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The effect of hydrothermal alteration on the thermoremanent magnetization (TRM) of synthetic 
titanomagnetite (TM40: Fe2.6Ti0.404) has been studied, to simulate the alteration that occurs in the oceanic 
crust. Pseudo-single-domain titanomagnetite grains, similar in size to those often found in oceanic basalts, 
were dispersed in a permeable but rigid glass matrix. This resulted in a TRM in the sample which was 
subsequently oxidized in acidic solutions while a magnetic field (0.1 mT) was applied perpendicular to the 
TRM direction. The experiments were conducted in a non-magnetic stainless steel pressure vessel at 150øC 
in solutions of acidity varying from pH=2 to pH=7. In addition to being time and temperature dependent, the 
acquired chemical remanent magnetization (CRM) was also found to be very pH dependent. The degree of 
maghemitization increased drastically as the acidity of the hydrothermal solution was increased in accordance 
with a process controlled by the loss of iron ions in aqueous solutions. Long-term storage experiments at 
carefully chosen temperatures demonstrated that no significant viscous remanent magnetization was acquired 
during heating. It was found that during the alteration of TM40 to titanomaghemite the CRM is along the 
a•nbie. nt field direction from the onset, and not partly or wholly along the TRM direction as has been found in 
previous air oxidation experiments. This has important implications for the possible cause of anomalous 
skewness of marine magnetic anomalies and for the anomalous directions of natural remanent magnetization 
found in some oceanic basalt samples. 

INTRODUCTION 

The magnetic carrier in pillow basalts charlges composition 
from place to place on the ocean floor, with freshly erupted 
titanomagnetite having a restricted range in composition that 
becomes progressively more oxidized as one moves away from the 
ridge. This observation has spawned considerable debate concern- 
ing how oxidation affects the natural reinanent magnetization 
(NRM) of oceanic basalts. There is a well documented decrease in 
the total NRM by nearly an order of magnitude during the first 20 
m.y. after the basalts' emplacement [e.g., Bleil and Petersen, 
1983]. More controversial is whether or not a chemical remanent 
magnetization (CRM) is acquired during the oxidation, and if a 
CRM is acquired, is it along (1) the original thermal remanent 
magnetization (TRM) direction (2) the ambient field direction or 
(3) some intermediate direction? The answer to this question is 
central to understanding such phenomena as the change in shape 
and amplitude in marine magnetic anomalies with increased dis- 
tance from oceanic spreading centers and the origin of anomalous 
directions in some deep-sea samples (for a review see Johnson, 
[1979]). 

Titanomagnetites in nature often undergo low-temperature 
(<250øC) oxidation to form nonstoichiometric, cation-deficient 
titanomaghemite, which retains the spinel structure of 
titanomagnetite. This oxidation can proceed by two methods: (1) 
the addition of oxygen to the lattice or (2) the removal of ferrous 
iron from the lattice [O'Reilly 1983]. Natural evidence suggests 
that in oceanic basalts the primary method of oxidation is by the 
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removal of iron [e.g., Marshall amt Cox, 1972; Grommd and 
Mankinen, 1976; Ryall and Hall, 1980; Akimoto et al., 1984; 
Furutaet al., 1985]. The strongest evidence supporting this claim 
is the observed decrease in the Fefri ratio with oxidation in natural 

samples. The removal of iron mechanism was simulated in our 
study. 

Several studies of the effect of oxidation on the NRM directions 

in natural samples conclude that the resultant chemical remanent 
magnetization is acquired along the original TRM direction 
[Marshall and Cox, 1972; R yall and A de-Hall, 1975]. Differences 
between directions of the oxidized and unoxidized samples have 
been explained by a viscous remanent magnetization (VRM) 
acquired by the unoxidized material [Soroka and Beske-Diehl, 
1984]. Results of the above studies are not diagnostic with regard 
to CRM, however, because the ages of most of the pillow basalts 
were less than 0.7 m.y. Therefore, it is unlikely that the Earth's 
field direction changed significantly since the time of emplace- 
ment and TRM acquisition. Any secondary remanence would be 
approximately parallel to the TRM, and thus one would not expect 
the NRM to be deflected significantly during oxidation. Beske- 
Diehl [1990] performed a more detailed study on the change of 
magnetization in variably oxidized individual oceanic basalts of a 
variety of ages. She concluded that when variations in NRM 
directions existed, they could be explained by a VRM of the less- 
oxidized course-grained titanomaghemites, although the possibil- 
ity of a secondary CRM could not be ruled out. 

Several previous laboratory experiments have been performed 
to study the CRM acquisition process, allowing the samples' TRM 
(or sometimes anhysteretic remanent magnetization) and the am- 
bient field during oxidation to be controlled. •zdemir andDunlop 
[ 1985] oxidized fine-grained (200-500 ]t) synthetic titanomagnetite 
in air at elevated temperatures, the ambient field during oxidation 
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(i.e., the CRM direction) being perpendicular to the original TRM 
of the sample. They found that CRM and TRM were parallel up to 
z = 0.7, where z, the oxidation parameter, is the proportion of 
ferrous iron converted to ferric iron, which varies from 0 to 1. 
Above z = 0.7 the remanence of the sample was deflected away 
from the TRM direction by 35-40 ø. They conclude that the CRM 
is always parallel to the original TRM and that any deflection is 
caused by a VRM from grains with volumes near the 
superparamagnetic-single-domain boundary. The direction of this 
VRM is along the net internal field of the sample, which is a 
resultant of the TRM and the applied field. A similar experiment 
performed by Brown and O'Reilly [1988] found that little rema- 
nence, less than 10% of the total moment, was acquired along the 
ambient field during oxidation. A recent study on the oxidation of 
magnetite to maghemite by Gapeev et al. [ 1991 ] has found that a 
large portion of the remanence acquired along the applied field w as 
actually a VRM that decays with zero field storage. These studies 
have several limitations in their application to the oxidation of 
oceanic basalts: (1) experiments were performed on single- 
domain material, while the typical carrier in oceanic basalts is 
pseudo-single-domain (PSD); (2) oxidation performed at elevated 
temperatures greatly increases the contribution of VRM compared 
to natural processes, where oxidation occurs at approximately 
4øC; (3) these results contradict many of the observations from 
natural samples where a significant remanence, not parallel to the 
TRM, occurs atz < 0.7 [e.g.,Hall, 1976; Bailey, 1980]; and (4) in 
these simulations, oxidation occurred by the addition of oxygen 
method, whereas oxidation in the ocean floor seems to occur by 
removal of iron. 

Worm and Banerjee [1987] performed preliminary experi- 
ments on PSD titanomagnetite in an aqueous solution at 90øC. 
They found that the CRM acquired during oxidation is along the 
applied field direction and not parallel to the original TRM. It was 
this work of Worm and Banerjee that inspired the present study 
with the goal of circumventing as many as possible of the problems 
that have plagued earlier studies. A key provision of our study is 
that oxidation is produced by the removal of iron method, and its 
principal goal is to determine whether the CRM acquired is along 
the ambient field during oxidation or is parallel to the original 
TRM direction. 

EXPERIMENTAL PROCEDURE 

Synthesis of Titanomagnetite 

Unoxidized titanomagnetite extruded at oceanic ridges, with an 
average Curie temperature (Tc) of less than 200øC, would undergo 
significant thermal demagnetization and viscous remanence ac- 
quisition at 150øC, the temperature at which experiments were 
performed during this study. This problem was circumvented by 
using titanomagnetite of composition Fe2.6Ti0.404 (TM40), which 
has a Curie temperature of 330øC. Although this composition is 
not identical to the majority of natural samples, oxidation of its 
ferrous ions takes place in a manner similar to that of oceanic 
basalts; thus interactions and relative contributions of the TRM 

and the CRM will be similar. A single batch of stoichiometric 
TM40 was synthesized by thoroughly mixing 13 g of gamma ferric 
oxide (•tFe203) and 2 g of titanium dioxide (TiO2). The material 
was pressed into pellets and presintered at 900øC for 16.5 hours in 
a controlled gas flow environment of CO2/CO = 5.4, a slightly 
reducing atmosphere relative to stoichiometric TM40 [Taylor, 
1964; Deines et al., 1974]. After regrinding the material, the main 
sintering was performed at 1250øC for the first hour and at 1350øC 
for the next 5.25 hours. The pellets were quenched in liquid 

nitrogen (~77øK) to avoid the possibility of unmixing during 
cooling. In agreement with earli,er observations, the bulk TM40 
has a Curie temperature of 330øC and a unit cell parameter a = 
8.443_+ 0.003 3,. The latter was obtained from Xray analysis based 
on 10 different atomic planes. 

The TM40 pellets were ground under acetone in an agate 
mortar and pestle and washed through a 44-pro sieve with dena- 
tured alcohol. This produced a large grain size distribution with a 
significant submicron grain tail as seen by scanning electron 
microscope (SEM) photomicrographs [Kelso, 1990]. A narrower 
grain size distribution was achieved by acid etching the material 
for 30 min in 20% HC1 to dissolve the fine grain tail. After acid 
treatment the TM40 was rinsed in water and desiccated. The 

starting TM40 had a grain size range of 5-40 •m with an average 
size of approximately 20 lain determined from SEM photomicro- 
graphs. Hysteresis measurements give remanence ratios (Jrs/Js = 
0.12) and coercivity ratios (Itcr/Hc = 2.7) which are also consistent 
with PSD material, and thus this TM40 is similar to commonly 
found natural samples [Lowrie, 1974; Moskowitz and Banerjee, 
1981]. 

Sample Preparation 

The samples consisted of TM40 (5% by weight)dispersed in an 
inert matrix of Pyrex. The matrix was prepared by ball milling 
fragments of Pyrex in water and sieving the slurry to recover a 
grain size between 40 and 70 mm. TM40 (0.050 g) was hand 
dispersed in Pyrex (0.95 g), and the resulting mixture was placed 
in a 1 cm by 1 cm copper cup inside a fused quartz tube with a 
flowing gas environment of CO2/CO= 3. The quartz tube was held 
at 725øC for 30 min and then removed from the furnace and 

quenched in air (while maintaining the COdCO environment 
within the tube). This heating process softened the Pyrex enough 
to form a rigid sample upon cooling, but it did not melt the Pyrex. 
This produced a very porous and permeable sample through which 
hydrothermal solutions could flow and thus interact with the 
TM40, while not disturbing the orientation of the magnetic grains. 
The samples were given a TRM oriented along their designated x 
axis in a 0.1-mT (1-Oe) field. Potential oxidation during sample 
preparation was monitored by performing thermomagnetic mea- 
surements at several stages: on the bulk TM40 (before and after 
acid etching), after sample preparation, after TRM acquisition, and 
after hydrothermal alteration (i.e., after CRM). The Curie tem- 
perature of a sample with a TRM w as at most 10øC greater than that 
of the bulk TM40, suggesting that a slight amount of oxidation 
(<5%) had taken place prior to the CRM experiment. 

Chemical Reinanent Magnetization 

The sample was sealed in a Teflon bottle filled with a solution 
of hydrochloric acid and placed in a nonmagnetic stainless steel 
pressure vessel. The pressure vessel was partially filled with 
water, wrapped with a heating element, insulated, and placed in a 
solenoid inside a three layer mu-metal shield. During the experi- 
ments, which were performed at 150øC, the pressure within the 
pressure vessel and within the sample bottle remained in equilib- 
rium since they both contained a water-gas interacting system. 
The sample was oriented in the Teflon bottle such that the coil 
produced a 0.1 -mT (1 -Oe) field perpendicular to the original TRM 
of the sample so that the effect of the TRM on the acquisition of the 
CRM could be monitored. 

After acquisition of the CRM, samples were cooled in two steps 
to reduce the cooling time and thus oxidation during this phase of 
the experiment. For the higher-temperature window, 150-120øC, 
the sample and pressure vessel were cooled in zero field (_+50 nT). 
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After reaching 120øC the pressure vessel was submerged in ice 
water (OøC) in the ambient laboratory field (~0.1-mT along the 
sample's negative Z axis). This resulted in a partial TRM (PTRM) 
that was on the order of 5-10% of the total remanent magnetization, 
as tested by thermal demagnetization. We therefore believe that 
the observed remanence was contaminated by a PTRM of no more 
than 10% due to the cooling of the vessel. 

The pH of the aqueous solution has been shown to have an 
inverse relationship to the rate of oxidation of titanomagnetite 
[Worm and Banerjee, 1984; Worm and Bane rjee, 1987; D.-W. Suk 
and $.K. Banerjee, personal communications 1991]; therefore 
experiments were performed over a pH range from 2 to 7 by 
varying the concentration of HC1. Geochemical studies of the 
alteration of oceanic basalts have found that, at high water to rock 
ratios, pH's as low as 2-3 can occur upon initial alteration [e.g., 
Mottl, 1983; $eyfried, 1987]. Although it is not unreasonable for 
natural samples to experiencepH' s in this range during oxidation, 
more neutral solutions (pH~6) are probably responsible for the 
widespread oxidation of the oceanic crust. 

The duration of the experiments was varied from a few hours to 
nearly 2 weeks. The samples were analyzed using alternating field 
(AF) and thermal demagnetization techniques, saturation magne- 
tization versus temperature curves, X ray diffraction, scanning 
electron microscopy, and hysteresis properties. 

RESETS AND DISCUSSION 

Characterization of CRM 

Even though greater than 90% of the TRM had been acquired 
above the alteration temperature of 150øC, the possibility of a 
secondary VRM being acquired by the TM40 during oxidation was 
a concern. Figure 1 shows the AF demagnetization of a viscous 
magnetization experiment performed on the unoxidized TM40 at 
150øC for 141 hours (which is longer than nearly all of the CRM 
experiments). The fields during TRM and VRM were of the same 
magnitude (0.1 roT) and perpendicular to each other. There is less 
than a 10 ø offset of the resultant remanent magnetization (Figure 
1) from the original (TRM) direction (+X), and upon demagneti- 
zation the vector decays straight to the origin. The offset in Z (and 
part of the Y) direction are most likely due to misalignment of the 
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Fig. 1. Zijderveld plot and intensity decay for AF demagnetiza- 
tion of 141-hour VRM acquired at 150øC in 0.1-mT field. The 
X, -Y plane is represented by fidled circles and the X, -Z plane 
by open circles. The VRM is along the-Y direction, and the 
original TRM (in 0.1 mT) is along the +X direction. 

sample. The viscous magnetization of the initial TM40, therefore, 
does not contribute a substantial secondary remanence. The shape 
of the Zijderveld plot of VRM demagnetization (Figure 1) is also 
different from the characteristic shape that is observed for CRM 
demagnetization (Figure 2). Since the unoxidized TM40 does not 
acquire a significant VRM, the secondary remanence (along - Z) 
in Figure 2 is not likely to be a chemicoviscous remanent magne- 
tization (CVRM) of the mother phase, TM40 [Ozdemir andDunlop 
1989]. On the other hand, our experimental conditions do not 
allow us to separate clearly the (potential) contribution of a CVRM 
and a growth CRM of the daughter phase, titanomaghemite, as was 
done very elegantly in a recent experiment by Gapeev et al. [ 1991]. 
Instead, we have concentrated on the direction of the CRM, a 

matter of great importance to the question of modeling anomalies 
over altered oceanic crust. 

Another component of what we observe as CRM could be a 
PTRM. However, as discussed in the previous section, the amount 
of magnetization occurring by cooling from 150 ø to 22øC was 
found to be small (<10%). Thus it can be concluded that the 
amount of PTRM acquired during cooling of the samples was 
minor. Since it has been previously argued that VRM also does not 
contribute significantly to the NRM, the probable source for the 
secondary remanence away from the TRM (+X) direction in later 
experiments is a CRM acquired during the oxidation of TM40. 
Minor components of magnetization in the Y direction are most 
likely due to slight misorientation of the sample. 

The AF demagnetization of magnetic remanence after oxida- 
tion is displayed in Figure 2, where the TRM is oriented along the 
positive X axis (i.e., in the horizontal plane, H) and the ambient 
field during the CRM is oriented along the negative Z axis. The 
shape of demagnetization curves is typical of a two-component 
system where the two vectors are demagnetized simultaneously 
but at different rates. The model for this demagnetization curve 
shape is a two-component system with completely overlapping 
coercivity spectra, but the coercivity spectra have different distri- 
butions and peak values [Hoffman and Day, 1978]. The curves 
displayed in Figure 2 can be interpreted to indicate a component of 
"inherited" magnetization parallel to the original TRM direction 
and a second, new component parallel to the direction of the 
applied field during oxidation. Therefore we conclude that during 
oxidation the CRM acquired is parallel to the ambient field, which 
was perpendicular to the TRM. Since complete oxidation was 
never achieved, the remanence directions in all experiments were 
intermediate between the TRM and CRM orientations. Similar 

results have been observed for the inversion of maghemite to 
hematite [Ozdernir and Dunlop, 1988]. 

Although the TRM and the CRM are not demagnetized com- 
pletely independently of each other, some generalizations can still 
be made by examining in detail the AF demagnetization curves 
(Figure 3) and the shape of the Zijderveld plots (Figure 2). As 
oxidation proceeds, the coercivity spectrum of AF demagnetiza- 
tion shows that the CRM first becomes more difficult to demagne- 
tize and then becomes easier to demagnetize than the original TRM 
(Figure 3). It is observed that the component of magnetization 
parallel to the ambient field during oxidation, i.e., the CRM, is 
preferentially demagnetized at lower fields, whereas the TRM is 
the dominant component demagnetized at higher fields. Note, 
however, that the CRM is not completely demagnetized even after 
the 100-rot (1000-Oe) demagnetization step. We propose the 
following hypothesis to explain this behavior. 

As oxidation proceeds, microstructural heterogeneity within 
the initial grains would lead to multiple oxidation fronts proceed- 
ing with different velocities. This could lead to stable single- 
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Fig. 2. Zijderveld plots for AF demagnetization of CRM acquired for varying lengths of time in (a) pH=2 
solution and (b) pH=3 solution. The X, -Y plane is represented by filled circles and the X, -Z plane by open 
circles. The TRM is along the +X axis, and the CRM is along the -Z axis. 

domain-like regions within individual grains which were origi- 
nally pseudo-single domain. Such regions could be the source of 
the stable CRM component along the applied field, as seen in AF 
demagnetization. However, in general, the average CRM compo- 
nent is magnetically softer than the remaining TRM component in 
a given sample. 

Effect of pH on CRM Acquisition 

The intensity of CRM acquired increases with increasing oxi- 
dation time for a solution of a given pH (Figure 2). The rate of 

oxidation, and thus of CRM acquisition, is not a simple linear 
function but an approximately exponential one (Figure 4), which 
is dependent on parameters such as grain size, tcmperaturc,pH of 
the solution, oxygen fugacity, porosity, and permeability. The rate 
of oxidation increases with decrcasingpH of the oxidizing solution 
(Figure 5), as has bccn observed previously [Worm and Banerjee, 
1984; D.-W. Suk and S.K. Banerjee, personal communications 
1991 ]. The proposed reaction for the oxidation of titanomagnctite 
to titanomaghcmite in this study is that suggested by Worm and 
Banerice [1984]: 
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•_3+ ... 2+ H+ 2 r•2.2xP½l+xTixO,• + 2y • (1) 

2 Fc•.2a+yFe•2:x. Oy/2)Tix[-]yaOa + y Fc2++ y H2 
where x refers to the titanium content in the titanomagnctite, • 
represents vacancies in the titanomaghcmitc lattice, and y is the 
amount of ferrous iron converted to ferric iron (note also that some 
ferrous iron migrates out of the lattice). The gas in the top of the 
sample botfie after an oxidation run was analyzed using a gas 
chromatograph and found to contain abundant hydrogen, as pre- 
dicted by equation (1). A quantitative determination of the amount 
of hydrogen released during the experiment could not be made 
because the sample bottle was made of Teflon, which is not 
completely impermeable to hydrogen gas. 

ThepH=2 solution produced the highest rate of oxidation, and 
by 70 hours the CRM's of the samples were starting to approach 
equilibrium (Figures 2a and 4). The oxidation rate is slower at 
higherpH' s, where the oxidation continued for much longer times 
(Figure 5). A significant amount of secondary remanence (i.e., a 
CRM) is acquired even at very small degrees of oxidation, and this 

CRM appears to be parallel to the ambient field. This result is 
unlike that found by •zdemir and Dunlop [ 1985] in air oxidation 
experiments, where CRM was parallel to the TRM except at high 
degrees of oxidation, where it was along a direction intermediate 
between the TRM and the ambient field during oxidation. 

The amount of oxidation was monitored indirectly by 
measuring the Curie temperature and lattice parameter of the 
oxidized sample. The former increases and the latter decreases 
upon increased oxidation. Direct determination of oxidation is 
difficult because the conventional analytical methods used often 
produce additional oxidation themselves. The X ray powder 
diffraction patterns (on magnetic separates) and curves of satura- 
tion magnetization versus temperature (Js versus T) from experi- 
ments run in pH=2 and pH=3 solution are shown in Figures 6 and 
7, respectively. After oxidation in apH=3 solution the Xray peaks 
are distinct and relatively sharp (Figure 6a). They are representa- 
tive of classic single-phase, homogeneous oxidation. The double 
X ray peaks evident with oxidation in apH=2 solution (Figure 6b) 
are typical of inhomogeneous oxidation. In this case there is 
probably an oxidized rim and a less oxidized core. Both types of 
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oxidation, homogeneous and inhomogeneous, are routinely found 
in samples from the ocean floor [Akimoto et al., 1984; Petersen 
and Vali, 1987; Bina and Prdvot, 1989; Beske-Diehl, 1990]. The 
Zijderveld plots of the two samples represented in Figure 6 have 
the same characteristic shape displayed in Figure 2. Thus, whether 
the oxidation is homogeneous or inhomogeneous, their resulting 
magnetizations can be explained by the same two-component 
system described earlier. The probable cause of the inhomogeneous 
oxidation observed in Figure 6b is that, due to the low pH of the 
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Fig. 3. Alternating field demagnetization spectra for the TRM 
of the original titanomagnetite (circles) and after oxidation in a 
pH=2 solution for 4 hours (squares) and 362 hours (triangles), 
showing first an increase and then a decrease in the coercivity 
spectrum with oxidation compared to that of the original TRM. 
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Fig. 4. The variation of CRM acquisition with time in pH=2 
solutions on a semilog plot, showing an approximately linear 
increase in the CRM (Zf) relative to the total magnetization (Jf) 
until oxidation nears completion at approximately 70 hours. 

oxidizing solution, the rate of iron removal from the surface of the 
titanomagnetite was greater than the rate of iron diffusion within 
the titanomagnetite grain. This would produce a grain with amore 
oxidized rim and a less oxidized core as has been observed in 
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by filled circles and the X, -Z plane by open circles. The TRM 
is along the +X axis, and the CRM is along the -Z axis. 
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Fig. 6. Powdered X ray diffraction patters for CRM in (a) pH=3 solution for 70 hours (a=8.369/!,) and (b) pH=2 
solution for 20 hours. Double peaks in part (b) probably indicate an oxidized shell (a=8.373 /!,) and a less 
oxidized core (a=8.430 

1.4 

1.2 

0.8 

0.6 

0.4 

0.2 

0 100 200 300 400 500 600 

1.4 

0 1• 2• 3• 4• 5• 

Temperature (øC) Temperature (øC) 
Fig. 7. Js versus T curves after oxidation for (a) pH=3 solution for 70 hours and (b) pH=2 solution for 20 
hours. Same samples whose X ray diffraction patterns are shown in Figure 6. The relatively low Curie 
temperature of the cooling leg is most likely due to rehomogenization of titanomagnetite during the 
thermomagnetic run. 

natural samples by Furuta et al., [ 1985]. There is no evidence of 
a rhomboheclral phase being produced during either type of oxida- 
tion as determined from the X ray diffraction spectra (Figure 6) 
and Js versus T curves (Figure 7). 

The use of Js versus T curves to determine the relative amount 
of oxidation of individual samples is somewhat problematic for 
these low titanium samples, because the inversion temperature of 
the titanomaghemite is too close to the Curie temperature of the 
converted titanomagnetite to resolve the Tc of the titanomaghemite 
(Figure 7). The Js versus T curves were performed in helium to 
facilitate heat transfer, after the sample and chamber had been 
evacuatedmultiple times to remove all free oxygen. An interesting 
observation from the Js versus T curves of the oxidized material is 
that the Curie temperature of the cooling leg is very similar to the 
Curie temperature of the original TM40. The Curie temperature of 
the cooling leg of most highly oxidized samples from the ocean 
floor and air oxidation studies is close to that of relatively pure 
magnetite (T c = 580øC). However, low Curie temperature cooling 
legs have been observed in some studies on natural and synthetic 
samples (e.g.,Marshall, 1978; Harnano et al., 1980; Nishitani and 
Kono, 1983; Pechersky et al., 1983; Furuta, 1983; Brown and 
O'Reil!y, 1987; Beske-Diehl, 1990]. The X ray diffraction pattern 

of one sample was measured after heating to 600øC, and it was 
found to have a unit cell dimension of 8.449 J•, which is only 
slightly larger than that of the starting titanomagnetite (a = 8.443 
]i). One possible explanation is reduction and then 
rehomogenization of the iron and titanium in the titanomagnetite 
during Js versus T measurements, as opposed to the formation of 
exsolution lamellae of magnetite and ilmenite [Hamano et al., 
1980; Pertsev and Boronikhin, 1983; Furuta, 1983]. The slight 
increase in the unit cell parameter is likely due to the final 
titanomagnetite being more titanium-rich than the starting 
ti•anomagnetite because some of the iron migrated out of the 
lattice. 

CONCLUSIONS 

This is the first detailed study demonstrating that a chemical 
remanent magnetization can be acquired during the aqueous oxi- 
dation of titanomagnetites by iron removal- the same process by 
which the oxidation of oceanic basalts proceeds. The CRM is 
acquired along the ambient field direction during oxidation, and 
this occurs from the onset of oxidation (i.e., there is no coupling of 
the CRM and the TRM). Since complete oxidation was never 
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achieved, the NRM always retained some memory of the TRM. 
The rate of oxidation was found to be pH-dependent as has been 
shown by others [Worm and Banerjee, 1984; D.-W. Suk and S.K. 
Banerjee, personal communication 1991]. The amount of CRM 
acquired varies inversely with the pH of the oxidizing solution. 
The reaction was also found to produce nascent hydrogen gas and 
thus supports the chemical equation for titanomagnetite oxidation 
proposed by Worm and Banerjee [ 1984]. During the oxidation of 
titanomagnetites there is a decrease in the unit cell parameter, 
which can lead to cracking of the titanomagnetite grains, both of 
which have been observed in samples from this study [Kelso, 
1990] and in natural titanomagnetites from the ocean floor lAde- 
Hall et al., 1976; Johnson and Hall, 1978; Petersen and Vali, 
1987]. Cracking will affect a grain's magnetic stability, and thus 
it may influence the magnitude of the CRM acquired during 
oxidation, but cracking should not alter the direction along which 
a CRM is acquired. 

These results have significant implications for the interpreta- 
tion of marine magnetic anomalies and for paleomagnetic data 
from oceanic basalts. Assuming that the mechanism of oxidation 
ofsubmarine basalts is similar to that of this study, then our results 
can be used to help explain several observations in marine mag- 
netic data. For example, the anomalous NRM directions observed 
in some oceanic basalt cores may be due to a CRM of the type 
described above. Additionally, various authors [Raymond and 
LaBrecque, 1987; Arkani-Hamed, 1989; Arkani-Hamed, 1990; 
Verhoef and Arkani-Hamed, 1990] have suggested that a CRM 
and/or VRM acquired along the ambient field direction during the 
first 20 Ma years after oceanic crust formation may (1) contribute 
to the anomalous skewness observed in many marine magnetic 
anomalies and (2) lead to a modulation of the amplitude of marine 
magnetic anomalies of Mesozoic age. Our study suggests that a 
CRM due to aqueous oxidation (titanomaghemitization) is a viable 
mechanism for the oceanic crust and should be incorporated in 
anomaly modeling in the future. 
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