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[1] We report properties of laboratory-induced thermoremanence combined with detailed
rock magnetic experiments on basaltic samples which contain aluminum-substituted
titanomagnetite (Fe, 54Tig4Alg 1204). Prior to Thellier-Coe paleointensity experiments,
specimens were first demagnetized using an alternating field with a peak field of 90 mT
and were then imparted an anhysteretic remanent magnetization (ARM) to represent a
natural remanent magnetization (NRM). Results show that the partial thermal remanent
magnetization (pTRM) gain and ARM remaining are linearly correlated up to 300°C.
Between 300 and 460°C, specimens acquire thermoremanence with a direction antiparallel
to the external field direction, leading to intensity decreases. This coincides with the onset
of the mineral transformation from Al-titanomagnetite to a magnetic phase with higher 7.

Our results support that phase interaction with distinct 7;, values in partially oxidized
titanomagnetite can produce partial self-reversal thermoremanence in rocks.

Citation: Pan, Y., Q. Liu, C. Deng, H. Qin, and R. Zhu (2006), Thermally induced inversion of Al-substituted titanomagnetite in
basalts: Evidence for partial self-reversal, J. Geophys. Res., 111, B12S29, doi:10.1029/2006JB004576.

1. Introduction

[2] Titanomagnetite (Fe;,Ti,O4, 0 < x < 1) and their
derivatives are ubiquitous in submarine and continental
basalts, and are usually the dominant carriers of the
corresponding natural remanent magnetization (NRM). In
early paleomagnetism studies, there is an argument on the
mechanism of the reversed NRM recorded in natural sam-
ples: authentic behavior of the paleomagnetic field or self-
reversal of the thermal remanent magnetization (TRM)
[Verhoogen, 1956]. Néel [1951] put forward two mecha-
nisms for interpreting self-reversal of RM: the single-phase
model and two interacting magnetic phase models. Alter-
natively, Verhoogen [1956] proposed that ionic reordering
during low-temperature oxidation of titanomagnetite can
also yield self-reversal of RM. However, it is rather exper-
imentally difficult to reproduce this process in laboratory.
Later, O’Reilly and Banerjee [1966] found that very high
oxidation state and high temperature are prerequisites for
self-reversal of RM. Self-reversal of TRM could also be
caused by negative magnetic coupling [e.g., Havard and
Lewis, 1965; Tucker and O’Reilly, 1980; Heller and
Petersen, 1982; Krdsa et al., 2005].

[3] Self-reversal of NRM has been documented in dacite
(hemoilmenite as the dominant magnetic carrier), oxidized
oceanic and continental basalts (titanomagnetite as the
dominant magnetic carrier) with a wide range of ages from
Neogene to Cretaceous ages [e.g., Nagata et al., 1952;
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Schult, 1968; Heller and Petersen, 1982; Hoffman, 1982;
Bina et al., 1999; Gapeev and Gribov, 2002; Doubrovine
and Tarduno, 2004]. It has also been shown that TRM
produced under moderate- to high-temperature oxidation
conditions in the laboratory can undergo self-reversal [e.g.,
Havard and Lewis, 1965; Tucker and O’Reilly, 1980]. This
makes it feasible to determine under which conditions self-
reversal of RM could occur and then to decipher the
corresponding mechanisms that control the self-reversal
processes. Recently, Krasa et al. [2005] carried out com-
prehensive rock magnetic experiments and numerical mod-
eling studies on continental basalts from Olby (France) and
Vogelsberg (Germany). Their results revealed that partial
and/or full self-reversal of RM in basalt are caused by phase
coupling of two side-by-side phase assemblages with dif-
ferent blocking temperatures. They further found that partial
oxidation of the grain does not only influence the Curie
temperature (7;) (hence the blocking temperature, 7,), but
also the domain configuration. During acquisition of TRM,
the magnetic coupling makes remanence carried by the
lower T phase antiparallel to the applied external magnetic
field. However, in these previous studies, full vector
analysis of the self-reversal of TRM is lacking.

[4] In this paper we investigated the thermoremanence
carried by basaltic samples that contain aluminum-substituted
titanomagnetite (chemical composition Fe, »4Tig g4Alg 1204).
First, we aim to detect the possibility of self-reversal of
thermoremanence caused by laboratory thermal treatment.
Second, we test the remanence stability and determine
magnetomineralogical inversions during heating.

2. Samples

[s] The Neogene age Hannuoba basalts represent the
most intensive Cenozoic volcanism in northern China.
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Table 1. Electron Microprobe Analysis Data From the Studied
Hannuoba Alkalic Basalt Sample

Individual Magnetic Mineral Particles

Oxide 1 2 3 4 5 6 Average
SiO,  0.0444 0.1133  0.0603  0.081 0.0735 0.0745 0.0745
TiO, 21.3567 21.3671 20.3091 21.7338 23.6113 22.2915 21.7783
AlLO; 3.3838 3.3175 22964 25175 25891 1.5181 2.60373
Cr,0; 03819 0.1843 0.1353 0.1834 0 0.1091 0.16567
Fe,O5 23.8014 23.0919 26.4669 24.4916 20.379 23.0751 23.551
MgO  1.6091 1.2214 0.9697 1.3323 1.5794 0.98 1.28198
CaO  0.1277 03111 0.1643 0.2308 0.1298 0.2086 0.19538
MnO 0.662 0.5309 0.5461 0.6511 0.5107 0.7738 0.61243
FeO  48.1437 48.527 47.833 48.9327 50.1244 49.0626 48.7706
NiO 0 0.1438 0 0.1154 0.0064 0 0.04427
ZnO 0 0.2675 0.1439 0 0 0.1174 0.08813
Na,O 0.003 0.0237  0.012 0.0089 0.0266 0.0239 0.01635
KO 0.0433 0.0185 0.0366 0.0524 0 0.0214 0.0287
Sum  99.557 99.118 98.974 100.331 99.030 98.256 99.211

Lithologically, they consist of alkalic and tholeiitic basalts
[e.g., Zhi et al., 1990; Fan and Hooper, 1991; Chen et al.,
2001]. Their K-Ar ages are between about 32 and 6 Ma
[Zheng et al., 2002; Zhu et al., 2003; Pan et al., 2005].
Earlier rock magnetic and paleomagnetic investigations
revealed that partially oxidized Ti-rich titanomagnetite,
which is characterized by low T, (~150°C), is the major
carrier of NRM [Tian et al., 2002; Pan et al., 2005].
Hannuoba alkalic basalt blocks collected from southern
Inner Mongolia were used in the present study. Electron
microprobe analysis of the opaque grains shows aluminum-
substituted titanomagnetite (ATM), with a chemical com-
position of Fe;4Tig64Alp.1204 (see Table 1), in the size
range of <20 pym. T, of ~100—150°C supports the presence
of titanomagnetite with high titanium content (e.g., x ~
0.6—-0.7) [Dunlop and Ozdemir, 1997], which is a typical
phase of low-oxidized state in rapidly cooled basaltic lavas.
The composition x estimated from the 7 is consistent with
the Fe/Ti ratio determined by electron microprobe analysis.

[6] Light microscopy examinations on thin sections cut
from various positions show nearly homogeneous lithologic
properties for the whole block. Subsequently, eleven cubic
specimens with 1-cm sides, named NLB-a to ¢ and NLB-1
to 18, were cut for magnetic experiments. Three perpendic-
ular orientation lines (x, y, z) were arbitrarily marked on the
cubes for reference in measurements.

3. Thellier-Coe Experiment

[7] The Thellier-Coe paleointensity experiments [ Thellier
and Thellier, 1959; Coe, 1967] with sliding pTRM checks
[Prévot et al., 1985] on a set of fresh specimens (NLB-a to c)
were carried out using a French paleointensity furnace
(residual field <10 nT) installed in a magnetically shielded
room (<300 nT). In order to avoid contaminations from
NRM, all specimens were first demagnetized in an alternat-
ing field (AF) at 90 mT, followed by imprinting of anhyste-
retic remanent magnetization (ARM) in a peak AF field of
80 mT with a bias field of 50 pT along the designated —z axes
(except NLB-c, which was magnetized along the y axis).
The ARM was regarded as the “NRM” in present study.
ARM has long been regarded as a suitable analogue of
TRM to avoid chemical alterations upon heating [Thellier
and Thellier, 1959; Banerjee and Mellema, 1974; Yu et al.,
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2003]. For ARM, as the AF field decays, the remanence is
gradually blocked when the peak value of AF falls below
the microscopic coercivity of magnetic grains in samples.
This process resembles the TRM acquisition process that
remanence is gradually frozen when cooling a sample
through the Ty,. Yu et al [2003] showed that the TRM/
ARM ratio is grain-size-dependent. Nevertheless, for single-
domain (SD) and multidomain (MD) magnetic particles, the
alternating field and thermal stabilities of ARM and TRM
are very similar. An exception was observed for magnetite
particles with a grain size of ~240 nm, which could have a
domain state very different from both SD and MD particles.
However, our specimens contain much larger grain sizes
(<20 pm). Therefore it is feasible to use the laboratory-
induced ARM to mimic the natural TRM.

[8] Specimens were then stepwise heated to fifteen ele-
vated temperatures at 50, 100, 150, 200, 250, 300, 330, 350,
380, 400, 430, 460, 500, 530, and 560°C. For each run,
specimens were heated twice: in a zero field for the first
heating and in an applied field of 30 uT along the z axis for
the second heating. For the in-field treatment, the external
field was applied during both heating and cooling cycles.
When the treated temperature exceeded 200°C, a third
in-field heating and cooling cycle was performed to a lower
temperature for pTRM checks. To minimize effects of
thermal lags, the heating rate was reduced at about 60°C
below the required peak temperature, from 3.2°C/min down
to 1°C/min, which was maintained until the peak tempera-
ture was attained (and then held for 30 minutes). Specimens
were left to cool naturally overnight. Prior to each run, air
was first evacuated from the furnace with a primary vacuum
pump, then argon gas was flushed in and pumped out of the
chamber at least three times. Argon gas was circulated gently
through the furnace during the whole experimental process.

[v] Results show that pTRM increases up to 300°C,
followed by a decrease up ~400°C, and then it exhibits a
slight increase above ~450°C. In contrast, ARM is demag-
netized rapidly to less than 20% below 200°C, followed by a
slight increase between ~300 and 400°C (Figures laand 1b).
The pTRM checks show lower intensities than those of
the previous pTRMs at the same temperatures. The
corresponding Arai plots (Figures 1c and 1d) indicate a
linear relationship between the ARM remaining and pTRM
gain up to 300°C. The estimated field intensity is only one
third of the external field intensity. This can be partially
interpreted by the grain size dependence of ARM. Yu et al.
[2003] showed that the best fit slope (or TRM/ARM ratio)
from pseudo-Thellier experiments has a strong grain size
dependence above 0.2 ym and it decreases with increasing
grain size. Above 300°C, however, pTRM gain decreases,
rather than increases.

[10] Figure 2 shows the orthographic projections of
components x, y, and z of ARM and pTRM from the
Thellier-Coe paleointensity experiments. The ARM (z com-
ponents in NLB-a,b and y component in NLB-c) are
gradually demagnetized with a significant remanence loss
when the temperature reaches the 7. ~ 100—150°C; how-
ever, between 300 and 400°C, the z component remanences
of these specimens peculiarly increase (see insets in
Figures 2a—2c), which is followed by a further demagneti-
zation. The pTRM (z components parallel to the external
applied field) continuously gains below 300°C. However,
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Partial TRM acquisition (applying an external field 30 xT during both heating and cooling)

and demagnetization of a laboratory imparted anhysteretic remanent magnetization (ARM) (here taken as
“NRM™) and their Arai plots. The pTRM checks (triangles) are shown. In Figures 1c and 1d, solid (open)
triangles and circles stand for positive (negative) pTRM checks and points used (not used) for intensity

estimation, respectively.

between ~300 and 460°C a backward behavior is clearly
observed in all specimens (Figures 2d—2f). This decrease in
pTRM gains as well as negative pTRM checks shown in
Figure 1 could be caused by either an offset of new
components or destruction of a strongly magnetic phase.
The latter is not supported by the relatively stable saturation
remanence (M,,) and magnetization (M) upon heating at
this temperature interval (see below discussion).

4. Rock Magnetic Experiments

[11] We carried out a series of rock magnetic experiments
on both fresh and thermally treated specimens to check for

magnetomineralogical inversion, changes of domain states
and magnetization capacities induced by laboratory heating.

4.1. Thermomagnetic Curves

[12] To test the thermal stability of ATM, we measured
two types of thermomagnetic curves. The temperature de-
pendence of low-field magnetic susceptibility (k—7) curves
were stepwise heated in an argon atmosphere in fifteen
steps up to 700°C using a Kappabridge KLY-3 equipped
with a CS-3 temperature apparatus. The k—T curves are
nearly reversible for 100, 150, 200 and 250°C runs, and
the corresponding 7, is estimated to be ~100-150°C
(Figure 3a). After heating to 300°C, the cooling curve is
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pTRM in Thellier-Coe experiments. Note, in pTRM acquisition the laboratory field (30 . T) was parallel
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Figure 3. Temperature dependence of low-field magnetic susceptibility during stepwise heating cycles.
Maximum temperature for each heating run points to its heating curve. Additional heating up to 600°C
was conducted after three heating runs up to 700°C, shown in (d) as 600°C(2).

slightly above its heating curve, with a smaller susceptibility
at room temperature, suggesting the start of inversion.
Above 300°C treatment temperature, clear irreversibility of
the heating and cooling curves suggests the formation of a
higher 7; phase. With increasing treatment temperatures up
to 560°C, the lower T, phase decreases and the higher T
phase becomes dominant (Figures 3b and 3c¢). The ~580°C
T. (Figure 3d) indicates that the stable newly formed
magnetic phase is magnetite.

[13] The temperature dependence of magnetization was
measured using a Magnetic Measurements Variable Field
Translation Balance (VFTB). A fresh specimen (NLB-2)
was stepwise heated in a steady DC field of 363 mT in air.
Induced magnetization was measured in both heating and
cooling runs. Target temperatures were set to 150, 250, 300,
350, 400, 500, 550, 600, and 700°C. The temperature
sweeping rate was ~30°C min~'. In the first three runs,
all the heating and cooling curves are similar (Figure 4). For
the first three runs, their cooling curves are below the
heating curves. This could be due to the used high sweeping
rate. With increasing the treatment temperatures, their cool-
ing curves are above the heating curves, indicating a

relatively strong magnetic phase with higher 7 is gradually
formed. This is consistent with the k—7 curves although the
latter shows more complexities due to effects related to
grain sizes.

4.2. Hysteresis Measurements

[14] Hysteresis loops were measured on the VFTB using a
maximum field of 1 T (Figure 5). The remanence coercivity
(B.) was determined from back field demagnetization
curves. Ratios of six fresh specimens (M, /M, = 0.17, B,/
B.=1.64) indicate pseudosingle-domain (PSD) grains (B.. is
coercive force). After heating to 700°C, those ratios dra-
matically increase, shifting toward the SD region in the Day
plot [Day et al., 1977], and the loop shows a typical pot-
bellied shape.

[15] Hysteresis loops of two specimens were measured at
the designed temperature in steps of 50—100°C up to 600°C
to monitor the temperature dependence of M, and M,,.
Hysteresis loops change from strongly ferromagnetic (pot-
bellied shape) at the room temperature to superparamagnetic
at 100 and then paramagnetic at 150°C and above (Figure 5).
The rapid drops in M, (Figure 6a) and M (Figure 6b) around
150°C mark the T, and T, of ATM, respectively. The
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Figure 4. Stepwise thermomagnetic curves (thin lines). Specimens were heated in air in a steady field of
363 mT. Maximum heating temperatures are 150, 250, 300, 350, 400, 500, 550, 600, and 700°C.

consistency between its 7, and T suggests that the particle
size is in coarse-grained region. Interestingly, it is noted that
the M,, and M, slightly increase again above 300°C and
rapidly drop to minima between 550 and 600°C. Again, this
behavior suggests a formation of small amount of magnetite
with a T, of ~585°C.

[16] As seen in Figures 6¢ and 6d, the room temperature
M,, M, are nearly constant when the treatment temperature
is below 300°C, but increase after heating to over 400°C.
The coercive force of specimens are stable (B, ~ 7 mT)
below 600°C. B, shows a slight increase with treatment
temperatures from 13 to 15 mT (not shown).

[17] Hysteresis loops and remanence coercivity measure-
ment were also conducted at room temperature on the
specimens NLB-e to h heated by the Thellier-Coe experi-
ment (see section 3). Specimens e to h were exposed to
maximum temperatures of 200, 250, 330, and 380°C,
respectively. My and M, values are nearly constant or
slightly increase, rather than decrease, through treatment
temperatures over 300°C (Figures 6¢ and 6d).

4.3. Remanent Magnetization

[18] In order to further test possible changes of magneti-
zation capacities by heating, we measured saturation iso-
thermal remanent magnetization (SIRM), acquired in a
pulse field of 2.7 T, and ARM, imparted in a peak AF field
of 80 mT with a bias field of 50 uT, on six specimens
thermally treated in the Thellier-Coe paleointensity exper-
iment. These six specimens suffered the same thermal
treatments as the specimens shown in Figures 1 and 2.
They were stepwise exposed to peak temperatures of 200,
250, 330 and 380°C, respectively. SIRMs were measured on

thermally treated specimens (NLB-3 to 5) and ARMs on
(NLB-6 to 8). It is noted that both SIRM and ARM
increased about 20 and 40 percent, respectively, with
increasing treatment temperatures (Figure 7). ARM/SIRM
values significantly increase after the 300°C treatment,
suggesting formation of fine-grained magnetite.

M (Amz/kg)
0.3+
| 27°C
0.2
0.1 100°C
H(T) ] 150°C
—— —
0.2 04

Figure 5. Hysteresis loops measured at temperatures of
27, 100, and 150°C, showing behavior ranging from
ferrimagnetic to paramagnetic.
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Figure 6. Remanent magnetizations determined from hysteresis loops of six specimens thermally
treated at various temperatures up to 600°C. M, and M, of two specimens (heated in air on VFTB) (open
circles and diamonds) were calculated from hysteresis loops measured at both (a and b) high temperatures
and (c and d) room temperatures. For comparison, M, and M, of specimens e to h (heated in argon in the
Thellier-Coe experiments exposed to maximum temperatures of 200, 250, 330, and 380°C) (solid
symbols) from hysteresis loops measured at room temperatures are also shown in Figures 6¢ and 6d.

[19] Together, thermomagnetic curves, hysteresis, and
remanent magnetization measurements demonstrate there
is no obvious decrease of magnetization capacities in speci-
mens treated above 300°C. This does not support the
hypothesis that the abnormal decrease of pTRM gains
above 300°C is caused by a transformation from a strongly
magnetic to a weakly magnetic phase.
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0 100 200 300 400
treatment temperature (°C)
Figure 7.

4.4. Behaviors of SIRM and AC Susceptibility at
Low Temperature

[20] Fresh and seven stepwise heated specimens (maxi-
mum temperatures to 250, 350, 400, 450, 490, 555, and
600°C) were further studied by low-temperature magnetic
measurements at the Institute for Rock Magnetism, Univer-
sity of Minnesota. The zero field cooling of SIRMjqok

1 —_
- (b)
0.9 —

0.8 —

0.7 —

normalized ARM

0.6 —

05 T I T I T I T I
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(a) Normalized averaged room temperature saturation isothermal remanent magnetization and

(b) anhysteretic remanent magnetization of thermally treated specimens NLB-3 to 8 in the Thellier-Coe

experiment. See text for details.
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Figure 8. Low-temperature magnetic properties of unheated (RT) and stepwise heated specimens
(maximum temperatures are shown). (a) Cooling of SIRM3qx (acquired in a static field of 2.5 T at 300 K).
(b) Warming of SIRM,k (acquired in a static field of 2.5 T at 20 K). (¢) Temperature dependence of
in-phase AC susceptibilities (X'), data normalized to the initial value (X'3pox) for each specimen.
(d) Corresponding dM/dT data calculated from the curves in Figure 8a.

(acquired at 300 K at a field of 2.5 T) down to 20 K and
warming of SIRM,nk (acquired at 20 K at a field of 2.5 T)
up to 300 K were conducted on the MPMS-5 Quantum
Design SQUID magnetometer at temperature intervals of
5 K. Both the SIRM;g0x and SIRM,gk values increase
systematically with the thermal treatment temperatures.

[21] Figure 8a shows zero field cooling behaviors of
SIRM3gox (normalized by initial SIRM3ggk). For the fresh
specimen, remanence gradually decreases with temperatures
down to 20 K. However, remanences of specimens ther-
mally treated by 250, 350, 400 and 450°C increase first with
temperature down to ~160 K, then decrease down to 20 K.
Intensity drops around 120 K mark the Verwey transition of
magnetite (Figures 8a and 8d) and confirm the neoformation
of magnetite. Figure 8b shows zero field warming behaviors
of SIRM,k (normalized by initial SIRM,qk). It shows that
remanences of the fresh specimen and specimens heated
after 250, 350, 400 and 450°C are stable below 100 K and
decay rapidly above 100 K up to 300 K. In contrast,

specimens heated after 450, 490, 555 and 600°C decay
from lower temperatures and the remanence left at 300 K
increased.

[22] The temperature dependence of AC susceptibility
was measured on a LakeShore Cryotronics AC susceptom-
eter measured at 10 K interval from 30 to 300 K in an AC
field of 200 A m~' RMS, using a frequency of 400 Hz. The
warming curves of in-phase AC susceptibility from 30 to
300 K on specimens heated after 250, 350, 400, 490, 555,
and 600°C are shown in Figure 8c. The curves for both
unheated specimens and for those heated to 250, 350 and
400°C have concave-upward shapes, and susceptibilities
increase during warming. The specimen heated to 490°C
is characterized by a linear increase of susceptibility with
temperature. In contrast, specimens heated to 555 and
600°C have convex curves. The in-phase susceptibility
increases rapidly below 70 K and then remains flat up to
300 K. According to analysis of synthetic titanomagnetites
[Moskowitz et al., 1998], this pattern shown in Figure 8c
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suggests gradual transformation from Ti-rich titanomagne-
tite into magnetite.

5. Discussion and Conclusions

[23] Electron microprobe and rock magnetic analyses
have shown that PSD grain ATM (Fe, 54Tig 64Alg 1204) is
the dominant remanence carrier of the studied Hannuoba
basaltic samples. It has a T, of ~100—150°C (Figures 2 to 6).
AI*" substitution may decrease the lattice parameter and
lower the 7, and magnetization [Richards et al., 1973;
Ozdemir and Moskowitz, 1992; Dunlop and Ozdemir,
1997]. We interpret the observed decrease of pTRM in the
temperature interval between 300 and 460°C (Figures 1 and 2)
as being due to a partially self-reversed thermoremanence
carried by ATM and newly formed magnetite. Note that
somewhat increases of magnetization and remanence
(Figures 4 and 7) do not support the interpretation of
destruction of a strongly magnetic phase. In the Thellier-
Coe experiment, we used a weak field with an intensity of
30 T (0.3 Oe). The effect of field intensity can easily be
excluded, because linear relationship between TRM and
field in the range 0.1—1 Oe has been experimentally observed
on ATM [Ozdemir and O Reilly, 1982; O’Donovan et al.,
1986]. Maghemitization of ATM induced by lengthy heating
can also be ruled out, because it would reduce linearly the
remanence intensities [e.g., Brown and O Reilly, 1988].

[24] Thermomagnetic curves shown in Figures 3 and 4 and
remanent magnetization in Figures 6¢ and 6d indicate that
ATM is thermally stable up to about 300°C. Above 300°C,
the ATM phase is gradually transformed into magnetite with
a higher T, of ~585°C (Figures 3d, 6a, and 6b). The
increases of ARM and SIRM values in Figure 7 can be
interpreted by two possibilities: (1) the formation of fine-
particle magnetite and (2) multidomain grains of ATM acting
in a SD state as noted previously by Metcalf and Fuller
[1986]. These remanent magnetizations as well as the values
of M and M, (Figures 6¢ and 6d) suggest that magnetization
capacities increase, thus thermoremanences should increase
with treated temperatures. The neoformation of magnetite is
also evident by the low-temperature measurements on ther-
mally treated samples, e.g., the Verwey transition appears at
120 K on the cooling curves of SIRMjgok after thermal
treatment over 250°C runs (Figure 8d). Meanwhile, we note
that the Verwey transition temperature of specimens thermal
treatment above 490°C shift to lower temperature, e.g.,
~115 K, which suggests an increase in the degree of
oxidation of magnetite. On the basis of the results of
Moskowitz et al. [1998], the pattern of temperature depen-
dence of AC susceptibilities (Figure 8c) also suggests that
ATM was transformed to a Ti-poor phase by heating.

[25] It has long been known that self-reversal of thermo-
remanence could be caused by negative magnetic coupling
between two phases [e.g., Havard and Lewis, 1965; Tucker
and O’Reilly, 1980; Heller and Petersen, 1982; Krdsa et al.,
2005]. Our rock magnetic analyses indicate there are at least
two magnetic phases existing in samples heated to temper-
atures between 300 and 500°C, e.g., the higher T, Ti-poor
phase (magnetite) and the lower 7, Ti-rich ATM phase. The
former is forming while the latter remains as the major
magnetic phase. Two phases could be magnetically coupled
during remanence acquisition in cooling. The higher T,
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phase would block magnetization first and the magnetiza-
tion of this phase would interact with remanence acquired
by the coupled low-7, phase in further cooling. The phase
interaction (e.g., negative magnetic couplings) may cause
the observed pTRM acquisition decrease with elevated
treatment temperatures. Krdsa et al. [2005] observed the
influence of oxidation on the domain configuration using a
magnetic force microscopy and found that the two magnet-
ically coupled phases lead to the lower 7, phase acquiring a
TRM in a direction antiparallel to the applied external
magnetic field. Their numerical modeling indicated that
the domain configuration is capable of causing partial and
complete self-reversal due to phase coupling of the two
phases. We noted that the pTRM in our specimens did not
change sign through the entire experiments. The difference
could be caused by several facts. Our samples contain Al
impurities, with low initial oxidation states of samples, and
were heated in argon atmospheres.

[26] Although the laboratory thermal inversion may not
reproduce the natural process, our data have important
implications for paleomagnetism and paleointensity studies
using basalts containing ATM. Our experiments suggest that
basaltic rocks containing low-oxidized ATM as primary
remanence carriers are probably suitable for recording
directions, but not for paleointensities. If the coupling
phases (high- and low-T,) are present prior to TRM acqui-
sition, the higher-7; phase would be magnetized first and its
magnetization could lead to a reversal via interaction during
further cooling. On the other hand, if the secondary inter-
acting phases were formed after the low-7;, phase acquires
TRM by low-temperature oxidation process or laboratory
heating, the primary phase might be responsible for the
reversal of a later phase having a high 7. In these two cases,
the magnetizations in rocks are lowered, leading to under-
estimation of paleointensity. Low-temperature oxidation of
titanomagnetites in ocean basalts is ubiquitous [e.g., Matzka
et al., 2003; Bleil and Petersen, 1983; Johnson et al., 1996].
Even though primary TRMs in rocks are fortunately pre-
served in rocks [e.g., Zhou et al., 1999], one cannot
determine the paleointensity from temperature intervals
over 300°C when using the Thellier-Coe method, because
magnetomineralogical inversion start. In future, microwave
and low-temperature techniques should be considered.
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