths of the crustal magnetic field can be measured from satellites in near-Earth
orbits, and beginning in the 1960s, Russian and US satellites began to measure those
magnetic fields. This effort continues today as an international effort, with the CHAMP
satellite, and the upcoming ESA Swarm mission. Earlier comparisons (Schnetzler et al.,
1985) suggested a difference in amplitude between the crustal field measured at or near
the surface and from satellites when the data sets were compared at the same altitude,
with the satellite amplitude lower, but the two approaches are beginning to converge (e.g.
Ravat et al., 2002). Upcoming satellite missions will use a gradiometer configuration to
go to spherical harmonic degree 130+, and the wavelength content of near-surface
surveys is being enhanced at both ends of the wavelength spectrum. There still remains a
gap in our knowledge of magnetic anomalies with wavelengths from about 200 to 400
km. Only in Australia (Ravat et al., 2005) is this gap partially filled. Community efforts
are now focused on the development of a World Digital Magnetic Anomaly Map
(WDMAM), planned for release in 2007 (see section 6.01.4.2).

In parallel with the development of compilations has been the development of larger and
more elaborate models of the magnetic field, built on a deepening understanding of the
sources of the magnetic field. These models utilize both forward and inverse approaches,
and are frequently tested, and enhanced, using data from the compilations.

6.01.4.1 Continental-scale compilations

The first experimental airborne total field magnetometer was flown in the U.S.S.R. in
1936 (Gibson, 1998) and in 1974, the Ministry of Geology of the U.S.S.R. published a
mosaic series of 18 sheets at 1:2.5 million scale showing the residual magnetic intensity
(Makarova, 1974) over the USSR and surrounding waters. These sheets were digitized in
1982 by the U.S. Naval Oceanographic Office, Stennis Space Center Mississippi in order
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to produce four regional one-arc-minute grids of magnetic anomaly values covering the
entire Former Soviet Union. These digital data were provided to the National
Geophysical Data Center (NGDC, 1996) for archival and public dissemination. The
digitized data were made available on a 2.5 km grid.

The first continental-scale compilation, of North America (Hinze et al. 1988), was
completed in preliminary form as part of the Decade of North American Geology, and
released by the Committee for the Magnetic Anomaly Map of North America in 1987.
Consisting of the aeromagnetic surveys of Canada and the United States, and surrounding
waters, the compilation effort had been preceded by compilations of the United States
(Zietz, 1982) and Canada (Hood et al., 1985). The North American compilation was
released as a 2 km grid. The addition of aeromagnetic surveys over Mexico, and
improved Canadian and US maps, led to a 2nd generation product (Bankey et al., 2002;
Hernandez et al., 2001). The data grids comprising this map have a variety of wavelength
content, 1-km grid spacing, and show the total field at 1 km above the terrain. They are
projected using a spherical transverse Mercator with a central meridian of 100o W, base
latitude of 0o, scale factor of 0.926 and Earth radius of 6,371,204 m. Wavelengths greater
than 150 km are poorly represented in this compilation.

Magnetic observations of the North Atlantic and Arctic oceans, and adjacent landmasses,
were compiled as part of a Geological Survey of Canada program (Macnab et al., 1995;
Verhoef et al. 1996, and Figure 4). The final data set, on a 5 km grid, was merged from
three sub grids of 1) digital airborne observations, 2) digital ship borne observations, and
3) pre-existing grids or digitized maps. Only the ship borne observations showed some
agreement with the satellite measurements of the crustal magnetic field, and as a
consequence, all three sub grids were filtered to remove wavelengths greater than 400 km
prior to merging.

European magnetic observations, from northern, western, and Eastern Europe, were
compiled by Wonik et al. (2001) on a 5 km grid at an altitude of 3 km above mean sea
level (Figure 4). Long wavelengths were retained in this survey, although comparisons
with satellite data suggest that wavelengths in excess of 300 km are poorly resolved. The
map is projected using a Lambert Conformal Conic with a central meridian of 20 o E, and
standard parallels at 30o and 60o N.

A compilation of magnetic maps of onshore and offshore regions of China, Mongolia,
and Russia with accompanying interpretation was produced by a team from the
Geological Survey of Canada (1995). The data were on a 5 km grid, and wavelengths in
excess of 400 km have been removed from the map, which is displayed with a Transverse
Mercator Projection.

A digital compilation of marine and aeromagnetic data over South Asia (Geol. Sur.
Japan, 2002) was produced on a 2 km grid. A Lambert azimuthal equal-area projection
was used with a central point at 15 o N 120 o E, and a terrestrial radius of 6377 km.



21

A digital compilation of aeromagnetic data over Australia and the surrounding oceans is
now in its fourth edition (Milligan and Franklin, 2004; Milligan et al., 2005). The
associated database contains publicly available airborne magnetic grid data for on-shore
and near-offshore Australia. Flight-line magnetic data for each survey have been
optimally gridded and the grids matched in one inverse process. Composite grids at 250
m and 400 m grid spacing are available. Aeromagnetic traverses flown around Australia
during 1990 and 1994 are used in both quality control of the grids they intersect, and also
to constrain grid merging by forcing grid data, where intersected, to the level of the
traverse data. The map is displayed with a Lambert Conformal Conic Projection.

A sparse grid of aeromagnetic and marine magnetic data, supplemented by satellite
magnetic coverage, is available for the Antarctic (Golynsky et al., 2002). The data set is
publicly available as a 5 km grid, referenced to a polar stereographic projection.

The first compilation of onshore and offshore magnetic anomaly maps for China date
from the late-1980s (Chinese National Aerogeophysics Survey and Remote Sensing
Center, 1989), and has been recently (2004) updated in digital form.

Industry-led consortia have produced magnetic compilations of Africa (Barritt et al.,
1993), Arabia, India and the Middle East (Reeves and Erren, 1994), and South America
(Getech, 1996).

Oceanic data sets (GEODAS, 1999) are held by the National Geophysical Data Center of
NOAA. The most recent regional compilations are by Ishihara (2004) and Purucker and
Ishihara (2005), where the subtraction of non-crustal magnetic field sources was done
using the CM4 model of Sabaka et al. (2004) (see section 6.01.5.2).

6.01.4.2 World Digital Magnetic Anomaly Map Compilation

Although aeromagnetic data have been collected for almost 70 years, no worldwide
compilation of them yet exists. An initiative of the International Association of
Geomagnetism and Aeronomy has as its goal the production of a 5 km grid of the crustal
magnetic field at an altitude of 5 km. The minimum wavelength represented by such a
grid will be twice the grid spacing, or 10 km.
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anomaly data sets: Arctic-North Atlantic, North America, Europe, South Asia, North East
Asia, Eastern Indian Ocean, Australia, and the Antarctic. It will also include lower
resolution grids extracted from the proprietary coverage of Getech (1996) for Africa and
South America. Getech’s web page contains maps showing aeromagnetic coverage
worldwide in their holdings. Another view of the worldwide coverage can be seen in
Reeves et al. (1998).

6.01.4.3 Satellite compilations of crustal magnetic fields.

Satellite models of crustal magnetic fields are commonly spherical harmonic analyses of
data gathered during magnetically quiet times, rather than the field data directly. Two
current models of this type are MF-4 (Maus et al., 2006) and CM4 (Sabaka et al. 2004).
The two models reflect somewhat different design philosophies, and hence have different
strengths: MF-4 is an inversion of data from which estimates of other magnetic field
sources have been removed, whilst CM4 solves for all sources, suitably parameterized,
simultaneously. Thus MF-4 is a crustal field model only, and extends from degrees 16 to
90. The CHAMP magnetic field satellite input to MF-4 has had removed an internal field
model to degree 15, an external field model of degree 2, and the predicted signatures
from eight main ocean tidal components. Additional external fields are subsequently
removed in a track-by-track scheme. Because of its design philosophy, the MF-4 model
can be considered a minimum estimate of the crustal magnetic field, one in which there
will be some suppression of along-track magnetic fields. Regularization has been applied
to degrees higher than 60 to extract clusters of spherical harmonic coefficients that are
well-resolved by the data.
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equatorial electrojet (EE) can be seen (E) because it is most prominent around mid-day, following the
magnetic dip equator. Although the amplitude of the EE in the model and profile is similar, a slight
amplitude offset and latitudinal shift results in a residual anomaly that might be mistaken for a crustal
anomaly. While the EE is a robust feature of the low-latitude ionosphere, it does exhibit significant
variability on a day to day basis (Lühr et al., 2004; Langel et al., 1993), and includes wavelengths shorter
than the resolution of CM4 (spherical harmonic degree 45 for the EE). The magnetic field originating in the
distant magnetosphere exhibits variations, which are not entirely accounted for by the Dst index, and this
may account for some of the mismatch. In contrast, the high-latitude current system (F) exhibits significant
variability in time on a minute to minute basis, and in space, and CM4 does not attempt to model it. Two
significant crustal anomalies, in Wilkes Land, Antarctica (W), and in southern Australia (A) are prominent
in the profile. The frequency content of these anomalies again exceeds the cut-off of CM4 (spherical
harmonic degree 65 for crustal fields). These two magnetic features (Purucker et al., 1999; Mayhew and
Johnson, 1987) were adjacent (Von Frese et al., 1986) in pre-rift reconstructions of Gondwana.

CM4, in contrast, is a comprehensive model, i.e. it includes components of internal and
external origin, and toroidal fields, in addition to the crustal field (Figure 5). It is based
on data from all high-precision satellite magnetic field missions, beginning with the
POGO missions of the 1960s. It uses an iteratively reweighted least squares approach to
solve for all of the 25000+ parameters using more than 2 million observations. Because
of its design philosophy, the CM4 crustal field component estimate is expected to have
more power than MF-4, both because no direct damping is applied to the crustal field
coefficients, and because of the along-track approach used by MF-4. No suppression of
along-track magnetic fields is expected, and some of them, especially in the vicinity of
the dip equator, are of questionable crustal origin.

6.01.4.4 Global magnetization models


