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Abstract. Thermal demagnetization character- 
istics of a Brunhes-age viscous overprint in 
Appalachian redbeds and a thermoviscous component 
acquired in the laboratory at moderate tempera- 
ture agree well with relaxation time-blocking 
temperature relations for hematite proposed by 
Pullaiah et al. [1975]. Supporting evidence was 
obtained from redbeds associated with an igneous 
dike intrusion although the interpretation of 
these data are complicated by magnetochemical 
alterations. Paradoxically, experimental data for 
magnetite in some limestones were shown to agree 
more closely with an alternative theory of Walton 
[1980]. The hematite in redbeds is predominantly 
singledomain (SD) whereas magnetite in the lime- 
stones studied extends well into the multidomain 

(MD) range. Thus experiment and theory could be 
reconciled if it is assumed that Pullaiah eta!. 

applies strictly to SD material whereas Waltoh's 
theory somehow describes thermoviscous effects 
dominated by larger MD grains. 

Introduction 
, 

The importance of remagnetization has become 
more widely recognized in the interpretation of 
the paleomagnetic record but the mechanism of 
partial to complete overprinting is usually dif- 
ficult to ascertain. A fundamental process 
leading to remagnetization in a geological 
context is of thermoviscous nature, due to the 
enhanced activation of grain magnetic moments 
with prolonged exposure to the geomagnetic field, 
especially at moderate temperatures associated 
with burial. Thus the contribution of thermo- 
viscous effects needs to be taken into account 

before a stable secondary component of magnetiza- 
tion can be confidently attributed to some other 
cause, for example, a chemical resanent magneti- 
zation for which evidence is typically more 
indirect. 

There are presently two competing sets of 
theoretical relationships for assemblages of SD 
magnetite and hematite grains that can be used to 
evaluate relaxation time-blocking temperature (t- 
T) effects on magnetizations. Pullaiah et al. 
[1975] published t-T curves derived for 
assemblages of identical SD grains, based on the 
relation 

In (ct 1) T 2 Jsn(T1) 
. = (1) 

In (ct 2) T! Jsn(T2) 

where c is the frequency factor (1010 sec -1) and 
n is the exponent that includes coercivity as a 
function of 'the temperature dependence of the 
spontaneous magnetization (Js); Pullslab et al. 
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[1975] set n=2 for magnetite and n=4 for 
hematite. 

Walton [1980] proposed an alternative relation 

3+r 

Ii• (ctl• T2 Jsn(T1)] (c• '2) • = IT 1 Jsn(T2ij 
2+r 

(2) 

which Middleton and Schmidt [1982] evaluated for 
magnetite and hematite by setting r=-1 for 
approximately lognormal SD grainsize distribu- 
tions and otherwise using the same constants and 
temperature-dependencies as Pullslab et al. 
[1975]. The t-T curves for hematite for the 
respective theories are compared in Figure 1. 

It has been shown [Kent, 1985] that thermal 
activation processes are more potent in some 
magnetite-bearing limestones than the expression 
derived by Pullaiah et al. [1975] allows. The 
purpose of this paper is to test the two alterna- 
tive t-T models for hematite by comparison with 
experimental observations on redbeds. 

Field and Laboratory Tests 

For the Appalachian redbed units studied here, 
we have confirmed the absence of magnetite and 
the predominant presence of hematite by IRM 
acquisition (e.g., Figure 8 in Kent and Opdyke, 
1985) and thermal demagnetization spectra 
analyses. In order to test the t-T models, one 
must isolate a thermoviscous component of known 
origin. One such component is a viscous over- 
print along the present Earth's field (PEF) which 
we assume to have been acquired over no longer 
than 0.73 Ma (duration of Brunhes Normal Polarity 
Chron) at ambient temperature (20øC). To extend 
the temperature range of observation, we have 
compared demagnetization characteristics with the 
calculated thermal history of redbeds intruded by 
an igneous dike, and more directly, performed a 
laboratory acquisition experiment at elevated 
tempe rature. 

Present Earth's field overprint 

We have thermally demagnetized a representa- 
tive set of samples from the Lower Carboniferous 
Mauch Chunk, Upper Devonian Catskill and Upper 
Silurian Bloomsburg redbeds at 25øC temperature 
intervals (effective laboratory heating time of 
300 sec) to determine the maximum unblocking 
temperature of the PEF component. A prominent 
and well-defined PEF component was isolated in 
samples of the Catskill from the Breezewood (Pa.) 
area [Miller and Kent, 1986]. The maximum 
unblocking temperature for this component 
(D=347 ø, I=65 ø, a95=4 ø for n=16 samples) is 275ø+ 
25øC (Figure 2a). The PEF component in 10 samples 
from the Mauch Chunk and 9 samples from the 
Bloomsburg analyzed was typically small, as 
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Figure 1. Relaxation time-blocking temperature 
curves for hematite. Heavy lines, based on 
Pullaiah et al. [1975]; lighter lines, based on 
Walton [1980] as calculated by Middleton and 
Schmidt [1982]. Filled square and circle are t-T 
conditions for acquisition of a Brunhes viscous 
overprint and for laboratory heating experiment, 
respectively; open square and circle are the 
corresponding laboratory unblocking conditions, 
in each case the observed is the same as 

predicted by Pullaiah et al. [1975]. Open 
triangle is laboratory unblocking condition for 
both a Brunhes viscous overprint and for the 
laboratory heating experiment predicted by 
Middleton and Schmidt [1982]. 

already indicated in lower resolution data [Kent 
and Opdyke, 1985; Kent, 1986], but had a maximum 
unblocking temperature (250øC) similar to the 
better determined Catskill results. 

Igneous dike intrusion 

We sampled the Duncannon Member of the 
Catskill Formation near to its contact with a 
near-vertical, 15.5 m wide, Triassic/Jurassic 
dike in a railroad cut near US 22 on the east 

bank of the Susquehanna River. Three samples were 
taken form the dike itself. Seven samples from 
the Catskill redbeds were taken extending from 
the blackened contact aureole to about 27m (1.73 
dike widths, dw) measured from the center and 
perpendicular to the strike of the dike. 

Redbeds in the contact aureole were totally 
overprinted and had unicomponent magnetizations 
similar to that of the dike (D=16 ø, I=45ø). 
Demagnetization of the remainder of the samples 
revealed two components of magnetization, a low 
to moderate unblocking temperature Triassic/ 
Jurassic overprint and a high unblocking tempera- 
ture component of clearly Paleozoic (Kiaman) age 
(Figure 2b). 

Laboratory acquisition 

Redbed samples from the Mauch Chunk and 
Catskill, chosen on the basis of small suscepti- 
bility changes with thermal demagnetization in 
companion specimens, were heated in the NRM state 
at 300øC for 11 days while exposed in known 

orientation to the ambient magnetic field in the 
laboratory (0.06 roT). The laboratory-acquired 
remanence component was readily resolved in all 4 
samples by subsequent progressive thermal demag- 
netization at 25øC steps from 275øC; maximum 
unblocking temperatures for this component were 
about 400 ø (+25øC) (Figure 2c). 

Analysis of Results 

The maximum unblocking temperature for the PEF 
component in the hematite-bearing redbeds studied 
here is consistently in the range 250 ø to 300 ø. 
According to the t-T relations of Pullaiah et al. 
[1975], this would correspond to acquisition of a 
viscous reman•nce acquired at ambient temperature 
over about 10 v years (Figure 1), consistent with 
our suppositon that this component was acquired 
over the Brunhes. In contrast, the Middleton and 
Schmidt [1982] curves suggest that the expected 
Brunhes-age VRM would require laboratory demag- 
netization temperatures as high as 500øC. 

If the dike-related overprint in the redbeds 
is purely of thermoviscous origin, then the 
maximum exposure temperatures predicted by an 
appropriate t-T theory from the laboratory un- 
blocking data should conform to the independently 
determined thermal history of the igneous intru- 
sive event. This thermal history was modeled by 
the formulation of Harrison and Clarke [1979], 
using an intrusion temperature of 1150øC and a 
13% contribution from the latent heat of crystal- 
lization. The thermal pulse in the country rocks 
in a conductive regime would have been within 

25øC of the maximum temperature for between 2x107 
see at 1.06 dw to 6x10' sec at 1.73 dw, and we 
take this as the criterion for defining exposure 
times. The predicted peak exposure temperatures 
calculated according to Pullaiah et al.'s (eq. 1) 
and Waltoh's (eq. 2) theories are compared to 
the temperature profiles determined from the 
simple conductive thermal model in Figure 3. 

The dike overprint unblocking temperatures for 
the two samples at 1.06 and 1.22 dw are near 
600øC. Because this is in the so-called A region 
of either model (Figure 1), where duration of 
heating is not a strong factor, a similarly high 
exposure temperature would be predicted. Such a 
high exposure temperature is not plausible and 
chemical effects associated with the dike intru- 

sion had most likely resulted in the elevation of 
the overprint. For the 3 samples that were 
farthest from the dike (at 1.33, 1.51 and 1.73 
dw) and therefore possibly less chemically 
altered, the peak exposure temperatures predicted 
by the Pullaiah et al. model for the dike over- 
prints are in resonable agreement with a modeled 
temperature profile (Figure 3). Chemical altera- 
tion cannot explain the anomalously low tempera- 
ture predictions derived from the Middleton and 
Schmidt curves for these same samples because it 
would tend to act in the opposite direction, to 
raise the overprint unblocking temperature as in 
the blackened aureole, but we cannot exclude the 

possibility of reduced exposure temperatures due 
to rapid convective heat loss closer to the dike. 

A more decisive test of the t-T theories at 

higher temperatures comes from the laboratory 
acquisition experiment. The Pullaiah et al. 
[1975] model predicts removal temperatures of 
400øC, whereas the Middleton and Schmidt [1982] 
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Figure 2. Orthogonal vector end-point diagrams for thermal demagnetization (open circles/stars 
plotted on vertical/horizontal projection in geographic coordinates). a) NRM of representative 
Appalachian redbed sample from Upper Devonian Catskill Fro.; the northerly and down magnetization 
removed in the initial stages of demagnetization to about 275øC is interpreted to represent a 
viscous remanence acquired in the PEF over the Brunhes. b) NRM of Catskill redbed sample taken 
1.73 dw from the center of a 15.5 m wide Triassic/Jurassic igneous dike; dike overprint component 
is revealed to 400øC treatment, Paleozoic direction from 430øC to near origin (678øC). c) Mauch 
Chunk redbed sample heated in the laboratory for 11 days at 300øC while exposed to Earth's field; 
laboratory-produced overprint revealed to 400øC treatment, Paleozoic direction thereafter. 

curves predict over 500øC, compared to the 
observed 400øC for the laboratory acquired mag- 
netization (Figure 1). 

Discussion 

The various field and laboratory tests 
presented here strongly favor the Pullaiah et al. 
[1975] model for thermoviscous magnetization in 
hematite-bearing rocks. For the PEF viscous 
overprints and laboratory acquisition experi- 
ments, our observations agree remarkably well 
with t•e Pullaiah et al. predictions, but 
disagree by up to 250øC from the higher removal 
temperatures called for by the Middleton and 
Schmidt [1982] curves for hematite. The results 
from the igneous dike intrusion are more am- 
biguous and emphasize the potential importance of 
chemical alteration in assessments of thermo- 

viscous contributions, especially at more 
elevated temperatures as suggested by Pullaiah et 
al. [1975]. 

The excellent agreement we find with Pullaiah 
et al. [1975] for hematite contrasts with the 
experimental data for some magnetite-bearing 
rocks which were previously shown to be in much 
better accord with Walton [1980]. The explanation 
for this apparent paradox may have to do with the 
different domain states of the magnetite and 
hematite in the rocks studied. For the redbed 

magnetizations, we are virtually assured that the 
dominant contribution comes from SD hematite: the 

SD-MD threshold diameter for hematite of approxi- 
mately 2000 micrometers [Stacey, 1963] puts MD 
grains into the pebble size range, above the 
silty (<62.5 micrometers) to sandy (<2000 micro- 
meters) textures of 'redbeds typically sampled in 
palcomagnetic studies. Thus the agreement of the 

experimental data on thermoviscous magnetization 
in hematite with Pullaiah et al. [1975] strongly 
suggests that this t-T theory is appropriate for 
SD magnetizations. 
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Figure 3. •emperature estimates related to 
igneous dike intrusion. Dashed lines are 
conductive thermal models for igneous dike of 
15.5 m width, assuming different depths of 
intrusion (25øC/ks). Darker lines joining filled 
squares and circles are maximum temperatures 
predicted by Pullaiah et al. [1975] and Middletom 
and Schmidt [1982] curves for hematite, 
respectively, based on maximum unblocking 
temperature of dike overprints in Catskill redbed 
samples (open squares) at different distances 
(expressed in terms of dw) from center of the 
dike. 
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In contrast to hematite, the very small upper 
size limit of SD behavior in magnetite (of less 
than 0.1 micrometers) means that larger, MD 
grains of magnetite are very likely to be present 
in rocks, as observed directly in the limestones 
[McCabe et al., 1982]. The suggestion that 
Waltoh's theory in some way describes thermo- 
viscous magnetizations dominated by MD behavior, 
made on the basis of the good agreement of 
experimental data for magnetite [Kent, 1985], is 
supported by the poor agreement found for SD 
hematite. It is possible, for example, that the 
distribution parameter (r) in this theory is more 
related to the nature of domain wall motions 

rather than the distribution of grain size per 
se. 

We therefore speculate that the disparity 
between the alternate t-T relations might be 
reconciled if the Pullaiah et al. [1975] model is 
strictly applicable only to SD grains whereas the 
t-T curves calculated by Middleton and Schmidt 
[1982] from Waltoh's [1980] derivation in fact 

better describe thermoviscous behavior in MD 

material. Since hematite almost always is 
expected to occur in the SD size range in rocks 
of paleomagnetic interest, the t-T relations for 
hematite proposed by Pullaiah et al. [1975] may 
be universally applicable (barring chemical 
effects). For magnetite, Waltoh's [1980] theory 
appears to agree with relevant observations for 
rocks with abundant MD magnetite such as the 
limestones, but we might expect that those rocks 
that are demonstrably dominated by SD magnetite 
should have thermoviscous behavior that is more 

compatible with Pullaiah et al. [1975]. Confir- 
mation of this prediction would provide impetus 
to explore the physical implications of Waltoh's 
theory, which now are rather obscure to us, 
especially in regard to MD magnetization. 

In practical terms, the widespread Pertoo- 
Carboniferous remagnetizations observed in Appa- 
lachian redbeds cannot be explained by thermal 
processes alone, regardless of the formulation 
used [Pullaiah et al. or Walton], because of the 
high (660øC plus) unblocking temperatures 
observed [e.g., Kent and Opdyke, 1985; Miller and 
Kent, 1986]. However, the choice of theory 
becomes more critical when maximum unblocking 
temperatures are lower. An example is the study 
of the thermal history of the Sidney Basin 
[Middleton and Schmidt, 1982], in which the 
paleothermometry was delineated in part by the 
crossover between the t-T curves for secondary 
magnetizations carried by magnetite and hematite 
using Waltoh's theory. If the model of Pullaiah 
et al. is instead used for hematite, then the t-T 
curves are essentially parallel and noninter- 
secting, thus implying that these secondary 
magnetizations lack a common thermal origin. 
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