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Paleomagnetism for
Geologists

John K. Park

Division of Seismology and Geomagnelism
Energy, Mines and Resources

1 Observatory Crescent

Ottawa, Ontario K1A 0Y3

Summary

Paleomagnetism is a useful tool for geolo-
gists. It gives simple data on remanent
and induced magnetizations in rocks, which
may help to distinguish or characterize
them, determine their structural relation-
ships with respect to other units, unravel
their geological histories and infer their
latitude of formation. Magnetic parameters
separately, together or combined with
density may also be used to identify and
map various primary and secondary geo-
logical processes. In view of the utility

of paleomagnetic methods, geologists and
paleomagnetists should become routinely
involved in joint projects.

Introduction

Paleomagnetism is now firmly established
as an important branch of the earth sci-
ences. Previously it was regarded largely
as a geophysical tool: vital for studying
global tectonics, the long-term properties of
the geomagnetic fieid and the earth’s
core. But it is also a geological tool, whose
usefuiness does not appear to be widely
appreciated by geologists; henca, this
review paper.

Geologists may be unaware of the geo-
logical potential of paleomagnetism for
several reasons. First, paleomagnetists
have concentrated their efforts on deriving
paleomagnetic poles and apparent polar
wander (APW) paths. This preoccupation
fostered the misconception that paleo-
magnetism had little to offer the geoclogist
axcept in the study of the macro-evolution
and movement of continental plates.

Second, geologists have held a light-
hearted view of paleomagnetists as "paleo-
magicians”, and this attitude has perhaps
inadvertently cast doubts on paleomagnetic
methods. This view grew mainly from an
ignorance of the methods and from skepti-

cism about certain results. Precambrian
rasuits, especially, invoked doubts about
the validity of paleomagnetic poles. It
seemed that every worker had a different
interpretation of the poles and therefore a
different APW path. Poles that did not fit
a favoured path often seemed to be arbi-
trarily rejected. The result was a prolifera-
tion of APW curves, many interpreting
essentially the same data, But there were
natural reasons for this proliferation. First,
the data base was and is insufficient to
reprasent adequately the Precambrian pe-
riod. Second, individual magnetizations
have often been inadequately analyzed,
and therefore sometimes wrongly identified
as primary. Third, magnetizations have
sometimes been wrongly dated using iso-
topic methods. Fourth, large errors are
often associated with both poles and iso-
topic dates. All these reasons have pro-
vided a large leeway for the interpretation
of paleomagnetic results (Roy and La-
pointe, 1978; Roy, 1983}).

Desgpite these shorticomings, paleo-
magnetism has a sound theoretical basis
which has been justified by rock magnetic
studies and by Cenozoic and Mesozoic
paleomagnetic results. These results have
provided important direct evidence for
the movement of continents from the con-
struction and correlation of continental
APW paths. Continental movement is indi-
rectly supported by the evidence for sea-
floor spreading. But both continental drift
and sea-floor spreading taken together
provide strong proof of paleomagnetism’s
validity through the correlation of the “mag-
netic stripe” pattern of oceanic crust with
the dated magnetostratigraphic record
of reversals on land (e.g., Lowrie, 1979). In
addition, many of the results and implica-
tions of paleomagnetism have been verified
by other disciplines,

The same methods used for studying
global tectonics are also appropriate for
solving various geological problems. In his
comprehensive book on paleomagnetism
Irving (1964) stated that "The ultimate aim
of paleomagnetic work is to build up a
picture of the time variations in the earth's
field in the geological past...” (p. 9), hence,
the main preoccupation of paleomagne-
tists. However, Irving called his book "Pa-
leomagnetism and its application to
Geclogical and Geophysical Problems”.
He thus devotes over 100 pages to a com-
parison of paleomagnstic results with geo-
logical evidence and to examples of
application. | will review some of these
applications and many others recently de-
veloped.

Basic Assumptions of Paleomagnetism
The first assumption of paleomagnetism
is that one can use rocks as fossil com-

passes that record the earth's field direction
of the past. Experiments have proved that
sedimentary and igneous rocks acquire

an initial, or primary, magnetization shortly
after formation, which is usually aligned
along the earth’s field direction. But deter-
mining whether the natural remanent mag-
netization (NRM) or residual permanent
magnetization of rocks is primary is otten
problematical. The original magnetization
may be unstable to later physical (temper-
ature, pressure) or chemical processes,
and so be eliminated or modified over time.
If it survives, it may coexist with later,
secondary, magnetizations, and be difficult
to isolate and identify. Secondary, like
primary, magnetizations can also reflect the
ambient field direction, but may not, de-
pending on the intensity of the preexisting
magnetization and the relations between
the magnetic carriers (e.g., Bailey and
Hale, 1982).

The second assumption of palieomagne-
tism is that the time-averaged paleomag-
netic field is produced by a geocentric axial
dipole (GAD), so that the calculated paleo-
magnetic pole coincides with the paleogeo-
graphic axis (Fig. 1) (Hospers, 1954). The
present configuration of the earth’s field
is modelled fairly closely by a geocentric
dipole inclined at 11-1/2° to the geographic
axis. The component left after subtraction
of the dipole field from the measured field
is called the non-dipole field, and amounts
to some 5% of the dipole field at the
earth's surface. Temporal variations in the
dipole and non-dipole fields together con-
stitute the secular variation. Despite the
non-axiality of the present earth’s field, the
field for the past 20 million years, when
averaged over periods of several thousand
years comparable to those of the secular
variation, approaches the GAD model (e.g.,
McElhinny, 1973). From the principle of
uniformitarianism, this model has subse-
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Figure 1 Present configuration of the earth’s
magnstic fieid at the surface assuming a geo-
centric axial dipote (GAD). All arrows would
be revarsed for a reversed polarity.
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quently been assumed for progressively
earlier time periods. Good agreement exists
among poles obtained from rocks of roughly
similar age across regions of continental
extent, indicating that the model is correct
10 at least the Carbonifercus Period (Morel
and Irving, 1981). In addition, paleolatitude
changes calculated from paleomagnetic
data are broadly consistent with paleocli-
mati¢ changes; the distributions of various
paleoclimatic indicators are latitude de-
pendent (Irving, 1964). The GAD assump-
tion of course does not apply to “instants™
of geclogical time or to periods of field
reversal when the dipole component dimin-
ishes.

The GAD assumption is unaffected by
the possible presence of true polar wander
(TPW) (2.g., Dickman, 1979; Jurdy, 1981).
Apparent polar wander (APW), the concept
used by paleomagnetists, denotes the
apparent movement of the pole throughout
time relative to some reference, usually
a continentai plate. APW, in fact, is largely
the result of the relative movement of the
lithospheric plates themselves. It may,
however, contain a component due to
TPW, that is, polar wander resulting from
the relative movement of the lithosphere as
a whole with respect to the mantie, or the
mantle relative to the core. Such move-
ments would affect equally all the calcu-
lated poles of a given age and so not atfect
geological conclusions based on these
poles,

The Separation and Identification of
Remanence Components

Paleomagnetic analysis involves resolving
the NRM—the total of all magnetizations
carried by a rock—into its compeonents and
establishing their sequence of acquisition.
This process may be simple and straight-
forward, or impossible, given the tech-
niques currently available. Generally, the
NRM of older rocks is more complicated
and thus more difficull to analyze. Standard
technigques employed for separating mag-
netic components include the stepwise
treatment of samples by alternating mag-
netic fields (AF) and by heating. Either

of these techniques or a combination of
them (e.g., Park, 1981} might be success-
fully applied to resclve the components

of a particular rock. If a single magnetic
component is eliminated within a discrete
treatment range, it can be accurately de-
fined by using vector subtraction (Buchan
and Dunlop, 1976) or vector diagrams.
Where two or more components are con-
currently removed, they can sometimes

be resolved or approximated by using spe-
cial methods (Halls, 1978; 1979a; Hoffman
and Day, 1978; Park and Roy, 1979).
One of these methods, involving remagne-
tization circles, is particularly useful for

resolving either one or both of two super-
imposed components (Halls, 1978). The
vecior resultant of two components has a
direction that lies on the great-circle be-
tween the two. If a sample is subjected to
stepwise AF or thermal treatment, sequen-
tial remanent magnetizations will trace

out an arc of this great-circle. With suffi-
cient dispersion in one of the components
over a suite of samples, the great-circle
arcs of individual samples can be extended
to a convergent point, which defines the
direction of one of the components. An-
other type of treatment, used for analyzing
the NRM of red beds, involves the physical
soparation of magnetic phases by acid
leaching. Analysis often requires the use of
all these treatments, together with special
directional or vector representations of

the data, to fully resoive the NRM. Mineral-
ogical, petrographical and miscellanesous
physical or geophysical evidence often
help in interpreting the order in which the
magnetizations were acquired and whether
a component is primary. Thermomagnetic
analysis, which invoives the measuremeant
of saturation magnetization during heating
and cooling of a sample, helps to identify
the magnetic minerals and their oxidation
states.

Once the NRM has been analyzed, the
next problem is to obtain a relative or
absolute age for each magnetic compo-
nent. The problem becomes increasingly
more difficuit with increasing geological
age as the NRM and isotope distributions
become more complex.

Parameters used in Paleomagnetism
Parameters of remanent (RM) and induced
{IM} magnetization are measured in palec-
magnetic studies. The former relates to
paleomagnetism per se. The latler, often
routinely measured, is discussed below.
RM is described by the basic parameters
of direction and intensity. Directional ele-
ments include the declination or azimuth
with respect to true north and the inclination
or dip from the horizontal. If the magnetic
inclination is directed downward (positive),
the magnetization is normal or has normal
polarity. The paleomagnetic pole is calcu-
lated from the direction, irrespective of
polarity, and the geographical coordinates.
Because the paleomagnetic and paleogeo-
graphic poles essentially correspond, the
ancient latitude {or paleolatitude) can be
derived by measuring the angular distance
between the sile and the paleomagnetic
pole. However, because the GAD field is
rotationatly symmetric about the palecgeo-
graphic pole, the absolute paleolongitude
(or palecazimuth) is indeterminate. Thus,
from the basic AM parameters we derive
the site paleopole and palsolatitude. With
repeal data from other samples we calcu-
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late various associated statistical parame-
ters. These statistics relate to the
dispersion of directions owing to secular
variation and to the errors of measurement
and data reduction.

Although the calculation of paleomag-
netic poles is based on the GAD hypothe-
sis, working models of the earth’s figld
are not required for using these poles to
solve purely local geclogical problems
{Blundell, 1961).

Applications using Remanent
Magnetization

To Define Structural Relationships between
Coeval Units. Relations between units
may be inferred by comparing the direc-
tions of their primary or secondary magnet-
izations. The method requires good
stratigraphic and paleomagnetic control, so
that any measured differences that are
due to APW can be ruled out. Directional
differences that are solely due to structural
changes can be interpreted as relative
movements of translation, rotation, or tift
between sites. These differances may also
help to define geological structures. Gener-
ally, the reference frame for paleomagnetic
interpretation is the horizontal and the
theoretical palecpole.

Translations are detectable by paieo-
magnetism if they result in a magnetic in-
clination change of greater than about
3°, that is, displacements must have a pa-
jeolatitude component of greater than 200
to 700 km, depending on the paleclatitude
north ar seuth of the paleocequator. Large
translations of several thousand kilometres
or more have been detected for displaced
terranes located in the North American
Cordillera (e.g., Beck, 1976; Irving, 1979).
Similar transtations have been detected
between adjacent terranes along the Great
Glen Fault of Scotland (Van der Voo and
Scotese, 1980). Such displacements are
manifested by a discrepancy in a north-
south sense betwesn calculated poles, ei-
ther with respect to one another or to
the standard APW path (Fig. 2).

Relative movements of tilt or rotation
between sites are likewise detected by pa-
lecmagnetism, but the true amount of
motion may be indeterminate owing to a
complex deformational history. In general,
the true amount of movement can only
be calculated if it has occurred either about
a horizontal axis, as in tilt, or about a
vertical axis, as in “rotation”. In this paper,
tilt only refers to rotation about horizontal
axes; rotation may refer to general turning
about any axis, but here it will be clear
from the context.

True relative tilt between two sites may
be detected by a change of inclination
between pre-tilt remanent directions or
poles (Fig. 2). This measurement assumes
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that the sites are separated by the equiva-
lent of a simple fold structure with horizon-
tal axis. If the axis is inclined, more than
one deformation has occurred. In this case,
a simple correction of the beds to the
horizontal about the line of strike will pro-
duce a declination anomaly in which the
pre-tilt directions show greater variation in
declination than in inclination (MacDonald,
1980). It resembles the effect of rotation
about a vertical axis, which results in smali-
circle arcs of paleomagnetic directions.
Averaging such data will lead to a direction
with steeper inclination than actual, and
thus a pole nearer to the site (near-sided
pole) than in reality. Measurement of the
apparent tilt and magnetic direction of sites
on each limb of a fold enables one to
calculate the orientation of the fold axis.
This can be done by rotating the magneti-
zation and bedding directions of one site
into those of another (Fig. 3). The tech-
nique may be more accurate than using
bedding data alone. Anomalous fold axial
directions derived by this method may
indicate a hidden structure, perhaps a fault
oblique to the fold trend (MacDonald,
1980).

True relative rotation between two sites
about a vertical axis may be detected by a
declination change between pre-rotation
remanent directions or poles (Fig. 2). Rota-
tions will relate either to plate tectonics
or local deformation. Palepmagnetism has
been successtut in defining the rotation
of plates and of large land masses, such
as Spain (Carey, 1958; Irving, 1964). It
may be used to test whether the curvature
of mountain ranges and arcuate structures
is primary or secondary (Carey, 1958).

On a loca! or regional scale, paleomagne-
tism may define the rotation of allochthon-
ous, fault-bounded or differentially-folded
terranes, Under favourable circumstances
and with a suitable sampling scheme it
should be possible to define the size, dis-
tribution, bounds and rotation axes of
rotated terranes (MacDonald, 1980).

Many of the applications just mentioned
imply the use of pre-deformational mag-
netic directions. Several tests are available
having general application to geological
problems that may establish whether a
magnetization is pre-deformational. Three
classic tests, the foid test, the “"baked-
contact” test and the conglomerate test are
ilustrated in Figure 4.

The fold test directly applies to this
problem {Graham, 1948), It has been
touched on briefly. It compares the coher-
ency of paleomagnetic directions in a
singly-folded and otherwise undeformed
unit both before (Fig. 4d) and after (Fig. 4¢)
“unfolding” of the beds. Directions with
lower dispersions after unfolding imply that
the magnetization is pre-folding. These
directions as noted will be inaccurate, and

may be misleading, if the beds were folded
about inclined axes (MacDonald, 1980).
The baked-contact and conglomerate
tosts may require additional evidence to
prove whether a magnetization is pre-de-
formational. Both tests simply indicate
whether a magnetization is primary or sec-
ondary. If the latter, it may or may not
be pre-deformational.
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Flgure 2 Effects on the calculated poie of
translating, titing or rotating & rock body. Figure
from Irving (1979; Fig. 4), used by courtesy of
the author.

The baked-contact test is a powerful one
in identifying a primary magnetization {Ev-
eritt and Clegg, 1962). Rocks heated by
a magma will be partially or completely re-
magnetized in the ambient field, depending
on their distance from the contact (Fig.

4}. The magnetization of an igneous body
is proved to be primary when its direction
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Figure 3 Determining the axis of a fold. M, and
M, are directions of magnetization on each

side of the axis; B, and B, are the respective
bedding diractions (strike, dip}. Sequential
rotations of U8) and V(d) rotate M, and B, into
M, and B,. The equivalent axis of rotation is
Wrw). After Fig. 6 of MacDonald (1980).
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Figure 4 Stylized geological section showing
exarnples of three basic field tesis of magnetic
stability: the conglomerate test (a, b), the foid
test (c.d), and the baked-contact test (c,e,!). See
taxt for details. The circies represent sterec-

grams onented according to (d) with the mag-
nelic directions in the rocks piotted with respect
to the honzontal and true north. Downward
(positive) directions are plotted as dots; upward
(negative) directions as circles.
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{Fig. 4f) agrees with that of the baked
contact (Fig. 4b, e), but disagrees with that
of the unheated country rock (Fig. 4c¢).
The agreement between the intrusion and
baked contact alone does not provide
unequivocal evidence of a primary magnet-
ization, since reheating of the region or
the introduction of a later chemical mag-
netization may produce a similar effect.

The conglomerate test (Graham, 1943)
is not as conclusive as the baked-contact
test. If the directions in individual cobbles of
a conglomerate are random {(Fig. 4a}, the
magnetization probably predates the for-
mation of the conglomerate. But if the
directions are grouped (Fig. 4b), the mag-
netization is probably secondary. In the
latter case, uniform directions could result
from the process of conglomerate forma-
tion, and thus be primary relative to the
conglomerate itself.

To Defing Structural Relationships between
Subjacent Units. This comparison involves
ime and its absolute or relative measure-
ment by APW paths. Absolute measure-
ment requires well-established reference
paths, such as those for the Mesozoic and
Cenozoic of North America and of Europe.
These paths are becoming increasingly
more accurate with additional data and
through precautions taken 10 eliminate that
data possibly affected by secular variation
(Harrison and Lindh, 1982). It is generally
teasible to establish such paths for most

of the Phanerozoic rock sequences of the
world because the stratigraphic record

of this period is sufficiently complete and
dated fossils allow the paths to be cali-
brated. As yet, though, Phanerozoic paths
for pre-Carboniferous rocks are not firmly
established, but may be in the next decade.
However, complete APW paths for the
Precambrian will probably never be eslab-
lished because of the missing record and
the pervasiveness of metamorphism. For
datable Precambrian sequences the preci-
sions of radiomstric and other dating meth-
ods generally need improvement to
eliminate the large absolute errors often
incurred by present techniques (Roy,
1983). But even with accurate dating of
Precambrian reference paths, the accuracy
of pole determinations in general (~3°)

will at best mean possible errors of 20 to
50 Ma. These errors can sometimes be
lessened by using magnetostratigraphy to
compare dated, coeval rock units.

FRelative time measurements using APW
paths, or magnetostratigraphic records
derived from geological sections, are useful
within and between sequences. They are
especially useful where fossil evidence
is poor o lacking (Fig. 5; e.g.. 2B, 3B).
Within rock sequences, time intervals of
non-deposition may be dated, both very

long periods or hiatuses (e.g., see Morris
and Aitken, 1982) and geologically-shart
periods (Fig. 5; 5C). Comparisons between
sequences are especially aided by the
presence of reversals in the magnetic re-
cord. The reversal pattern is well-estab-
lished for the past 150 Ma (McElhinny,
1973) and makes possible global correla-
tions and the establishment of geologic
time boundaries and marker horizons (Bul-
ler and Opdyke, 1979). For example, an
important time-stratigraphic horizon of pos-
sible giobal significance has been recog-
nized in Carboniferous strata from the
Canadian east coast (Roy, 1977, Roy and
Morris, in press). In Precambrian terranes,
where a conlinuous magnetostratigraphy
has not been established and the absolute
polarity of magnetization is not known
owing to the extensive movement of conti-
nental plates, distinct patterns of reversals
and/or secular variation could be used

1o establish such marker hotizons.

To Distinguish and Characterize Rock
Units. Rock units may be characterized by
their magnetic directions, polarity, or inten-
sity. For example, the secular variation
direction has been used to characterize
widely separated Columbia River basalt
flows (Bogue and Coe, 1981). Similarly,
rock units may be distinguished by their di-
rections. Within apparently single units it
may be possible to use directions to distin-
guish between ditferent phases. In another
application sills and flows may be differen-
tiated. Here, the contact test is used to
indicate whether one or both contacts have
been heated.

Magnetic intensities of samples are gen-
erally not as useful as directions for distin-
guishing or characterizing rock units.
Intensitiss are more valuable as displayed
on aeromagnetic maps, which record the
combined effect of RM and IM. Here, IM is
the magnstization induced in the prasent
earth's field. Making geological interpreta-
tions from aeromagnetic maps is generally
qualitative because of the often complex
detail. Sometimes individual anomalies are
so well-defined that they can be separated
from adjacent effects; then quantitative
astimates of the size and shape of the body
can be made. But its position may be
anomalous because of the presence of
magnetic anisotropy which may deflect
magnetizations from the ambient field di-
rection (see below). Thus the body may
appear to occupy a different position than
its signature indicates {Hrouda, 1982).

To Determine Temperature and Depth.
Secondary temperatures can sometimes be
ascertained by thermal-magnetic studies.
The basis of these studies is that magnetic
minerals have discrete temperatures at
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which they acquire or lose their magnetiza-
tion. Thus, magnetization is lost (pecomes
unbiocked) at the same temperature at
which it was acquired (became blocked).
But there are possible complications, A
magnetic carrier with high unblocking tem-
peratures, such as hematite, may have
been formed, and therefore its magnetiza-
tion blocked, at very low temperatures.

Or the magnetic minerals may have existed
for long periods under essentially isother-
mal conditions. In this case the phenome-
non of magnetic viscosity gradually
reorients magnetic grains having progres-
sively higher blocking temperatures—that
is, those grains not initially affected by

the thermal overprint.

A thermal demagnetization study can
document maximum secondary heating
temperatures, il they have not exceeded
the Curie points of the magnetic minerals.
Locally, secondary temperatures recorded
in country rock may indicate the primary
temperature of an intrusion (Brown, 1981)
and its original depth (Schwarz, 1977,
Symons ef al., 1980). Calculation of depth
is based on both a detailed study of the
magnetization with distance trom the mar-
gin and on assumptions about the intrusion
temperature and the gecthermal gradient.

Secondary heating temperatures may
also be measured by using the mineral
pyrrhotite as a geothermometer (Brod-
skaya, 1980). Its magnelic properties vary
as a function of temperature prehistory,
and may be correlated lo temperatures in
the range 150°C to 600°C using thermo-
magnetic analysis.
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Figure 5 Estabiishing the synchroneity of rock
sequences by magnelostratigraphy. Shaded
zonas represent reversals, symbols represent
fossits, numbers refer to polanty zones and
fetters rafor to geclogical sections. See text for a
discussion of the figure.
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Sometimes primary temperatures of
volcanociastic deposits can be estimated
(Aramaki and Akimoto, 1957; Kent et al,,
1981). Those units deposited above their
Curie point will have coherent magnetic
directions; those below, incoherent direc-
tions.

To Define the Geologic History of Ores
and other Units. Economic applications of
the paleomagnetic method abound. Most
mineral deposits contain pyrrhotite, magne-
lite, or hematite whose magnetization and
nature can change under varying thermal
and chemical conditions. Some contain
special magnetic minerals, such as the spi-
nels magnesioferrite (Mg Fe.0,), franklinite
(Zn Fe,0.), jacobsite (Mn Fe,0,), and
chromite (Fe Cr,0,) (Kropacek and Krs,
1968), or the tin mineral, cassiterite (Hanus
and Krs, 1965). The last has varying
amounts of iron bound into its lattice. These
minerals may preserve a record of the
mineralization and serve to delineate this
history, either in a relative or absolute
manner.

Absolute ages may be estimated by
relating magnetic poles to calibrated polar
paths or to isotopic ages. Standard APW
paths are somewhat crude at present,
but may be usetul for dating under some
circumstances. They have been used to
date stable hematite remanences associ-
ated with mineralization. Thus epigenetic
(hydrothermal) deposits have been dated
{Hanus and Krs, 1963; Krs and Stovickova,
1966) and different ages of mineralization
have been distinguished (Hanus and Krs,
1863). In the last case, hydrothermal mi-
neralization of Cretaceous age in the
Western Carpathian Mountains of central
Europe was distinguished from subvolcanic
polymetallic mineralization of Tertiary age.
Standard curves have also been used to
date pyrrhotite aggregates of hydrothermal
origin, and so used to delineate the ther-
mal history of a deposit (Hanus and Krs,
1968).

Magnetic ages in general do not relate to
the isotopic ages. A racent advance has
been made in dating thermal remanent
magnetization {TRM) by using the “Ar/=Ar
method. With this technique the argon
closure temperatures for minerals such as
biotite and hornblende can be directly
related to the blocking temperatures of
magnetic minerals such as titanomagnetite.
Thus the TRM can be directly dated. This
fact may be applied to document the uplift
and cooling history of orogenic bells, since
magnetic minerals beceme magnetized
as they cool through their blocking temper-
atures. A case study involves the Grenville
Structural Province of the Canadian Shield
(Berger et al., 1979). However, it should
be realized that absolute dating by palec-

magnetism is still rather crude, with errors
of "tens of millions of years at best” (Hanus
and Krs, 1963),

Paleomagnetism finds greater use for
determining relative ages and the order of
geological events. A common application is
in determining whether a mineralization
is epigenetic or syngenetic. Thus, if the di-
rections of the ore and its host differ, the
ore was formed epigenetically, but if the di-
rections coincide, both were either formed
syngenetically or remagnetized post-genet-
ically. A remagnetization could be detected
by testing whether the magnatizations
were primary or secondary. For example, a
question had existed about the Sen-nin
deposits of Japan: were they contact meta-
somatic deposits related to nearby granitic
rocks or hydrothermal metasomatic depos-
its related to Miocene plagiorhyolite? The
latter interpretation proved to be correct.
The ore and plagiorhyolite have similar
reverse directions contrary to the granitic
bodies, which have normal directions
{Ueno, 1975). A previous, similar, study on
magnetite ore in the Hanawa black ore
deposit revealed that a dacite intrusion had
caused the mineralization (Ueng and Ya-
maoka, 1969). The method is also applic-
able to Mississippi-type lead-zinc deposits,
where radiomedric ages based on gaiena
may be misleading (Beales et al., 1974).

The relative age of mineralization may
sometimes be revealed by the conglome:-
ate test. Mineralization is often associated
with conglomerates or breccias because
of their permeabitity to ore-bearing fluids. A
conglomerate test can indicate whether
the magnetization associated with the ore
is primary or secondary. This test has been
applied to the copper mineralization of
the Copper Harbor Conglomerate of Michi-
gan (Palmer et a/,, 1981; Halls and Palmer,
1981). It revealed that the mineralization
was pre-folding, possibly produced during
the formation of secondary minerals and
the acquisition of a secondary, chemical
remanent magnetization.

Using these techniques and others previ-
ously mentioned, a sequence of geological
evants may be established. The same
holds true for tectonic reconstruction: a
tectonic history may be documented.

An elegant example of tectonic recon-
struction and the synthesis of geologic
history is provided for the Sudbury Basin of
Ontaric by Motris (1980, 1981a, 1981b,
1981c, 1982). In this study, Morris unrav-
elled seven distinct remanent magnetiza-
tions from the ores and rock units and then
applied contact tests, tectonic corractions,
blocking temperature data, and so on,
to unfold the tectonic history.

Another example is the reconstruction of
the defermational history of crater forma-
tion (Hails, 1979b). This involves the use of

shock remanent magnetization (SRM) as
found in shatter-coned rocks. Because
SRBM is apparently aligned along the am-
bient field direction at the time of impact, it
serves as a reference for recrienting dis-
rupted blocks. Thus the meteorite impact
point may be found. SRM is also a sensi-
tive indicator of shock, and may sarve

“to extend the range of shock effects to
lower pressures”

To Test for Earth Expansion. This test has
geological implications rather than applica-
tions. Several attempts have been made

to document earth expansion using paleo-
magnetic data and triangulation tech-
niques. The method involves comparing
the past and present latitudes of separation
between sampling sites of the same geo-
logical period by calculating the paleomag-
nelic inclination at each site. Another
method involves using all the paleomag-
netic results from a given period for a
single continental block, and calculating the
dispersion of poles for different earth radii
using Fisher (1953) statistics (Ward, 1966).
With this method McElhinny (1978) found
that since the Devonian there has been
"no systematic change of radius with time”.

Parameters of induced Magnetization
The basic IM parameter of interest to the
pateomagnetist and geologist is the mag-
netic susceptibility, k, which is a measure of
the ability of a rock to acquire a temporary
magnetization in a magnetic field. The
acquisition of magnetization in the present
earth’s field contributes to the anomalies
of aeromagnetic maps. As k increases, so
does the IM component of the magnetic
anomalies. k generally depends on the type
of magnetic mineral present, its quantity
and grain size distribution. Where magne-
tite is present, it usually dominates the
susceptibility.

When k is the same for all directions of
an applied field, the rock sample is mag-
netically isotropic; but when k changes, the
sample is magnetically anisotropic. Maxi-
mumn (k,}, intermediate (k,) and minimum
(k,) susceptibility directions may therefore
be defined, and a mean called the bulk
susceptibility. The anisotropy of magnetic
susceptibility (AMS) is due either to a
preferred alignment of magnetic grains be-
cause of shape (shape anisotropy), as in
the case of magnetite, or to the alignment
of strongly-magnetic anisotropic crystals,
such as hematite or pyrrhotite (magnsto-
crystalline anisotropy). Measurement of
AMS determines the attitude of magnetic
grains or crystals and in general, by exien-
sion, suggests the attitude of silicale grains.
These measurements are used to define
fabric elements. They allow one to investi-
gate whatever has caused or disrupted
the magnetic alignment in a rock and to
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determine other information by using the
magnetic fabric as a reference. Hrouda
{1982) gives a good review of the subject.
Analysis of magnetic fabrics has special
application for sedimentologists, metamor-
phic petrologists and structural geologists
(Schwarz, 1978). The AMS method is rapid
and sensitive, and measurements are
potentially less error-prone than are those
using standard patrographic techniques.
it is particularly useful for defining fabrics
that are weak or not cbvious, such as
igneous fabrics {Graham, 1954). However,
it fails to define fabrics that are superim-
posed, except in the case of lineations in a
plane. Therefore, where superimposed
fabrics are suspected, such as in deformed
rocks, corroborative geological studies
should be carried out. It is also a good
practice during AMS investigations to carry
out standard paleomagnetic studies both
1o determine the possible effect of RM
on the IM results and to ascertain the na-
ture and magnetic characteristics of the
magnetic minerais. Although the AMS
method does not replace geological meth-
ods, it provides one with an additional
sat of data that can yield vital information
about the silicate fabric.

Applications using induced
Magnetization

Parallel Applications to those of Remanent
Magnetization. Relative movemenis of
rotation or tilting between rock units may
be discovered by using the magnetic fabric
as a reference. Ellwood and Whitney
{1980), for example, by assuming an origi-
nal horizonial magnetic fabric, determined
from field evidence that the Elberton gran-
ite of northeastern Georgia had tilted by
as much as 35° about a N-NE strike. Later
work corroborated and delailed various
stages of the tilting by the use of RM and
isotopic data (Ellwocd, 1982).

A second application is in distinguishing
ot correlating units, especially from meas-
urements of bulk (mean) susceptibility.
Magnetic susceptibility is primarily a meas-
ure of the quantity of magnetite present;
therelore it may be used to correlate units
where boundaries are not visible, particu-
larly within stratigraphic columns (Thomp-
son et al., 1975). Eliwood (1980b) has
used downcore measurements of k 1o de-
tect and corrglate ash-layer concentrations
from core to core.

Exclusive Uses of Induced Magnetization.
In AMS studies of undeformed igneocus

and sedimentary rocks a good correspond-
ence is generally obtained between the
primary petrofabric and the magnetic fabri¢
(Hrouda and Janak, 1976). In sedimentary
rocks AMS may determine the bedding
plane from anisotropic, detrital magnetite or
hematite grains, or from later, chemically-

formed, hematite (Hrouda and Janak,
1971). Coal banding planes may similarly
be defined (Ellwood and Noltimier, 1978).
AMS may also determine lineations in
water-laid sediments, both direction {Hamil-
ton and Rees, 1970; Ellwood, 1980a) and
degree of development (anisotropy degree)
or variation (Ellwood and Ledbetter, 1977,
1979). Although lineations along the flow
direction are the most common, grain
alignments are in some cases normal o
flow, particularly when the flow has been
strong {Hrouda, 1982). Both AMS and
standard petrographic methods have cor-
roborated this alternate alignment {Ellwood,
1978), which is consistent with laminar
flow.

In igneous rocks the AMS method de-
fines flow and other structure. Flow fabric
generally correlates with the principal sus-
ceplibility directions unless deformation
has occurred. It is thus usually character-
ized by magnetic foliations near or parallel
to the flow direction. In lavas the lineations
are occasionally perpendicular to the flow
(Khan, 1962). Also, most flow fabric has a
low degree of anisotropic susceptibility
because of various disorienting effects
present during genesis. These disruptive
forces apparently affect lavas more than
dykes; thus AMS results for most lavas
may be unreliable (Ellwood, 1978). AMS
has been used to determine the emplace-
ment direction of dykes and the flow direc-
tion of lavas (Ellwood, 1978). In dyke
and other tabular bodies AMS may help to
establish attitudes.

In most metamorphic and other rocks
subjected to ductile deformation AMS de-
fines deformational elements. Generally the
deformational petrofabric elements are
closely correlated with the principal sus-
ceptibility directions (Hrouda et ai., 1978).
Thus the cleavage or schistosity usually
coincides with the maximum susceptibility
plane and the directionally-oriented silicate
grains with the maximum susceptibility
directions (Howell et ai., 1958, Khan, 1962;
Stone, 1963). But AMS results may prove
1o be ambiguous, owing 10 either the in-
complete elimination of earlier fabrics under
weak deformation (Borradaile and Tarling,
1981) or to the recrystallization of magnetic
minerals under high deformation. In the
absence of these effects delineation of the
deformational fabric by AMS may serve
to determine strain patterns. For example,
it was shown that slates in the English
Lake District that underwent the Caledonian
orogenesis have magnetic foliations that
parallel the cleavage planes and closely
reflect the regional Caledonian strain pat-
tern {Rathore, 1980}). AMS studies may
also relate the degree of directional aniso-
tropy to the regional metamorphic grade
and degree of deformation. It was demon-
strated that the degree of magnetic aniso-
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tropy increases up to low-grade
metamorphism represented by phyliites,
and then consistently decreases with pro-
gressive regional metamorphism through
schistose, gneissic, granulitic and eclogitic
rocks (Fig. 6; Hrouda et a/., 1978).

Measurement of bulk susceptibility is
potentially useful for studying various rock-
forming and rock-altering geclogical pro-
cesses, especially when combined with
other physical and chemical parameters.
Henkel (19786), using sample and in situ
measurements, has documented many ap-
plications in his studies of the Precambrian
shield region of northern Sweden (see
below).

Bulk susceptibility studies use single
measurements, continuous profiles or sta-
tistical distributions. Continuous susceptibil-
ity profiles, particularly obtained from well-
logging of drillholes or from borecores,
are useful to hydrogeologists and uranium
prospectors. They may be used with other
geophysical techniques. Susceptibility logs
are useful for locating fracture zones,;
these zones are usually associated with
low susceptibility values characteristic of
altered rock {Lapcinte et al., 1982). Such
measurements are being carried out under
the Nuclear Fuel Waste Management Pro-
gram of the Canadian government 10 as-
certain the suitability of certain geological
formations as radioactive wasie reposito-
ries. Somewhat ironically, such borehole
logs or borecore measurements of perme-
able sandstones may help to locate ura-

—
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Figura 6 Magnetic anisotropy path constructed
from AMS resuits from about 150 rock units
representing all grades of metamorphism. About
75% of the data are from rocks of Czechaslova-
kia. The distance from the origin represernts

the degree of magnetic anisatropy. L = ki/k;
(lineation) and F = kiik, (foliation). ki, k; and K3
are raspectively the maximum, intermediate

and minimum susceptibilities. The dashed line
separates the ragions of flattening (left of line)
and constriction {right), characterized predomi-
nantly by oblate and prolate sphercids respec-
tively. Figure from Hrouda et al., (1978; Fig.

2), used by kind permission of the authors.



186

nium deposits (Hafen et al., 1976), A third
application invoives the use of susceptibil-
ity contrasts to document heterogeneities
within the rock column, and thus provide a
technique for geological mapping (Lapointe
at al., 1982).

Simple plots of susceptibility distributions
have several uses (Henkel, 1976). Suscep-
tibility distributions of acid and intermediate
plutonic rocks are often iognormal. Those
of basic plutonic and volcanic rocks are
usually complex, but can be separated by
statistical methods into a set of simple
lognormal distributions (Larsson, 1977),
which may reflect such features as layer-
ing, grain size variations and secondary
alteration. Distinct patterns repeated in re-
lated rocks may serve to relate or distin-
guish various rock bodies. For example,
Currte and Muller (1976) used bulk sus-
ceptibility measurements to distinguish be-
tween various volcanics on Vancouver
Island, and Ellwcod (1978) used them to
distinguish in most cases between suba-
erial lavas on the one hand and intrugives
and deep sea lavas on the other.

Susceptibility may be combined with
density (Henksl, 1976). Rock density is
closely related to mineral composition,
which in turn in dependent on genetic pro-
cesses and subject to change by second-
ary processes. Magnetite is a useful
indicator of primary and secondary pro-
cesses that affect the density. Therefore, a
study of susceptibility-density covariance
may map the inlensity and extent of the
past activity of these processes in a rock.
The primary process of differentiation in
basic magmas, undersaturated or saturated
in magnetite, has thus been studied (Hen-
kel, 19786). In the undersaturated case,
where the paramagnetic susceptibility is a
function of the amount of mafic minerals
containing iron, Henkel observed trends in
both volcanic and gabbroic rocks (Fig.

7). In the saturated case, for strongly-dif-
ferenttated mafic intrusions, he also ob-
served a parallel trend forming an upper
susceptibility limit (Henkel, personal com-
munication). Similarly, he investigated
certain secondary processes, such as
serpentinization, uralitization, and chloriti-
zation. The serpentinization of ultramafic
rocks results in an increase in the suscep-
tibility from a growth of multidomain mag-
netite, and & profound decrease in the
density (Fig. 7). Using certain assumptions
it is possible to calculate changes in den-
sity and susceptibility for any degree of
serpentinization. Resultant trends make it
possible to calculate the approximate initial
compositions of the silicates and their
position on the magmatic differentiation
trend. In the processes of uralitization and
chloritization the incorporation of iron ox-
ides into new silicates may affect the
susceptibility. It is thus possible to

investigate those processes operating dur-
ing regional metamorphism (Henkel, 1976),
The secondary process of granitization
was mentioned by Henkel in reference to
correlating granitized rocks (perthite gran-
ites) with acid volcanics (Fig. 8). He has
since reinterpreted the considered perthite
granites as being plutonic equivalents of
the latter (personal communication).

Combination of Remanent and Induced
Magnetization.A combination of RM and IM
can be used to investigate genetic pro-
cesses and grain size distributions (Henkel,
1976). Much use can be made of the
covariance of the Kénigsberger ratio (Q,)
with either remanence parameters or sus-
ceptibility. Q, is the ratio of the intensities
of NRM and IM in the present field. Henkel
has suggested from auxiliary piots of NRM
directions that cbserved frends in Q./k

are due to variations in the coercivities.
Such plots may provide a basis for subdi-
viding apparently homogeneous rocks

intc magnetic units. Henkel notes that dis-
tinct magnetic units within a particular
granite seem to relate to the type and de-
gree of the exsolution phenomena occur-
ring among the magnstic minerals,

In a study of sediments, Eliwood (1980b)
has used the AMS method in conjunction
with remanence to investigate depositional
processes.

Conclusion
| have shown that the rock magnetic study
of AM and IM can provide geologists with
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Figure 7 Density—susceptibility trends in some
piutonic and volcanic shisld rocks of northern
Sweden. Individual points are contoured, Sus-
caplibility is in cgs units (x 4 w for Sf unils).
Density is in g/cm. Figura from Henkel (1976;
Fig. 8), used by kind permission of the author.

useful data, which either is unavailable
using other methods or correborates exist-
ing information. The few examples noted
indicate new trends in RM and IM studies
and hint at a vast field of application.
Just as a study of the rock-forming minerals
allows for a detailed description and history
of a rock unit, so a paraliel study of the
magnetic minerals may potentially yield
some similar and perhaps additional infor-
mation. Logically, geologists and paleo-
magnetists should collaborate and become
invoived in joint projects on a routine basis.
For example, the Geological Survey of
Sweden carries out systematic studies of
susceptibility and other petrophysical prop-
erties along with their geciogical mapping
program (Henkel, 1980).
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