
CHEMICAL REMANENT
MAGNETTZATION (CRM)

Chemical remanent magnetization (CRM) refers
to remanent magnetism imparted isothermally to
magnetic particles produced by chemical processes
below their Curie temperature in an ambient
magnetic field. In rocks, CRM is usually a secondary
remanence superimposed on a preexisting rema-
nence, such as thermal remanent *ugnetization
(TRM) in igneous rocks or depositional/post deposi-
tional remanent magnetization (DRM/PDRM) in
sediments. It is generally a nuisance remanence that
has to be removed to get at the primary rema-
nence, which hopefully was recorded at the time of
initial rock formation. Occasionally, CRM is the
remaining characteristic remanence, the primary
remanence having been obliterated, and it can be
useful for paleomagnetism provided that the time of
CRM production is known, or that the chemical
processes have not changed the primary remanence
direction, as is the case for some submarine basalts.
In nature CRM is usually acquired in the presence
of the Earth's magnetic field, but it can also be
produced in the laboratory and in zero external field,
where CRM alignment might be achieved by the
sample's own internal magnetic field.

In terrestrial rocks the most common magnetic
minerals are the iron-titanium (Fe-Ti) oxides of the
ternary system FeO-TiO2-Fe2Or Gig. 1), primarily
the cubic titanomagnetite series along the line joining
magnetite (FerOa) and ulvospinel (Fe2TiO4) and the
rhombohedral titanohematite series with composi-
tions between hematite (cvFe203) and ilmenite
(FeTiO3) (see Magnetic Properties of Minerals).
Although other magnetic species, such as certain iron
sulfides, sometimes contribute to the paleomagnetic
signal, our examples of CRM in rocks will be
confined to the Fe-Ti oxides. However, the physical
and chemical mechanisms responsible for CRM
production, and which determine its magnitude and
stability , are general and apply equally to other
magnetic minerals.

The earliest CRM experiments were done over a
century ago in association with electrolytic deposi-
tion of iron and other magnetic metals. Beetz (1860)
produced CRM in electrolytically deposited iron
supporting Weber's hypothesis that some atoms
possess intrinsic magnetic moments. Similar exper-
iments producing CRM by electrolytic deposition of

iron and nickel in the presence of external fields were
also reported by Maurain (1901, 1902). Koenigs-
berger (1938, part 1, p. 122) envisioned a crystal-
lization remanence " impressed by the Earth's field
at temperatures between about 100'C and 500'C
during the time of lattice changes in magnetite which
result very probably from unmixing of Fe2O3," and
he hdvanced this as a possible mechanism for the
strong, coherent remanence of some sediments
(Koenigsberger, 193 8, part 2, p. 3 19) . With the
growth of research in paleomagnetism after World
War II it became apparent to many rock magnetists
in Europe, North America, and Japan that the rema-
nence of many sediments, especially red beds, was
at least partially controlled by magnetic minerals
chemically precipitated subsequent to deposition
(e.g. , Blackett, 1956) .

CRM research has been relatively neglected in
comparison with that of other naturally occurring
remanences, such as TRM, viscous RM (VRM), and
DRM/PDRM, because it is often difficult to distin-
guish CRM from these remanences, because of
overlapping stabilities and intensities and because of
difficulties in designing well controlled laboratory
experiments.

Grain Growth CRM

In this section we discuss grain growth CRM,
because, conceptually, it is the simplest form of
CRM, and because the evolution of its intensity and
stability can be understood as a particular example
of a more general treatment of remanent magnetism.
In addition, grain growth CRM has been used to
explain the often stable remanence of many chemi-
cally altered sedimentary and igneous rocks.

N6el (1949, 1955) developed a theory for the
remanence of noninteracting single domain (SD)
particles. The theory has been highly successful in
explaining many features of TRM, particularly its
relatively high intensity and stability as compared
with IRM (isothermal remanent magnetization)
produced in comparable fields at room temperature.
(See Thermoremanence and Viscous Remanent Mag-
netization (VRM and Viscous Remagnetization.)
Following N6el's treatment, the remanence, Mp, of
a magnetized body will decay in zero field, seeking
the new state of thermal equilibrium (zero rema-
nence) , at a rate determined by the relaxation time,
r, such that
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where Ms represents the initial remanence, and f is
the time.- N6el derived an expression for r, which

for mathematical sirnplicity considers an assemblage

of identical noninteracting spherical SD particles

with uniaxial anisotropy and aligned easy axes of
magnet rzatron Then in zero external magnetic field

r : C-t exp [Kv lkTl (2)

where K : the uniaxial anisotropy energy coeffi-

cient; v: theparticlevolume; k_ Boltzmann's

constant; T - the absolute temperature ('K). C is

the frequency factor whose value is on the order of

lOe sec--l . Although C depends on the temperature

and temperature-dependent material properties, it is
usually considered constant in comparison with the

.*pon-*ntial factor. In contrast, 7, which is a measure

of the remanence stability, varies orders of magni-

tude as a result of modest changes of the argument

(KvlkT). Thus, the N6el theory provides an expla-

nation for the observed blocking/unblocking process

and the additivity of partial TRMs (PTRMs) (]f

noninteracting SD Panicles.
CRM production is an isothermal process, where

50

| /3 Fe2TiO5

Pseudobrookite

l/ ?e<FezOr
Hemot ite

r increases exponentially with volume for homoge-

neously *ugn.t \zed grains. The precipitating ferro/

ferrimagnetic particles grow from atomic/molecular
paramagnetic nuclei to larger superparamagnetic

tSpftO grains having spontaneous magnetization but

no remanence , r 11 r;, Whete ry is a Characteristic

laboratory time usually on the order of minutes. As

the volume increases, the blocking volums, vB, ffi&Y

be exceeded, r
stabilized, and the magnetization is said to be

blocked. This is exactly analogous to TRM, where

v is constant and r increases as the temperature

decreases. (fB = blocking temperaturei Tc = Curie

point or temperature). Above the blocking temper-

utur. (Ta < T < Tc), r 11 11, thermal equilibrium

is quickly established, and the ferri/felromagnetic
gtuint at in the SPM state with no remanence' For

7
Thus, ut the temperature decreases from above Tc

the particle asiernblage progresses from the

paramagnetic to SPM to the stably magnetized state'
^ A, long as the magnetic ensemble consists of

homogeneously magnet tzed SD grains , r will
increaie .^pon.ntially with particle volume (recall

that Eq. 2 ior r was specifically derived for nonin-

teracting SD particles). For multidornain (MD)

l/3FerQ
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FIGURE 1. Compositional diagram for the ternary system FeO-TiO2-Fe2O3, normal-

tzed with respect to cations, ruitt that horizontal lines have constant Fe: Ti ratios,

indicating pure oxidation/reduction reactions. The three principal Fe-Ti oxide solid

solution series are shown by heavy lines. All members of the pseudobrookite series are

paramagnetic at room temperature.
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particles r will decrease with increasing volume,

principally because it becomes progressively easier

to alter the remanence by domain wall movements
in contrast to rotating the magnetic moments of SD

particles. (For further discussion consult Rock

Magnetism and Thermoremanence.) These concep-

tual considerations of the particle size dependence

of the remanence stability (relaxation time) were

demonstrated experimentally by coercivity measure-

ments of dispersed fine particles of magnetic metals

(Fe, Ni, Co), &S the grain sizes were increased by
progressive heat treatments (e.g., Meiklejohn, 1953;

Becker , 1957). Zero initial coercivity in the SPM

region is followed by increasing coercivity with
particle sizes, presumably in the SD size range,
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which then decreases for larger presumably MD
particles (Fig . 2). Similar results have also been

obtained for magnetite particles.

Haigh (1958) was first to apply N6el's theory and

the grain size dependence of the coercivity to rock

magnetism, to explain the CRM properties observed

during laboratory reduction of hematite to magne-

tite, where the CRM resided in growing particles of
magnetite. Kobayashi (1959) also examined CRM in
magnetite obtained from hematite reduction and

showed that CRM stabiiity with respect to both

alternating fields and thermal dema gnetrzation was

rnuch greater than for IRM and very similar to the

stability of TRM (Fig" 3). Kobayashi (1961)

produced CRM in cobalt grains precipitated from
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FIGURE 2. (o) Intrinsic coercive force ofiron and cobalt as a function ofparticle sizes at liquid

nitrogen temperature (from Meiklejohn, 1953). (b) Change in coercive force of the alloy Cu (98%)

co Qb as a function of annealing time (particle size) at 700'c, measured at 300"K. (From

Becker, 1957)
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FIGURE 3. (a) Thermal, (b) alternating fields demagnetization of rcmanence in magnetite. All rema-

nence measurements were made at.oom t-rnperature. CRM was produced at 340oC with external field of

3 Oe (c), 10 oe (b); total TRM was produced with 3 oe (a), 0.5 oe (b); IRM (Td at room temperaturc

*as pioduced *itrr-zoo oe (a), 30 oi (u); Inu(r) was produced at 340'C with fields of 20 oe (a)' 10

Oe (i). CnU (f = 340"C) 
"nd 

mM (I = 340"C) were cooled to Tsinzero field prior to demagnetization.

(From Kobayashi, 1959)
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cu-co alloy and showed that the specific cRM

intensity hai a similar bell-shaped grain size depen-

dence ur the coercivity, increasing from zero for

sPM particles, attaining a maximum value and then

decreasing for inhomogeneously magnettzed MD

particles (Fig . 4).
Eviden." hu, been accumulating during the last

few years that nearly pure SD rnagnetite produced

by rnagnetotactic bacteria may be a significant source

oi -u[netic particles for some marine and lacustrine

sediments. 'itt. bacterial magnetite is thought to

attain its stable SD configuration by biologically

mediated grain growth in the bacteria'

Atthougl graii growth is conceptually the simplest

form or cRvt, it can be used to explain many

examples in paleomagnetism, in which the NRM is

predominantly u ,e.ondary remanence in chemically

altered rock,'and where new particles of a chemi-

cally nucleated magnetic phase have grown beyond

the SPM size range.

CRM In SedimentarY Rocks

oxidized Red sediments. Red beds comprise a

broad category of loosely defined sediments with

colors that' range from brown to purple, usually

resulting from secondary fine particles of hematite

or ferrii oxyhydroxide. Red sediments have been

used extensiveiy for paleomagnetism since the late

1940s, because (1) they are extensively dis.tributed

g"ogruphically and with respect to geologic time; (2)

their bedding orientation can often be inferred from

field observitions, and (3) their remanence is often

stable and sufficiently. intense for paleomagnetic

measurements, even pnor to the development of the

super sensitive cryogenic magnetometer. As we

noted earlier, atreaOy in the 1950s it was deduced

that low temperature oxidation was responsible for
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FIGURE4.Total,remanent,andreversiblemagnetizationofCu-Coalloyasafunctionof
annealing time (particle .ir"iui'zlo;c, (meusured ut zso'c)' Experiments were done in extemal

fields of (a) I Oe and (b) 20 o". rr'" *i"*iue magnetization is the difference between the total

magnetization (in presence .f ut uppii"O field) and tf," t"rnun"n""' (From Kobayashi' 1961)
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removing the original magnetite uld the precipita-

tion of fine hematite particles, which give rise to the

color and CRM of red beds (Blackett, 1956). Larson

and walker (1975) conducted a detailed study of

cRM development during early stages of red bed

formation in iate Cenozoit sediments; they showed

that in their samples CRM resided in several authi-

g.'i.phasesincludinghematiteandgoethite.
ftor.ou.r, the CRM, *hi.h obscured the original

depositional remanence, had formed over a

protracted period spanning mole lhan a single

polarity interval, as indicated by the different polar-

ities oi the different authigenic phases. Complex

patterns of remanent magnetization, associated with

several generations of CRM, including multiple

polarities within single specimens, have been

bbr.*.d in Paleozoic and Mesozoic red beds. The

degree to which the secondary cRM affects the

remanence depends on the stability of the precipi-

tated iron oxides and on the relative proportions of
authigenic CRM carriers to the primary DRM

recorded in detrital particles of specularite hematite '

Exampleshavebeenreportedwheretheprimary
DRM in specularite hematite remained the charac-

teristic remanence with respect to CRM (e'g',

Collinson, lg7 4). In some cases distinct CRM

components can be isolated by thermal demagneti-

zation, selective leaching in acid (e'g'' Collinson'

1967) and selective tetnoual of altered phases of

sediment by selective destructive demagnetization,

SDD (Larson, 1981).

Nonred sediments. The discussion in the

following paragraphs deals with cRM in a subset of

nonred carbon-ate serdiments, whose remanence is

usually much weaker than that of red beds. The low

intensity remanence of these sediments was one of

the main reasons that they were often bypassed for

paleomagnetic studies until the introduction in the

farty t910s of cryogenic magnetometers with the

o'
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ability to measure minute remanence signals, down
to the 10-e- 10- l0 Gauss range. Since then, there has

been a flourishing of paleomagnetic investigations
of weakly magnettzed nonred sediments. For
example, several studies of early Paleozoic carbon-
ates have shown that the characteristic remanence
was acquired in the late Paleozoic, sometimes
hundreds of millions of years later than the biostra-
tigraphic ages of the formations (e.g., McCabe et

ol., 1983). Magnetic extracts from these diageneti-
cally altered sediments contained essentially pure
magnetite particles, whose botryoidal and spheroidal
forms (Fig. 5) have been used to infer their
secondary origin, and they are thought to be respon-
sible for the secondary characteristic remanence of
these formations. In the absence of evidence of
significant heating of these sediments, their rema-

nence has been interpreted as being predominantly a
low temperature CRM in secondary magnetite,
which might have been produced by "diagenetic
alteration of preexisting iron sulfides (e.g. ,

framboidal pyrites)' ' (McCabe et al. , 1983) . For the
analogous Miocene dolomites and limestones of the
Monterey Formation, Hornafius (1984) concluded
that the secondary remanence, presumably a low
temperature CRM, resides in diagenetic magnetite
produced by the partial oxidation of pyrite upon the

CHEMICAL REMANENT MAGNETIZATION (CRM)

introduction of oxygenated meteoric groundwaters
to the formation.

The presence of magnetite (and siderite) in oil-
impregnated sediments was discovered by Bagin and
Malumyan (1976), and by Donovan et al. (1979)
reported coffespondence of near surface magnetic
anomalies over an oil field with a higher concentra-
tion of magnetic minerals in the sediments. More
recently, paleomagnetic studies of remagnetrzed
hydrocarbon-impregnated Paleozoic sediments
(McCabe et al., 1987; Benthien and Elmore, 1987)
indicate a relationship between hydrocarbon migra-
tion and the precipitation of authigenic magnetite
particles, wherein the secondary CRM resides. This
scenario is supported by extracted magnetite spher-
ules up to several tens of microns in diameter (Fig.
5) and the presence of other authigenic textures in
the sediments. All these studies suggest a net reduc-
tion of ferric ions in oxides, hydroxides, and
silicates, caused by the biodegradation (oxidation)
of the hydrocarbons with a net production of more
reduced phases such as magnetite (Fe3Oa), siderite
(FeCO3), and wustite (FeO). Of these, only magne-
tite is ferrimagnetic, and therefore it is respon-
sible for the measured secondary CRM and also for
being preferentially extracted during magnetic
separations.

FIGURE 5. Scanning electron micrographs of magnetite crystal

and B), Bonneterre Dolomite (C), and Cynthia Quarry biturnen
cores. (From McCabe et al., 1987).

aggregates isslated from Thornton Quarry bitumen (A
(D). Many of the spheroidal aggregates have hollow
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Comparisonsofthepaleomagneticdirections.ofThechemicallyprecipitatedparticleswithTs<4
some of these PaleozoJ;;i;ilt *ith available contribute no remanence at T1' However' on cooling

apparent polar wanderirg";;,hr;";est that thl i--it ," Ts a PTRM will be blocked in the parti-

cRM may have been i#J;;ffiirder of tOi .i"r *iirt T, i T, ) Te, in addition to the growth

years afrer deposition. iififfi;";#;T";Fl. of spontaneous magnetization of most magnetic

and rock magnetic studi;r;i'il;;Lrit r,emipEhgi" particles. Moreover, ubiquitous time effects might

sediments, accumulating in suboxic .nui-n*"nti ilJ'in signincant VRM Leing superimposed on the

(Karlinetal., lgg7)inAit^i"ifr""1ltfrig"ri.p.oOu"- Cnft{. Su-"tt commonplace complexities make it

tionof magnetit"oorn.oJ, usthe,sediirentuico-g, i'iti*fr a t"icuely isolate CRM from other rema-

progressively *or". ,"oo'Jiig, ;;;;*y*g 'h; 
i""t"t-i" ro"k'' H"n""' it is probable that CRM

oxidative decomposrrron of organic maner.-The tim! ;;;;;;;"t in the paleomagnetic record are consid-

resolution of paleomagn;" Erurt, 
"oura 

be signif- erably more lu.merols 
than is usually recognized'

icantlv reduceO in ,eairn"enir^;h;;; Cnfnr o"..io-in -e{M Origin ,of Marine Magnetic Anoma'

authigenic magnetic *r**f., 
^ 

f".-.J U"to* ,# fits' 
--SoU,''ufrne 

basalts are an example of igneous

initial fixing depths of the remanence ro"t' tt'ut undergo chemical change whereby the

initiuf -ugn"tic ihase (titanomagnetite' xF%TiO+

cRM in rgneous Rocks t*r:ffi* iillT3:'T";ff, :il h"#Ti:'".1i":

General Considerations. cRM in igneous rocks deficient titanomaghemites. This reaction is

often results from grain;;;;.h;;;;;riai. p^rti.t". ;;;b;d in rig' j uv 1t" arrow to the risht'

or the transformation 
t"#;;;ffi.-tl"t:-. 

"-unuting 
fro:n near thl middle of the titanomag-

another at to*". t",np".o:to*t',ft*1f;" n"a1itocnn! n"iit" tti"t'.Uorizontal lines in Fig' 1 denote pure

temperatures of trre ne*?-ag;';;r1".^t91 rvrenlfi o*iiation-'"Ouction processes at constant FeiTi

(1975) presented an excel-l-enT review of "magnetic *iior. Freshly "*tittd"d 
submarine basalts at

effects associated *ith;;;;i;ui"tung". in ig-neous spreading cgliers-co-orise stoichiometric titano-

rocks,, in a paper by th"t ;i:1!l-c."in-!-*tt-cnrra .i"e;;G.'oith x = 0'6 t 0'1, that is' about 60%

in isneous rocks is often complicated by p-UiUi" tnoiut uftotpingl' lith Curie points between 100o-

effeits associated with temperature changes,. ,o.t'-ut i]O;C' Oxidation is thought to proceed by a net

reheating Oo.ing ."t;'*;rpftit*, *O' laboratory cation migration out of the crystal lattice' to accom-

experiments or the sroJco-oiing of un intrusive unit modate th-. d".."u*. in ferrous to ferric ratio' with

resulting in the exotutro#;.; magnetic pfrase possible changes. of the Fe/Ti proportions' The

The direction uno i't"n.iiv-or tr," ,"."onoury ciiur L-*r,ine catio; deficient phase has higher curie

depends u-ong oth"i"i"i,.^ 
'"r -i.," -irottunt 

points, up to nearlv 50b'c' lower saturation

magnetic field and tt"o"r"i"""t magnetic.int"ri.- il""g""i*i"t, and diminished lanice size' These

tionsatthesiteofthenewlyformingmagnaicphalJ' li"iJtp""O"tit chemical modifications of the

The external magnetic field exerts uo i*portl,,lt iili*ti. pryp:rties are responsible for the rapid

influence; however, if the new phase is .r".t"O in li"ii"tii"ti"f tfteobservedmarinemagnetic anomaly

the presence or un e*irtii! ,nug.i*i. ,uustance *itr, ;;iile;; away trom spreading centers' Therefore

higher blocking ,"-p"ffir".i it. cnrtr witt aiso 
'nu"in" 

-ugnttil anomaiies over the world's oceans

depend on the. magnet-il ini"iu.tion. between 
*tii 

tt" U" t;"iia"red-to be preserved predominantly as

various magnetrc ,p""'i"J. ffi;;;; .ontu"t U"t*""i dilrt{ln o*iAi'ed Fe-Ti oxides' However' the natural

two magnetic phur".';;;i^;;;igil """* 
ori"* .".un"nt magnetization (NRM) of some coarse

exolution of the titanohJ-ulit" ...iJ, -lgtt."or" JiE ;;ilt"d- ";J-;gneticallv 
less stable submarine

cRM to be controlled fv r"""r neros iroau"ei ui futurit it occasioiallv dominated by vRM' which

the higher blocking ffi"##;il;hil'h ;;;rt;q;gltltberemtuedbvlowtomoderatealter-

masnetostatic or exchange interactions (see noTt nating field demagnetization'

Mignetisml.O..u*loniiii, such interaction, ,,'tig-f,i ThE consistenCy of various marine magnetic

oroduce cRM of opporit" polarity to tt ut oi'irii *"tt.ry 
-iit" 

"ul"t 
and their agreement with

fxisting magnetic phase (negative magnetic in;;; ;;i';trt tiqe lcales 
from continental lavas and

actions), and in rare ;;.';""ii:J""oit nruy 
"nJ,r" 

InarinJ seaiments' as well as agreement with paleo-

(N6el, 1955) <r"" uoi'iiiliitf-n*"*D' 
- 

magnelic measurements of miny oriented dredged

. It is usually difficult'to distinglish CRM in igneous ttiJtiff"a submarine basalts indicate that the CRM

rocks from TRM and VRM, because of overlaffi it-o*uffy of the same polarity as the primary TRM

stabilities,andalsobecauseof possible-ass".i"{;;: il;; "pl" 
t*t*iion' 

-This 
result is also

between cnvr, pu.tiii-ini,r"ipinrvrl ""0 
iigi roppott"o by. several laboratory cRM experiments'

temperature vnr"r. iin.ii.., to. 
"*u*pre, 

;;il ;iiJll."t't.tcttedthelowtemperatureoxidationof

erowth CRM produced at an elevated temperiore titanomagnetites (e'e" Marshlfl and Cox' 1971;

7, > Tn,where T6 denotes room tempera**."ii" i"tt"."" ?"0 rraen'rl i9Z+; .tot*ir and Dunlop'

chM #;h.";ii;;"kft-t"*pt*tut"t rs > rt' 198s)'
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The preservation of marine magnetic anomalies
despite ubiquitous low temperature oxidation of
submarine basalts suggests that CRM production is

not primarily influenced by the external magnetic
field, whose effect during protracted oxidation would
be expected to shift anomaly boundaries to older
ages-greater distances from respective spreading

centers. This might lead to systematically older
Brunhes/Matuyama boundary ages and a general

tendency of obscuring short polarity events or
subchrons in marine magnetic anomaly profiles.
However, (1) there is a remarkable conespondence
between geomagnetic polarity time scales from
marine magnetic anomalies, independent sedimen-

tary sections, and subaerial volcanic sequences, and
(2) there is no evidence for a systematically older
Brunhes/Matuyama boundary age in marine mag-
netic anomaly records. Consequently, CRM modifi-
cation of anomaly boundaries by submarine basalt
oxidation may not be a significant effect in areas of
coherent, "high qualityo' anomalies.

Alternatively, prevailing positive superexchange
interactions during submarine basalt oxidation might
successfully explain the above observations. The low
temperature oxidation leads to cation depletion and

lattice shrinkage, but the titanomaghemites retain the

cubic crystal structure of the original titanomagne-
tite minerals. The superexchange interactions will
vary with changes in cation distribution and lattice
dimensions, &s indicated by the reduced saturation
magnetization and higher Curie points. However, it
is possible that the orientations of the sublattice
magnetic moments of the titanomagnetite minerals
remain intact during low temperature oxidation.
Therefore the ensuing CRM will retain or inherit the

original TRM direction, depending on one's point
of view. Hence, positive superexchange interactions
between the original stoichiometric titanomagnetite
phase and the oxidized titanomaghemites might be

an important mechanism for preserving the marine
magnetic anomaly patterns, even though the rema-

nence, to a large degree, is CRM.
CRM Control of Paleointensity Determina-

tions. At present, only TRM can be used to deter-
mine the absolute paleointensity of the Earth's
magnetic field. (See Paleomagnetic Field: Inten-
sity.) All the paleointensity methods require that the

NRM be essentially a pure TRM, and they all call
for laboratory heating of the specimens to produce a

new TRM in the known laboratory field. Chemical
and mineralogical alterations of the specimens during
the laboratory heatings often preclude reliable pa-

leointensity determinations. Therefore, the different
paleointensity procedures apply various tests of the

magnetization before and after heating to assess the

extent of chemical changes on the remanence and

paleointensity experiments. Several paleointensity
methods require one heating of the specimens to
above their highest Curie temperatures to produce a
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total laboratory TRM. This procedure tends to
maximize chemical alterations, because the reaction
rates increase at higher temperatures.

In contrast, the Thelliers' double heating method
(Thellier and Thellier, 1959) was developed to
remedy this problem, by increasing the temperature
gradually in steps from room temperature. At each
temperature (Tp) two heatings are conducted to
determine the thermally demagn etrzed PNRM and
the other for the acquired PTRM between Tr,a and
room temperature. The Thellier procedure depends
on the following observed properties of remanence,
which have been explained theoretically by the N6el
theory for noninteracting SD particles: first, PNRMs
and PTRMs produced in different temperature inter-
vals are independent and additive; second, the
PNRM and PTRM blocked in any temperature
interval are linearly proportional to the external f,elds
in which they were blocked; that is, PNRM (70, TM)
_ Apth and PTRM (f0, Tr) _ Amht, where Ana rs

constant for a particular temperature interval (f0,
Til. h2 rs the known laboratory field and h is the
unknown paleointensity, which is assumed constant
during the original TRM production for rapidly
cooled extrusives and archeomagnetic artifacts.
Therefore, in the absence of chemical changes on
heating, and the satisfaction of the above assump-
tions the ratio PNRM (To, TilIPTRM (To, Tu) : h/
h1 should be the same for each temperature interval;
hence, at each temperature step an independent
paleointensity value is calculated. Thus, a primary
advantage of the Thellier technique is the consis-
tency checks provided by the independent paleoin-
tensity estimates at the different temperatures " The
results can be shown on a PNRM versus PTRM
diagram, with data corresponding to the different
temperature steps (Fig. 6). Ideal behavior in the
Thellier sense implies linear data with slope equal

to h/hL (ine A, Fig. 6). Chemical modifications,
which are common at relatively higher temperatures,
can often be detected as deviations from the ideal
straight line, and often a paleointensity can still be
determined by using the linear lower temperature
points (e,g., Fig. 6, curve B, Tt T). Another
feature of the Thelliers' procedure is that PTRM
checks can be conducted. A PTRM check is a repeat
PTRM at a lower temperature Tp

provides information about changes in the PTRM
capacity due to chemical alterations and CRM
production in grains with TB

Thellier method is usually considered to be more
reliable than other paleointensity procedures.

High temperature CRM during the Thelliers'
paleointensity procedure is one of the more common
causes for unsuccessful or abbreviated paleoin-
tensity experiments. In these cases a CRM is
produced at an elevated temperature Tu ) To in new

magnetic particles with blocking temperatures Tn )
T4a. In general, the CRM produced at Ty may not be
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refer to unsuccessful PTRM checks.
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completely demagn etrzed at TM a 1 , the next higher

thermal demagnedzation step. The resulting nonideal

concave-up PNRM-PTRM diagram is shown in Fig.

6, curve B. A PTRM check at a lower temperature

fp will only detect CRM produced in particles wilh

biocking temPeratures TB

Fig. 6).-in thespecial case where CRM is completely

de.iragn etrzed it the next thermal dema gnetization

step ui T, * ,

migtrt result (line C, Fig. 6) , provided that propof-

tioilately more CRM is produced at progressively

higher temperatures. However' these linear data plot

ab-ove the ideal line of unit slope (line A, Fig. 6),

and the calculated paleointensity would be lower than

its actual value. This emphasizes that linear PNRM-

PTRM data afe a necessary but not sufficient condi-

tion for obtaining reliable paleointensities.

In the above discussion we considered CRM

production that increases the PTRM capacity of $.e
ipecimen. Such alteration may result from precipi-

tation of new magnetic particles or from unmixing

of titanomagnetite grains to a mixture comprising a

more Fe-rich phase with higher saturation magneti-

zation. Chemiial modifications, which lead to higher
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PTRM, usually cause the PNRM-PTRM points to

lie above the ibeal line, and the calculated paleoin-

tensity will be lower than the actual paleo-field.

Alternatively, if the chemical modifications decrease

the PTRM potential by destroying magnetic parti-

cles or by trinsforming them to have lower intrinsic

magnetii moments, then the PNRM-PTRM points

wili plot below the ideal line, with higher apparent

paleointensities than the actual values (e.g., curve D

and PTRM check 3, Fig. 6).

Concluding Thoughts

The foregoing CRM article is not meant to be

exhaustive, and it reflects some of the interests,

biases, and limitations of the author. In the future as

paleornagnetists tackle more difficult tectonic and

g.o*ugnetic problems, which require information

from stnrcturutty more complex, metamorphosed,

and older formations, it will be increasingly likely
rhat the NRM will be partly CRM. Indeed, paleo-

magnetists have become more clever at isolating

different remanence components by using detailed
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and varied demagnetization procedures. It is usually larite in the remanent magnetism of red sandstones,

assumed that the most resistant remanence compo- Royal Astron. Soc. Geophys. Jour.38,253-2&.
nent, whether with respect to increasing alternating Donovan, T. J., R. L. Forgey, and A. A. Roberts, 1979,

fields, elevated temperahres, or a particilar leachini Aeromagnetic detection of diagenetic magnetite over oil

agent is also the oldest. However, the .u.."ni fields,,4n. Assoc. PetroleumGeologists 8u11.63,245-

kiowledge of CRM is so rudimentary that it is 248'

usuauy 
-not known wherher this asiumption is ""jf;1;$,'i?ti;:ffiT:Tr?t-Xfinetizationbvchemicar

correct. A better understanding of CRM is needed Hornafius; J. S., 19g4, Origin ofremanent magnetization
to assist paleomagnetists in interpreting complex, in dolomite from the Monterey Formation, in R. E.
often multicomponent, remanence from rocks with Garrison, M. Kastner, and D. H. Zenger, eds., Dolom-
probable CRM overprinting. This understanding ites of the Monterey Formation and Other Organic-Rich
might be accomplished through controlled field and Units, Soc. Econ. Paleontologists and Mineralogists

lab-oratory CRM experiments for different magnetic - lacrfic !,ec. Pub',41 ',195-212'
minerals: (l) to identify the varied geochelmical Johnson,H.P.'andR.T.Menill'1973,Low-temperature

environments, incruding pressures u,id t"-pe.a- fifj*ffikJ:ff#?t2i;r;:.'#:;:;:;1t'firt;ltures, necessary to form different magnetic minerals 4g4g.
andtheassociatedCRMs; (2)todeterminetheranges Karlin, R., M. Lyle, and G. R. Heath, l9g7, Authigenic
of magnetic and mineralogical stabilities with respect magnetite form;tion in suboxic marine sediments, Nirure
to thermal demagnetization or with respect to a 326,490-493.
chosen solvent; (3) to discover the best methods of Kobayashi, K., 1959, Chemical remanent magnetization

demagnetization to isolate a particular CRM; and (4) of fenomagnetic minerals and its application to rock

to develop the needed experimental procedures for magnetism, Jour. GeomagnetismandGeoelectricityl|,

ascertaining the temporal sequence oi multicompo - 99-ll7 '

nent cRMs. In short, a mor; thorough knowledge Kobayashi' K'' 1961' An experimental demonstration of

or cRM is required to interpret fareomagnet'lc fftT*i|i':;j;l"E::##2i:#:#"*2i::;::I
records with complex geologic histories, to further lZ, 148-tA.
the contributions of paleomagnetism to Earth Koenigsberger, J. G., 193g, Natural residual magnetism
magnetism and tectonic reconstructions. of emptive rocks, Terr. Magn. Atm. Electr. 43, part l:

1 19- 1 30, part 2: 299-320 .

Larson, E. E., 1981, Selective destructive demagnetiza-
tion, another microanalytic technique in rock magnetism,
Geology 9, 350-355.

Larson, E. E., and T. R. Walker, 1975, Development of
CRM during early stages of red bed formation in late
Cenozoic sediments, Baja, California, Geol. Soc.

America Bull. 6, 639-650.
McCabe, C., R. Van der Voo, D. R. Peacor, R. Scotese,

and R. Freeman, 1983, Diagenetic magnetite carries
ancient yet secondary remanence in some Paleozoic
sedimentary carbonates, Geology ll, 221-223.

McCabe, C., R. Sassen, and B. Saffer, 1987, Occurrence
of secondary magnetite within biodegraded oil, Geology
15, 7-10.

Marshall, M., and A. Cox, 197I, Effect of oxidation on
the natural remanent magnetization of titanomagnetite in
suboceanic basalt, Nature 230, 28-31.

Maurain, Ch., 1901, Propri6t6s des ddpots dlectrolytiques
de fer obtenus dans un champ magn6tique, Jour.
Physique, ser. 3, 10, 123-135.

Maurain, Ch. , 1902, Sur les propridtds magndtiques de
lames tr6s minces de fer et de nickel, Jour. Physique,
ser. 4 , l, 90, 15 l-156.

Meiklejohn, W. H., 1953, Experimental study of the
coercive force of fine particles , Revs. Mod. Physics 25,
302-306.

Merrill, R. T., 1975, Magnetic effects associated with
chemical changes in igneous rocks, Geophys. Surv. 2,
277 -31t.

N6el, L. , 1949 , Th6orie du trainage magn6tique des
ferromagn6tiques en grains fins avec applications aux
terres cuites, Ann. Geophys. 5r 99-136.

N6el, L., 1955, Some theoretical aspects of rock-
magnetism, Advances in Physics 4, 191-243.

Acknowledgements

Preparation of this article benefited from discus-
sions with P. Arason, H. Audunsson, and P.
Roperch and financial support of the National
Science Foundation.

SHAUL LEVI

References

Bagin, V. I., and L. M. Malumyan, 1976,Iron containing
minerals in oil-impregnated sedimentary rocks from a
producing rock mass of Azerbaidzhan, Izv. Acad. Sci.,
USSR, Phys, Solid Earth (English translation) 12, 273-
277 .

Becker, J. J. , 1957, Magnetic method for the measurement
of precipitate particle sizes in a Cu-Co alloy , Jour.
Metals 9, 59-63.

Beetz, W. von, 1860, Ueber die inneren Vorgdnge, welche
die Magnetisirung bedingen, Annalen der Physik und
Chemie tll, 107-121.

Benthien, R. H., and R. D. Elmore, 1987, Origin of
magnetization in the Phosphoria Formation at Sheep
Mountain, Wyoming: A possible relationship with
hydrocarbons , Geophys. Research Letters 14r 323-326.

Blackett, P. M. S., 1956, Lectures on Rock Magnetism,
The Weizmann Science Press of Israel, 13lp.

Collinsotr, D. W. , 1967, Chemical demagnetrzation, in K.
M. Creer and S. K. Runcorn, eds., Methods in Paleo-
magnetism. Amsterdam:Elsevier, 306-3 10.

Collinsotr, D. W., 1974, The role of pigment and specu-

57



CONTINENTAL COLLISION ZONES: SEISMOTECTONICS AND CRUSTAL STRUCTURE

Ozdemir, 0., and D. J. Dunlop, 1985, An experimental

study of chemical remanent magnetizations of synthetic

monodomain titanomaghemites with initial thermore-

manent magnetizations, Jour. Geophys. Research 90,
11513-11523.

Thellier, 8., and O. Thellier, 1959, Sur I'intensitd du

champ magn6tique terrestre dans le pass6 historique et

g6ologique, Ann. G6ophys. 15, 285-376. 1959'

Cross-references Demagnetization; Detrital Remanent

Magnetization (DRM); Magnetic Analysis of Rock

Fabric; Magnetic Domains; Magnetic Properties of
Minerals; Magnetic Self-Reversal; Natural Remanent

Magnetization; Paleomagnetic Field: Intensity; Paleo-

magnetism: Deep-Sea Sediments; Rock Magnetism;

Thermoremanence; Viscous Remanent MagnetiZation
(VRM) and Viscous Magnetization.

CONTINENTAL COLLISION ZONES:
SEISMOTECTONICS AND CRUSTAL
STRUCTURE

Continental collision zones usually develop along
convergent plate boundaries when a considerable
mass of continental lithosphere that is connected to

a subducting oceanic lithosphere collides with an

overriding continental plate. This process often
results in the development of dramatic surface and

subsurface geological processes including major
mountain building, continental plateau uplift, and

foreland basins. Continental collision episodes

ultimately end in changes in the configuration of the

nearby plate boundaries. The collision zones then

evolve through erosion and isostatic adjustment into
mature, relatively inactive orogenic belts. The whole
cycle may last tens of millions of years and possibly

longer.
The Himalayan and Zagros continental collision

zones are often cited in the geological literature as

type examples of such processes, and along with the

Alpine belt (from Turkey to Spain) probably repre-

sent the most active collisional belts during the

Cenozoic and Quaternary times. Of course, not all
mountain belts are the result of collision between two
major continental plates along convergent plate

boundaries. Some of the currently most active
mountain-building processes are associated with
noncollisional (i.e., ocean-continent) convergent
plate boundaries, such as the Andes of western South

America, or are located in an intraplate setting (i.e. ,

within a continent), such as the Rockies of western
North America and the Atlas system of northwest
Africa, or are even associated with an extensional
tectonic setting, such as the East African rift system.

This paper, however, focuses on active collisional
mountaih belts and specifically on the Himalayan and

Zagros collisional zones. It should be emphas rzed

that collision zones, in general , are preceded by
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episodes of ocean-continent subduction, producing

alcretionary prisms, volcanic arcs, back-arc mobili-
zation, and tectonism.

Any discussion of the deep structure and evolution
of the Himalayas and Zagros cannot be complete

without addressing the nature and evolution of the

Tibetan and Iranian plateaus located behind these

two collision zones, respectively . These uplifted
regions appear to be intimately related to the evolu-

tion of the nearby collisional zones, and hence

understanding their deep structure is an essential part

of deciphering the deep structure of the collisional
zones. The following includes a discussion of the

seismotectonics and deep structure of the Himalayas

and Zagros and a hypothesis on how these two colli-
sional belts may represent different stages in an

evolutionary cycle.

The Himalayan Collision Zone

The Himalayan system is the result of collision
between the Indian subcontinent and what is now

Tibet, about 50 million years ago. The initial contact

is represented by the Indus-Tsangpo suture, which
was the site of the plate boundary along which the

Tethyan oceanic lithosphere that separated India and

Tibet was subducted beneath Tibet (see Fig. 1). The

Trans-Himalayan (Kangdese) plutons of southern-

most Tibet, located just north of the suture' repre-

sent the core of the volcanic arc of that annihilated

subduction system. Convergence between India and

Tibet continued after their initial contact, uP to the

present (about 5 cm/yr) (Molnar and Tapponnier,

1gl S) and has resulted in the development of two

northerly dipping new intraplate convergent zones:

the Main Central Thrust (MCT) and the Main
Boundary Thrust (MBT) (Valdiya, 1980). The MCT
appears to have developed since about Miocene time
with minor, if any, recent movements. It separates

the High Himalaya from the Lesser Himalaya. The

MBT fias developed since about Pliocene time and

is still active. It is made up of a series of thrusts that

separate the Lesser Himalaya from the Tertiary
Siwalik sedimentary belt (the Sub-Himalaya belt)

and the adjacent Gangetic foredeep. Thus the

impressive Himalayan mountains have developed

entirely within the advancing Indian subcontinent

during about the last 20 million years. That is, these

mountains represent an intraplate deformation

located to the south of the initial contact between

India and Tibet.
Though most of these surface geological struc-

tures are reasonably well investigated at the surface,

the behavior of these structures at depth is to a large

extent unknown. Knowledge of the architecture of
these structures at depth is essential if we want to
understand why the High Himalaya has attained its

impressive height, and why, for example, the Lesser

Himalaya has not developed into a High Himalayan

type. Moreover, the estimated convergence between


