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Abstract viscous remanence continuously increases with the duration of reorientation of rocks, and the
remanence gets partially overprinted in rocks parallel to the Earth’s magnetic field. This overprinted
viscous remanence is unblocked at a certain temperature that enables the estimation of the time required for
the rock to acquire the magnetism, by assuming the exponential law of Néel's single-domain theory.
However, previous results of dating the rocks by the exponential law have shown older ages than radiometric
or cosmogenic exposure ages. Néel's exponential decay law is applicable to a system whose magnetic grains
have an identical relaxation time. However, in real systems, the expected behavior is not usually observed
because relaxation times vary for individual grains. Moreover, the variation of viscous remanence with the
logarithmic law for a distribution of relaxation times is predicted to be concave downward. Here we found
that the stretched exponential law, exp{—(t/z)' ~"} with 0 < n < 1, explains previously published data on
viscous decay. The observed stretched exponential relaxation can be interpreted in terms of the global
relaxation of a system containing many relaxing species, each of which decays exponentially in time with a
specific fixed relaxation rate. Using this law, we derived an extended time-temperature relationship of
magnetite involving the Néel's exponential decay law with n=0 and a system containing many relaxing
times with variable n. The extended time-temperature relationship shows that the age of a coral tsunami
boulder with high anomalous unblocking temperatures can be fitted with an assigned radiometric age.

1. Introduction

Ages of erratic boulders reworked by geological and archeological events (e.g., cliff slump, moraine deposi-
tion, and tsunami events) contribute to hazard awareness and ancient history. In rock magnetism and
paleomagnetism, the reworked age of erratic boulders is usually determined considering an unblocking
temperature of secondary viscous remanence [Borradaile, 1996, 1998; Crider et al, 2015; Kent, 1985;
Middleton and Schmidt, 1982; Muxworthy et al., 2015; Sato et al., 2014; Tyson-Smith and Verosub, 1994].
Most rocks contain an aggregate of ferrimagnetic minerals that record the geomagnetic field as natural
remanence. If such rocks are emplaced or reworked, a secondary viscous remanence overprints the
primary characteristic remanence and the viscous remanence increases in the present Earth’s magnetic
field. A conventional approach for determining the age by viscous remanence is to establish a time-
temperature relationship (Pullaiah’s nomogram) by assuming Néel's relaxation theory of single-domain
magnetite [Néel, 1949, 1955; Pullaiah et al., 1975]. Relaxation time is a measure of the time taken by a grain
to overcome its energy barrier by thermal activations. If single-domain magnetite can acquire viscous
remanence in a magnetic field at low temperature (T,) over a long relaxation time (t,), the remanence
is demagnetized in the absence of the magnetic field at high temperature (Tp) over a short relaxation time
(tp) and is given by

To In(CtD) . Ta In(CtA)
B(To) — SB(Ta)

where C is a frequency factor usually taken as 10'° Hz and Jy() is the saturation magnetization. The tem-
perature Tp at which the viscous remanence component is completely erased is termed unblocking
temperature. In equation (1), the coercivity of magnetite is dominated by shape anisotropy and is propor-
tional to Js(T) [Pullaiah et al,, 1975]. Variations in J,(T) are determined by J{T) = Jy(T93){(Te — NAT. — Tag31°>%,
where T, is the Curie temperature for magnetite in kelvin, Jy(Tg3x) =4.8 X 10° A/m [Dunlop and Ozdemir,
1997]. The reworked age can be determined through experimental time-temperature combinations for
removing viscous remanence at ambient temperature [e.g., Borradaile, 1996]. Sato et al. [2014] used viscous
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remanence dating to estimate reworked ages of two coral boulder moved by tsunamis. The timing of
tsunamis estimated from unblocking temperatures of viscous remanence was compared with '*C
accelerator mass spectrometry ages obtained from the surface of well-preserved coral boulders [Araoka
et al., 2013]. Crider et al. [2015] analyzed the viscous remanence of granitic boulders in glacial moraines.
Although boulders might be reworked by degradation of older moraines, *°Cl cosmogenic exposure
age of the top surface of the largest moraine boulders [Porter and Swanson, 2008] was used as a
comparable measure of viscous remanence age. However, the viscous remanence of boulders having
higher unblocking temperature than the one calculated from Pullaiah’s nomogram is problematic; thus,
viscous remanence yielded older ages than the '*C or 3*Cl cosmogenic ages. Such discrepancies have
been reported in previous studies involving calibration by many techniques (e.g., historical records, erosion
rate, conodont alteration index, and paleosecular variation) [Borradaile, 1996, 1998; Kent, 1985; Muxworthy
et al.,, 2015]

Following Néel's theory, time-dependent viscous remanence of a sample containing a large number of
identical single-domain grains changes exponentially. In general, a natural rock contains several ferrimag-
netic grains with widely varying sizes and shapes as described by their grain size distributions. In such
an aggregate, acquisition and decay of viscous remanence is regarded as the result of the superposition
of different relaxation times [Saito and Murayama, 1987]. The summation of the lognormal distribution of
exponential relaxation times for single-domain grains leads to the logarithmic behavior: SIn (t), where S
is the temperature dependence coefficient and t is elapsed time [Dunlop, 1983; Street and Woolley, 1949].
However, experimental data of magnetic relaxations have shown concave downward or upward slopes
of logarithmic approximations [Dunlop, 1983; Halgedahl, 1993; Kelso and Banerjee, 1994; Moskowitz, 1985;
Smith, 1984; Tivey and Johnson, 1984; Trukhin et al., 2003; Williams and Muxworthy, 2006]. Moreover,
although Walton [1980] has established an alternative time-temperature relationship based on a lognormal
grain size distribution of magnetite, the equation is not reducible to Pullaiah’s nomogram for single-domain
grains. The presence of coarse magnetic grains (pseudo single-domain and multi-domain) in rocks is key to
solving the discrepancy between the relaxation theory and experimental results. It has been believed that
nonexponential or nonlogarithmic relaxation is caused by the presence of coarse grains where large
domains with defects relax slowly [Chamberlin and Scheinfein, 1993], yielding anomalous high unblocking
temperatures. Therefore, an alternative relaxation theory is needed for understanding the complex
magnetic aggregation.

In physics, relaxation is believed to be an aging process in which a system gradually changes from a far-from-
equilibrium to an equilibrium state [e.g., Chamberlin and Scheinfein, 1993]. It is well known that structural
relaxation of glasses, spin glasses, and other complex system states generally exhibits nonexponential
and nonlogarithmic relaxation, being often described in terms of the stretched exponential law [e.g.,
Kohlrausch, 1854; Ngai, 1998]. Chamberlin et al. [1984] found that the decay of thermoremanence within
the spin glass region exhibits a stretched exponential law rather than other relaxation laws. The features of
spin glasses, such as remanence, hysteresis, and time-dependent effects, have been observed in rock mag-
netism as described by Néel's theory [Ford, 1982; Wohlfarth, 1977]. In this study, we revisit Néel's theory to
fit previously reported relaxation data by a stretched exponential law. Using this law, we derive an extended
time-temperature relationship of magnetite, which could reproduce Néel's exponential model and explain
discrepancies.

2. Theory

Classically, relaxation processes are described by the exponential function:
t
d(t) = exp (— ;), (2)

which is referred to as the Maxwell-Debye relaxation or Néel's relaxation [Maxwell, 1867; Néel, 1949]. In equa-
tion (2), the relaxation function ¢(t) possesses the characteristic relaxation rate r and the normalized initial
condition ¢(0) = 1. The exponential function in equation (2) fulfills a first-order linear differential equation:

dg()
= (1) /1 3
=0/t ®)
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As relaxation rate is constant, decay rate is independent of time. However, dynamical systems showed pro-
nounced deviations from the ideal exponential pattern. As early as 1863, Kohlrausch [1863] described
mechanical creep of glassy fibers by the following stretched exponential function:

1-n
qﬁ(t)_exp{—(:) }705n<1, (4)

where n is a stretching exponent. Williams and Watts [1970] described dielectric relaxation in polymers using
equation (4). The “Brinkman Report” [Brinkman, 1986] stated that “there seems to be a universal function that slow
relaxations obey. If the system fluctuates out of equilibrium, it returns according to the function exp{—(t/z)' = "}.
Unfortunately, this is not a mathematical expression that is frequently encountered in physics, so little idea
exists of what the underlying mechanisms are.” Since then, a large number of relaxation systems (ranging
from earthquakes, galactic light emissions, and biological excitation to economics and scientific citations)
have been found to exhibit this type of function [Laherrére and Sornette, 1998], and numerous underlying
physical mechanisms have been proposed for their derivations [Phillips, 1996]. Phillips [1996] investigated
an excited singlet electron in a fluorophore molecule and reported that the presence of progressively
depleted random sinks that capture electron excitations can modify a spontaneous decay process repre-
sented by equation (2), such that the relaxation rate is dependent on time, stretching the decay:
de(t)

where i is a characteristic constant. Now we consider relaxation function ¢(t) as the relaxation of remanence
J(t), then dJ(t)/dt=— W(t)J(t), where W(t) is the time-dependent relaxation rate. The relaxation rate can be
described by the power law

W(t) = wt™. (6)

In 1979, Funabashi and Hamill [1979] proposed a detailed derivation of the time-dependent relaxation rate,
equation (6), with the continuous time random walk model developed for the anomalous electron transit
time dispersion in amorphous solids [Scher and Montroll, 1975]. Since then, this type of relaxation rate has
been assumed in a wide range of relaxation studies [Shlesinger and Hughes, 1981; Hara and Okayama,
1988; Ngai and Strom, 1988; Colmenero et al., 1993; Ulrich et al., 2003; Porto, 2005; Kawada et al., 2006].
Using the power law relaxation rate W(t), we can obtain the relaxation of remanence:

J(t)/Jo = exp{—yt' " /(1 —n)}. @)

1-n
J(t) =Jo exp{—(%) },Ofn <1, (8)

where y = (1 —n)/z' ~ " [Berberan-Santos et al., 2005; Berberan-Santos, 2008]. For n =0, equation (8) is reduced
to a simple Néel's exponential relaxation [Ngai and Strom, 1988; Ulrich et al., 2003]. The dynamics of slow
relaxation is expressed by a longer relaxation time instead of simple relaxation time [Ngai, 1998; Hara and
Tamura, 2013].

Equation (7) can be rewritten as

In the field of rock magnetism and paleomagnetism, estimation of the age of viscous remanence may be
complicated if rocks require anomalously high unblocking temperatures or long relaxation times to erase
remanence, thus leading to overestimation of the age. The presence of high unblocking temperature and
long relaxation time indicates that the rate of observed magnetic relaxation is slower than that from the con-
ventional Néel's relaxation theory. Therefore, such a slow relaxation of the aggregate of magnetic particles
should be represented by the stretched exponential law. The aggregate of magnetic particles may yield a
continuous distribution of relaxation times, and then the stretched exponential function (8) can be mathema-
tically expressed as a superposition of exponential terms as follows:

(6= Jy exp (- ot ©

where p(z) is a continuous distribution of relaxation times. Such continuous distributions of relaxation time
due to varying grain sizes have been observed in natural rock samples as well as in artificial products.
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Therefore, the mathematical equivalent
of equations (8) and (9) predicts a
stretched exponential relaxation of
Simple exponential remanence in geological materials.
Plonka [1983] presented a detailed
derivation of the distribution through
Laplace transformation. The decay of
remanence should follow equation (8),
with n=0 for identical single-domain
particles and 0<n< 1 for aggregates
with a continuous distribution of relaxa-
tion time in rocks [Porto, 2005; Ulrich
et al, 2003]. For n > 1, the relaxation
law is described by the power law,
which is independent of size distribu-
tion [Porto, 2005; Ulrich et al., 2003].
The relaxation time, which depends on
the temperature T of an aggregate, is

Stretched exponential law

(2)

\ — — Logarithmic law

[
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Figure 1. (a) Magnetic decay at 9°C for synthetic fine magnetite (data _ l ex vheJs " (10)
from Dunlop [1983]). It has been confirmed that the stretched exponen- C kT ’
tial law (solid line) is a more reliable fit to the observations (open circles) . .
than the logarithmic (dashed line) and simple exponential laws (chain where vh.J/2=E is the height of the
line). (b) Traced lines show concave downward slopes [Dunlop, 1983]. energy barrier prohibiting the rotation

of electron spin moments, h, is coerciv-
ity, k is the Boltzmann’s constant, and the scaled relaxation time z* replaces the longer relaxation time 7. If a
system features different relaxation times (e.g., an aggregate of single-domain, pseudo single-domain, and
multi-domain grains), the relaxation time can be described by equation (10). The stretching exponent n in
equation (10) is a dispersion factor from an aggregate of ideal single-domain grains, where the energy barrier
and frequency factor is scaled as (1 — n) x £ and C' ~" [Benatar et al,, 1993; Chen, 2003]. A large energy barrier
E is expected to increase 7 of the aggregate [Chamberlin and Scheinfein, 1993]. Moreover, the frequency factor
C has been found to be strongly dependent on the morphology of individual grains, such that small differ-
ences in size or shape can lead to variations in the relaxation rates [Berndt et al., 2015; Krause et al., 2009].
At a given fixed T, 7 (T, E, C) depends on E and C [Prester et al., 2011]. Thus, n is characterized by both factors.
In equation (10), * scaled by 1 — n is the real relaxation time for the aggregate. If an aggregate of magnetic
grains with a particular (v, h.) has a relaxation time t} at temperature Ty, then its relaxation time t; at Tp is
given by

Toln{c(t)™}  Tain{c(t)™}
£(To) BT

If n is determined, the unknown t} is estimated to be the true age at T4 when Tp is known (from thermal
demagnetization experiments) with a duration time of t},.

(1m

3. Results

We reanalyzed previously published data on viscous remanence decay regarding the relaxation of magnetite
following the stretched exponential law in equation (8). Figure 1a shows a plot of typical decay of 76 nm syn-
thetic magnetite in the single-domain range against logarithmic time at 9°C (data traced form Dunlop [1983]).
The slope of relaxation was concave downward of the logarithmic approximation (Figure 1b). Instead of the
slope of the logarithmic and simple exponential laws, the relaxation function satisfies a stretched exponential
form throughout the time range. The best fit value of stretching exponent n = 0.54 was calculated using IGOR
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Figure 2. (a) Histograms of correlation coefficients (color bars) and their probability distribution curves (solid, dashed, and
chain lines). (b) Cumulative probability plot for three different laws. Gray points and lines show half width at half maximums
of each plot.

Pro 6.33 J (WaveMetrics, Inc., USA). Color bars in Figure 2a show the histogram of correlation coefficients (R?)
obtained directly by fitting curves of viscous remanence decay from previously published data for synthetic
and natural rock samples (N =34). The red bars represent correlation coefficients of stretched exponentials,
while the green and yellow bars represent logarithmic and simple exponentials (Table S1 in the supporting
information; data from Dunlop [1983], Halgedahl [1993], Kelso and Banerjee [1994], Tivey and Johnson
[1984], Trukhin et al. [2003], and Williams and Muxworthy [2006]). In the range of 0.962 to 1, correlation coeffi-
cients of stretched exponential laws are distributed with a mode of 1. The correlation coefficients of the loga-
rithmic law range between 0.922 and 0.997 with a mode of 0.993 and that for the simple exponential exhibits
scattered distribution between 0.776 and 0.986 with a mode of 0.922. The most reasonable fits were obtained
by stretched exponentials for 31/34 (91.2%) samples. We also obtained probability distribution curves by
fitting truncated normal distribution to each histogram. The curve of stretched exponential law exhibits a
sharp central peak, while the curves of logarithmic law and simple exponential are broad. In Figure 2b, we
show the cumulative probability curves of the three laws. The half width at half maximum of the stretched
exponential law is 0.009, which is smaller than those of the logarithmic and simple exponential laws at
0.019 and 0.084, respectively. It is concluded that the stretched exponential law with the value of n is the
most effective for explaining observations.

The applicability of the extended time-temperature relationship of magnetite in equation (11) was tested
using a 200 metric ton coral tsunami boulder from Ishigaki Island. The reworked age of the boulder was deter-
mined to be 2.69 +0.02 kyr B.P. by '“C dating. Remanence carriers in the boulder were single-domain and/or
pseudo single-domain magnetite [Sato et al., 2014]. In the dating of viscous remanence, low-temperature
demagnetization was applied as pretreatment in order to demagnetize defectless multi-domain sized mag-
netite particles, isolating the single-domain-like remanence [e.g., Ozima et al., 1964; Dunlop and Argyle, 1991].
Although the remanence of multi-domain and pseudo single-domain grains of unpinned or loosely pinned
domain walls can be removed through the low-temperature demagnetization, the remanence strongly
pinned domain walls are excluded [Ozdemir and Dunlop, 1999]. The pinning may explain the remanence
observed in multi-domain and single-domain-like remanence in pseudo single-domain grains [e.g., Kubo
et al., 2015]. Our estimated unblocking temperature of 145°C translates to an age of 14 kyr B.P. in Pullaiah’s
nomogram, which disagrees with the '*C age [Sato et al., 2014]. In our experiments, stepwise thermal demag-
netization with a 5°C increment was used for the demagnetization temperature range of 100-160°C with a
duration of 300s. For the 80-100°C range, a 10°C interval was used and other points were 200°C, 250°C,
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300°C, and 400°C. Figure S1 shows an
0 example of the resulting changes in vec-
10ka f— tor components. The viscous rema-
| X [® "Cage nence component is parallel to the
1004 - @ Unblocking tempearture present Earth’s magnetic field up to its
unblocking temperature of 155°C. The
— o Single-domain original component as a characteristic
1year 4 Pseudo single-domain remanence direction is then isolated
2 . ) from the maximum temperature of

.= 1 month = O Multi-domain . o
= 400°C. In Pullaiah’s nomogram, an
1 day |- m m unblocking temperature of 155°C corre-
sponds to an age of 13 kyr B.P. for the

Q (n.Y Q o

1 hour b— % average temperature of 24.3°C at
1000s f— Ishigaki Island. As shown in the time-
100s 5 o temperature nomogram in Figure 3, both
10 = unblocking temperatures of 145°C and
L L Ly L 155°C are higher than the expected
Is 0 100 200 300 400 500 unblocking temperature in the contours

Temperature ("C) of Pullaiah’s nomogram (dashed line). In
order to calibrate two higher unblocking
Figure 3. A comparison of corresponding (t, T) values. Black circles show temperatures, we applied the extended
demagnetization temperatures (unblocking temperatures) of viscous . . .
remanence of a coral tsunami boulder with a duration of 300, and time-temperature - relation. - The  cali-
contours are joined using extended t-T relation with its radiocarbon age brated results showed good agreement
(white star) at average annual temperature of Ishigaki Island, Japan (24.3°C).  with the radiocarbon age when n=0.1
The point of 155°C is obtained from our experiment, and the data of 145°C  and 0.21 (Figure 3).
are given by Sato et al. [2014]. The single-domain data pairs (white open
circles with red lines) parallel to the contour of Pullaiah’s nomogram for
magnetite (gray dashed lines) and two stretched exponents n have small 4. Discussion
values. The pseudo single-domain and multi-domain data pairs (triangles
with a blue line and squares with a yellow line) show less parallel contours. It is commonly observed that rema-
These data were obtained from Dunlop and Ozdemir [2000]. nence does not change exponentially
with time because the relaxation beha-
vior is the summation of various relaxa-
tion times in any real sample [Saito and Murayama, 1987]. The acquisition or decay of viscous remanence
in proportion to the logarithm of elapsed time could not explain the concave upward or downward slopes
of magnetic relaxation. Moreover, the logarithmic law predicts that the intensity of magnetization of the sam-
ple eventually reaches an infinite value [Street and Woolley, 1949]. In order to establish the fundamental base
for magnetic relaxation, we applied the stretched exponential law to the data. In complex systems, such as
aggregates of single-domain, pseudo single-domain, and multi-domain grains, the relaxation behavior can
be explained by stretched exponential law with a transformation from ¢ to t* [Hara and Tamura, 2013].
The relaxation rate of the power law describing the stretched exponential law has been shown to reflect
the distribution of relaxation time in complex systems [Plonka, 1983, 1986]. The power law has been
explained to result from the continuous time random walk model developed for dispersion in amorphous
solids and utilized in describing the decay of excess electrons trapped in rigid glassy matrices [Hamill and
Funabashi, 1977; Funabashi and Hamill, 1979]. In studies of rock magnetism, even though the low-temperature
demagnetization can minimize the nonliner relaxation from coarse grains (pseudo single-domain and multi-
domain) in a natural rock sample, previous researches have shown anomalously high unblocking tempera-
tures [e.g., Sato et al., 2014]. The high unblocking temperature persists even after repeated low-temperature
demagnetization, being consistent with dislocation pinning of domain walls in non-single-domain grains
[Crider et al., 2015]. From the domain wall pinning model, an interest in the Barkhausen effect has grown con-
siderably in connection with complex systems. The Barkhausen effect is basically governed by a moving
domain wall [Bertotti and Montorsi, 1990], where the distributions of domain wall velocity, Barkhausen jump
amplitudes, and their duration are well fitted by power laws [Durin and Zapperi, 2000; Zapperi et al., 1998].
When domain walls pinned at a specific temperature in a magnetic field move toward a demagnetized state
on heating in zero field to an unblocking temperature, Barkhausen jumps yield high unblocking temperatures
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for complete demagnetization [Dunlop, 1983]. The presence of random defects pinning the movement of
magnetic domains can modify a spontaneous relaxation process of remanence, where the stretching expo-
nent is fully determined from the variation in energy barrier and Arrhenius-Néel prefactor characterizing the
structure of the system [Berndt et al., 2015; Chamberlin and Scheinfein, 1993; Colmenero et al., 1993; Hara and
Okayama, 1988; Kawada et al., 2006; Krause et al., 2009; Ngai and Strom, 1988; Porto, 2005; Prester et al., 2011;
Shlesinger and Hughes, 1981; Ulrich et al., 2003]. It has been suggested that the pseudo single-domain beha-
vior, exhibiting a blended response of single-domain and multi-domain particles [Dunlop, 2012; Dunlop and
Ozdemir, 2000], might arise from the Barkhausen jumps. The previous magnetic relaxation theory could not
explain the relaxation behavior of natural samples without the stretching exponent. In our results, the
stretched exponential law is the most suitable for describing the experimental decay of viscous remanence
(Figure 2). Although previous researchers have used synthetic magnetite in order to isolate the effect of grain
distribution [e.g., Dunlop, 1983], it is difficult to synthesize ideal magnetite particles with well-controlled grain
sizes and shapes [Yu et al., 2002]. Overall, the magnetic relaxation behavior of synthetic and natural magne-
tite should be interpreted by grain distribution.

From the stretched exponential law, we derived the extended time-temperature relationship in equation
(11). Natural rocks may yield older magnetic relaxation ages due to the anomalously high unblocking
temperatures for magnetic overprints [Borradaile, 1996, 1998; Kent, 1985; Middleton and Schmidt, 1982;
Sato et al., 2014; Walton, 1980]. The Pullaiah’s relation based on the Arrhenius-Néel law is applicable only
to systems with identical single-domain magnetite grains but not to aggregates containing larger grains
with multiple magnetic domains [Dunlop, 2012; Dunlop and Ozdemir, 1993, 2000; Walton, 1980]. The
extended relationship could fit the unblocking temperature of viscous remanence with a varied n value
(0 < n<1), which is a convenient measure of magnetic relaxation [Chamberlin et al., 1984; Colmenero
et al, 1993; Ngai, 2007]. The relaxation time z* scaled by n reflects the complex structure of the magnetic
aggregate. In addition, our extended time-temperature relationship in equation (11) could adapt the single-
domain grains with n=0, although an alternative relation proposed by Walton [1980] could not explain
Pullaiah’s nomogram.

Figure 3 shows the extended relation for a coral tsunami boulder. Experimental results showed a better
agreement with the nomogram based on the stretched exponential law. The reworked ages of boulders
determined by magnetic relaxation could possibly be explained by the stretched exponential law. In order
to evaluate the dependence of the time-temperature relationship on grain size, we investigated single-
domain, pseudo single-domain, and multi-domain contours of magnetite (data from Dunlop and Ozdemir
[2000]). For single-domain grains of 40 nm, lines joining pairs of points on a graph were nearly parallel to con-
tours of Pullaiah’s nomogram with n=0.05 and 0.22. This result suggests that the time-temperature relation-
ship is affected by small differences in grain size because the synthetic single-domain magnetite could not be
completely fitted to the contours of Pullaiah’s nomogram. For pseudo single-domain grains of 20 um and
multi-domain grains of 135 um, the lines joining blocking and unblocking temperature pairs become increas-
ingly oblique to the contours of Pullaiah’s nomogram, and these unblocking temperatures were anomalously
high compared to identical single-domain values. When we fit the extended time-temperature contours to
pseudo single-domain grains, exhibiting a blended response of single-domain and multi-domain grains
[Dunlop, 2012; Dunlop and Ozdemir, 2000], the value of stretching exponential n was 0.84. For the multi-
domain sample, n did not have a solution in the range of 0 <n < 1. Therefore, the stretched exponential
law is interpreted to explain the relaxation of an aggregate containing single-domain or single-domain-
like responses.

5. Conclusions

In paleomagnetism and rock magnetism, the Pullaiah’s time-temperature relationship for single-domain
magnetites has been used to predict reworked ages using viscous remanence of erratic boulders.
However, estimated ages have been shown to be older than ages from absolute or relative dating. To over-
come this problem, we revisited Néel's theory and found that magnetic relaxation behavior is well described
by the stretched exponential function, which takes into account the distributions of relaxation constants or
grain sizes. The stretched exponential law provides an extended time-temperature relationship to explain
the anomalous overestimation of ages caused by the presence of pseudo single-domain and/or multi-domain
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grains, and our extended relation could calibrate the age of a boulder moved by a paleotsunami. With further
insights into the mechanisms of older age, the dating of viscous remanence can be developed into a more
reliable and quantitative dating method for revealing the absolute ages of materials.
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