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1 INTRODUCTION

SUMMARY

Pillow basalt fragments from the East Pacific Rise, dredged during the Phoenix expedition,
often show discoloured rims due to alteration. A suite of nine pillow basalts with such dis-
coloured rims and ranging in age between 200 and 820 ka has been characterized in terms
of their Fe-Ti-oxide mineralogy and rock magnetic properties. These large pillow fragments
show relatively unaltered grey interiors, surrounded by darker, concentric halos, which vary in
thickness as measured from glassy pillow rims and surfaces caused by large cracks penetrating
into the original pillow interior. The discoloured zones are characterized by precipitation of
abundant secondary minerals, such as Fe*>*-rich clays that filled vesicle spaces. Fe—Ti oxides
in subsamples from discoloured rims and grey interiors have been investigated with electron
microscopy and rock magnetic techniques. The subsamples come from traverses that are par-
allel to the outer glassy pillow rims, allowing us to study the low-temperature alteration effects
and rock magnetic properties without having to take variable grain size into account.

Not surprisingly, titanomaghemites in discoloured rims are, in a general sense, oxidized
to a higher degree (z typically >0.55) than those in the relatively unaltered grey interior
(z typically <0.55). However, exceptions are numerous and reveal that oxidation state of
the Fe—Ti oxides and visible alteration in the discoloured rims are not directly correlated.
Moreover, the alteration front of the discoloured rims does not generally coincide with a
pronounced jump in z. The titanomaghemite within the discoloured rims appears to have
oxidized relatively quickly, reaching z > 0.6 within 200 000 yr. The difference between the
oxidation states of titanomaghemite within the grey pillow interior and the discoloured rims
gradually diminishes with increasing age, so that for samples with ages of 800 ka the oxidation
state of titanomaghemites in the grey interior approaches that of the discoloured rim.

Our study demonstrates that visible discolouration of pillow basalts is not a suitable proxy
for z. Because average Ti content can vary from sample to sample, Curie temperatures are
also inaccurate proxies for z. If one wants to study possible correlations between z and rock
magnetic parameters, the best technique is to determine z for each subsample by using trans-
mission electron microscopy (TEM), electron microprobe, Mdssbauer or similar techniques. In
agreement with many (but not all) previous observations on natural samples, we find that bulk
coercivity (H.), and high-field susceptibility (x,s) increase, whereas low-field susceptibility
(x1r), natural remanent magnetization intensity and saturation magnetization (44,) generally
decrease with increasing oxidation state.

Key words: hysteresis parameters, maghemitization, NRM intensity, oceanic basalts.

basalts of the oceanic crust demonstrably undergo widespread oxi-
dation to titanomaghemite, presenting the paradoxical situation that

The magnetization of the oceanic crust has remained of fundamen-
tal importance to the theories of seafloor spreading and plate tec-
tonics ever since Vine & Matthews (Vine & Matthews 1963) first
demonstrated that the magnetic anomalies paralleling the mid-ocean
ridges could convincingly be interpreted as a record of the geomag-
netic polarity timescale. And yet, the magnetic carriers in the pillow
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apparently the original magnetic record stays well preserved while
the carriers of this record undergo such fundamental mineralogical
transformations that one would expect secondary magnetizations
and chaotic anomaly patterns to be the rule rather than the excep-
tion. As a solution to this paradoxical dilemma, it has been sug-
gested (see discussions in Beske-Diehl 1990; Dunlop & Ozdemir
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1997: pp. 399-400) that during oxidation of titanomagnetite to ti-
tanomaghemite, the magnetic directions of the new minerals mimic
the previous directions, but this has not been confirmed by convinc-
ing experimental work on natural samples.

During oxidation, moreover, it appears that the magnetic inten-
sity of the natural remanent magnetization (NRM) in mid-oceanic
ridge basalt (MORB) generally diminishes. Variations in the am-
plitudes of magnetic anomalies have been attributed to large-scale
variations in NRM intensities over the past 160 Ma (Bleil & Petersen
1983; Irving 1970; Johnson & Pariso 1993; Marshall & Cox 1972;
Sayanagi & Tamaki 1992). Thus, it is logical that, in turn, the de-
crease in anomaly amplitude with increasing age has been attributed
to increasing oxidation of the Fe—Ti oxides (see Dunlop 1995), but
this inference remains highly controversial. Other factors, such as
viscous decay of the remanence (Banerjee 1971), geomagnetic field
intensity fluctuations (Gee & Kent 1998), or basaltic composition
with variable Fe content (Gee & Kent 1997; Vogt & Johnson 1973)
cannot be easily discounted.

In order to make progress in resolving questions about magnetic
intensities and the stability of magnetic directions, despite preva-
lent oxidation to non-stoichiometric Fe-Ti oxides, further studies of
the effects of maghemitization are necessary. But here one quickly
encounters problems resulting from the fact that many parame-
ters change in parallel fashion, but for very different reasons, and
that cause and effect attributions can, therefore, not be considered
unique. As an example, we cite the well-known variation in Curie
temperature (7,), which increases with decreasing Ti content (de-
creasing x) in titanomagnetite, but also with increasing oxidation
(increasing z) to titanomaghemite (Nishitani & Kono 1983). With-
out sophisticated transmission electron microscopy (TEM) (e.g.
Zhou et al. 1999a) it is possible to estimate oxidation state (i.e.
z) only for relatively large grains that do not necessarily carry stable
remanence.

A promising approach was taken by Beske-Diehl & Soroka (1984)
and Beske-Diehl (1990), who used large variably altered pillow frag-
ments, so that the effects of varying grain size, ancient geomagnetic

Table 1. Oxidation state of paired M ORB subsamples.

field intensity, and initial composition could be assumed to have
not played a role in variations in various rock magnetic parameters.
However, they had to assume (for lack of analytical tools to deter-
mine otherwise) that the alteration rims uniformly contained more
highly oxidized Fe—Ti oxides than the apparently unaltered pillow
interiors. In this study, we follow the sampling approach of Beske-
Diehl, but use electron-microscopic determinations of composition
x and lattice parameters to determine z for individual grains of sizes
as small as 0.3 um.

2 SAMPLES AND ANALYTICAL
TECHNIQUES

A suite of MORB samples from the East Pacific Rise (EPR) was
dredged during the Phoenix expedition (Batiza et al. 1996), and
nine of these samples, varying in age from ~200 ka to ~820 ka,
were selected for this study. The samples were kindly provided by
colleagues or obtained from the collections at the Scripps Institute
of Oceanography (SIO) of the University of California, San Diego.
Table 1 lists localities, ages, 7., composition x and oxidation state z,
the latter as estimated from x-values and lattice parameters. Ages of
the samples were estimated from their distance to ridge axes, given
the known spreading rates. It is estimated that there may be error
margins of about 40 000 yr on these ages, given that the volume of
material erupted more than 2 km from the axis is likely to be negli-
gible (Batiza et al. 1996). The sample labels (e.g. in our tables and
figure captions) follow the original SIO scheme. Additional letters
(a—j) after the numbers of the samples indicate subsample position
within a pillow fragment, where each letter represents a distance
from the outer glassy pillow margin at increments of ~1 cm. The
letters in parentheses (f = fresh, or w = weathered), indicate whether
the subsample came from the relatively unaltered grey interior or
from the discoloured rim. Finally, the last two sets of numbers (1-14
and [-VIII) are used for subsamples ph19g and ph19e and indicate
data collected in traverses from one crack boundary to the other,
parallel to the pillow’s glassy margin, as will be detailed below.

Agef, ka

Sample Latitude Longitude 7., °C XAEM
Subsamples from grey interiors
206 phllde (f) 113 —103.90 132 0.68
382 ph88e (f) 11.4 —103.60 176 0.71
437 phl119e (f) 11.3 —103.97 227 0.69
510 ph78e (f) 10.4 —103.90 135 0.72
568 phl122e¢ (f) 11.3 —104.03 225 0.68
578 ph39%e (f) 9.50 —104.50 310 0.59
747 ph123f(f) 11.3 —104.11 207 0.64
800 ph19g (f) 9.50 —103.90 230 0.76
823 ph124f (f) 11.3 —104.15 296 0.65
Subsamples from discoloured rim s
206 phllde (w) 11.3 —103.90 210 0.69
382 ph88e (w) 11.4 —103.60 241 0.72
437 ph119e (w) 11.3 —103.97 255 0.68
510 ph78e- f (w) 10.4 —103.90 195 0.71
568 ph122e (w) 11.3 —104.03 256 0.67
578 ph39e (w) 9.50 —104.50 313 0.60
747 ph123f (w) 113 —104.11 273 0.64
800 ph19g (w) 9.50 —103.90 267 0.77
823 ph124f (w) 11.3 —104.15 290 0.66

Std, xAEm NAEM Xprobe Std, Xprobe Nprobe a, A z
0.03 18 0.624 0.04 4 8.474 0.26
0.02 7 0.689 0.04 9 8.460 0.47

— — 0.646 — — 8.455 0.54
0.03 10 0.690 0.05 6 8.463 0.47
— — 0.600 — — 8.460 0.38
0.06 17 0.584 0.05 7 8.453 0.40
— — — — — 8.462 0.25
0.04 11 0.731 0.03 5 8.436 0.73
— — 0.621 — — 8.441 0.55
0.05 17 0.664 0.03 13 8.445 0.69
0.04 12 0.692 0.02 6 8.433 0.71
— — 0.584 — — 8.427 0.66
0.04 11 0.690 0.02 7 8.429 0.75
— — 0.639 — — —
0.04 18 0.534 0.05 10 8.432 0.57
— — — — — 8.457 0.48
0.04 15 0.767 0.03 5 8.436 0.75*
— — 0.586 — — 8.426 0.54

t: Age was estimated from the distance to the spreading centre. The Brunhes/Matuyama is set to be 0.78 Ma.

*: The z-value for sample ph19 is listed only for the more interior subsamples from the discoloured rim (see text for discussion).

¥: Paired subsamples are denoted by (f) and (w) for the grey interior and the discoloured rim, respectively.

Variables: xAgm, X-value from AEM analyses; Std, xogm, standard deviation of x-value from AEM analyses; Xprobe, average x-value from electron microprobe.
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Rock magnetic and palaeomagnetic parameters, such as satura-
tion remanence (M ), saturation magnetization (M), coercive force
(H ), coercivity of remanence (H ), low-field susceptibility (x )
and NRM intensity (Jnrm), all strongly depend on grain size, do-
main state, composition and mineralogy of the magnetic carriers.
Grain size and composition can vary systematically as a function of
depth from the glassy outer margin of a pillow (Gee & Kent 1997;
Marshall & Cox 1971; Zhou et al. 2000). By taking subsamples
parallel to the glassy margin within a pillow, it becomes possible,
however, to evaluate directly the role of low-temperature alteration
on the changes of magnetic properties with minimum interference
from systematic variations in grain size and composition. When we
began our study, we anticipated that the maximum difference in
low-temperature alteration would occur between the outermost part
of the discoloured rim and the middle of the grey interior, and the
paired samples that we analysed initially were located accordingly
within the nine studied pillows (e.g. Fig. 1).

Polished thin sections were prepared for optical and scanning
electron microscopy (SEM). SEM observations were made with a
Hitachi model S3200N fitted with secondary electron and backscat-
tered electron (BSE) imaging systems. lon-milled samples, obtained
from the thin sections, were used for TEM and analytical electron mi-
croscopy (AEM), carried out with a Philips CM-12 TEM fitted with

focc S
Discolored rim

Gray interior

6 cm

Figure 1. A typical cross-section of a variably altered fragment of pillow
basalt, sample ph124, ~820 000 yr old. An alteration halo has formed around
three sides of the fragment, with the left- and right-hand side representing
boundaries due to cracks that penetrated into the pillow. We investigate
whether the oxidation degree of Fe—Ti oxides in the discoloured rim (closed
symbols) is higher than in the grey interior (open circles), by analysing
subsamples for TEM and rock magnetic analysis.
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a Kevex Quantum EDS system and operated at 120 KV. The values
of x were calculated from AEM analyses (see Zhou ez al. 1999a, for
details). The degree of oxidation of a single titanomaghemite grain
(z) is determined from its lattice parameter (a) and composition (x)
(Nishitani & Kono 1983; Readman & O’Reilly 1972; Zhou et al.
1999a). A TEM technique in convergent-beam electron diffraction
mode (CBED), called higher- order Laue zone (HOLZ) lines, was
employed to accurately measure lattice parameters of individual ti-
tanomagnetite grains (Zhou et al. 1999a). For grains larger than 5
pm in sample ph78, a Cameca electron microprobe model SX100
was used, because with this instrument oxygen can be included in
the elemental analysis, and this, therefore, allows us to estimate z,
as described by Furuta (1993) and Zhou et al. (1999a).

To verity values of the Ti content (x), in addition to its determina-
tion by the AEM analyses, several other samples were also analysed
with a Cameca electron microprobe, model SX100. The x-values
obtained by the two techniques are compared in Table 1.

NRM of bulk-rock samples was measured using a 2G cryogenic
magnetometer at the University of Michigan. Low-field suscepti-
bility was measured using a Geofyzika Kappabridge, model KLY-
2, calibrated by an etalon standard. AF demagnetization of NRM
was performed using a Sapphire Instruments SI-4 AF demagne-
tizer. Rock magnetic parameters were measured at the Institute for
Rock Magnetism (IRM) at the University of Minnesota. Hysteresis
parameters of bulk-rock samples were measured on a vibrating sam-
ple magnetometer (VSM). Curie temperatures (7c) were determined
from a linear extrapolation of high-field (800 mT) thermomagnetic
curves (Grommé et al. 1969) using a VSM. The thermomagnetic
curves were measured on a small rock chip of about 40 mg while
heating in noble gas.

3 RESULTS

3.1 Petrology; electron-microscope observations;
determinations of x and z

Different features of alteration rims have been described (Alt 2004;
Alt & Teagle 2003), and include alteration phases in the following
order of appearance:

(1) celadonite fill of void spaces in a dark alteration halo,

(2) Fe-oxyhydroxide staining under oxidizing conditions in the
rims that become lighter-coloured than the interiors, while the latter
retain a reducing environment and

(3) saponite (a Mg-rich and Fe?*-containing variety of the smec-
tite family of clay minerals) and pyrite formation in fractures and the
formation of carbonate veins throughout the rock. The discoloured
rims in our samples are characterized by extensive precipitation of
secondary minerals as vesicle fillings (Fig. 2b) and the halos are
darker than the interiors, indicating that we are dealing with al-
teration phase (1), as described above. In a few samples, hints of
lighter discolouration are observed, but Fe-oxyhydroxide staining is
not readily observable. The main secondary mineral is the Fe**-rich
clay mineral celadonite, containing minor amounts of K, Al and Mg.
The clays usually show mottled features and appear in the SEM im-
ages surrounded by a thin gap due to dehydration in the instrument’s
vacuum. Near the side edges of the pillow fragments (i.e. near the
cracks), energy-dispersive spectra (EDS) of the clay domains some-
times give rise to relatively high Fe and O peaks in EDS analyses,
possibly indicating minor amounts of Fe oxyhydroxides, whereas
towards the interior no evidence for Fe oxyhydroxides is seen.
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Figure 2. SEM back-scattered electron images of basalt pillow ph19 (~800
ka). P1 = plagioclase, Py = pyroxene. (a) Ti—Fe-oxide grains in the outer-
most part of the discoloured rim, showing few signs of oxidation, which is
confirmed by our determination of a relatively low degree of oxidation (z
= 0.36). (b) Highly oxidized titanomaghemite grains from the discoloured
rim. Void spaces have typically been filled by secondary clay minerals (e.g.
Ce = celadonite). (¢) Highly oxidized titanomaghemites from the grey inte-
rior, surrounded in part by still-open void spaces (darkest areas).

SEM backscattered electron images of selected subsample pairs
show that the average sizes of titanomagnetite grains are ap-
proximately the same in grey interiors and in discoloured rims
(Fig. 2). Considerable oxidation of titanomagnetite is observed

in the alteration rim as well as in the grey interior of this ~800
ka old sample (Table 1). Because lattice parameters generally de-
crease with increasing degree of oxidation (Nishitani & Kono 1983;
Readman & O’Reilly 1972), shrinkage cracks have been com-
monly observed in natural samples as a result of heterogeneous
oxidation (e.g. Johnson & Hall 1978; Petersen & Vali 1987). The
smaller, diffuse cracks interior to the oxide grains in Fig. 2(c) may
also be taken as an indication of oxidation. Judging from the ob-
served maghemitization (to be discussed further below), oxidation
of the Fe—Ti oxides proceeded throughout the sample regardless of
the presence or absence of oxidizing conditions inferred from the
clays.

AEM analyses yielded x values (averages listed in Table 1) for
titanomaghemite grains in discoloured rims and grey interiors from
nine subsample pairs (configured as in Fig. 1). Differences in x
between the nine different pillow fragments are significant and no
apparent trend is observed for x as a function of sample age (Table
1). In order to obtain independent estimates of x, we utilized an
electron microprobe to analyse relatively large grains. The values
so obtained are also listed in Table 1; the x yrope Values are system-
atically lower by about 6 per cent on average compared to the x spy
values. We do not know the reason for this difference, but spec-
ulate that oxidation of the smaller grains may be slightly greater
than that of the larger grains analysed with the electron microprobe;
given that maghemitization reduces the Fe/Ti ratio and hence in-
creases x, the AEM results may be greater because the grain sizes
analysed with this technique may have been, on average, somewhat
smaller.

The oxidation state (z) of titanomaghemite grains can be de-
termined from their lattice parameter () and composition (x), as
described by Zhou et al. (1999a). HOLZ line patterns obtained in
CBED mode with the TEM (Zhou et al. 1999a) were used to de-
termine lattice parameters for representative grains. We used these
values for a and the x gy values for the calculation of z. The av-
eraged z-values for the subsample pairs so obtained are listed in
Table 1; z-values plotted in Fig. 3(a) include analyses of several
grains per sample and have not been averaged. The values of 7 are
also plotted in Fig. 3 as a function of sample age. Of course, these
Curie temperatures were obtained on finite-sized samples and, there-
fore, they represent the ‘average’ of large numbers of Fe—Ti-oxide
grains.

With increasing sample age, the differences in z between grains
from the discoloured rim and grey interior becomes smaller: the
youngest sample (~206 ka, sample ph114) shows a much larger
difference in z than the older samples (Fig. 3a). The difference in
oxidation states between rim and interior becomes negligible for
samples ph19 and ph124 (> ~800 ka).

The differences in x-values between rim and core can be seen in
the ternary diagrams of Fig. 4, which illustrates that the increased
oxidation of rim samples has led to slightly elevated x-values in
some samples; nevertheless, we grant that there is sufficient scat-
ter in the results of Fig. 4(b) and (c) to argue that this effect is not
always significant. The same conclusions about oxidation state can
be reached by examining the Curie temperatures for pairs of sub-
samples in Fig. 3(b). We also note that Curie temperatures show
an increasing trend with increasing age, as consistent with results
from previous studies (Bleil & Petersen 1983; Irving 1970; Xu et al.
1997), although z and T¢ values vary significantly from sample to
sample. There is considerable scatter in the diagrams of Figs 3 and
4, because of variations in x and z from grain to grain, whereas Curie
temperature measurements are made on sample chips that average
the properties of many grains.
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Figure 3. Oxidation state of individual grains and Curie temperatures of
subsamples from nine pillow fragments, plotted versus age. Dots represent
data from discoloured rims, open circles from grey interiors. (a) Oxidation
degree (z) obtained by TEM and AEM study of titanomaghemite grains.
Dots with a + represent anomalously low z values from a 1-mm-thick dark
outermost zone of the discoloured rim of sample ph19 (~800 ka). (b) Curie
temperatures of subsamples.

3.2 Thermomagnetic results
The saturation magnetization (M) measured in a field of 800 mT as

a function of temperature for all but two of our samples showed irre-

(@) TiO,

1/3Fe,TiO,

Magnetization of variably altered MORB 29

versible thermomagnetic curves that are typical of titanomaghemite
(Fig. 5). The two exceptions were for samples ph114(f) and ph123(f),
where the reversible nature of the thermomagnetic curves is in good
agreement with the behaviour of samples with z-values less than
0.30 (see Table 1 and Fig. 3a) as described in the literature (Grommé
etal 1979).

For all the other subsamples (z > 0.35), heating curves are gener-
ally similar, either in grey interiors or in discoloured rims, and show
T. values generally greater than 200°C, followed by an increase of
M in the heating curves above 380°C. This behaviour is usually
attributed to new growth of Fe oxide during treatment (Ozdemir
1987; Ozima 1971). The thermomagnetic curve of a sample with
one of our higher oxidation parameters (z = 0.75) is illustrated in
Fig. 5b and shows a convex upward cooling curve characteristic of
abundant new-formed low-Ti magnetite. In general, all the samples
from the discoloured rims show this behaviour during cooling from
650°C.

3.3 Variations in rock magnetic properties

Some hysteresis parameters and susceptibility values are plotted in
Fig. 6 as a function of oxidation state for seven pairs of subsamples
from discoloured rims (full dots) and grey interiors (open symbols).
The data are listed in Table 2; note that one pair (sample phl9,
~800 ka) is discussed separately and in great detail below, and that
the ninth pair (sample ph122¢) lacks a z-value (see Table 1). Sample
ph19 is discussed separately because of its unusually large variation
in z in the discoloured rim (see Fig. 3a at 800 ka) and its unusually
high average x-values of 0.73—0.77 (Table 1), which makes this
sample a clear anomaly.

The plots of Fig. 6 show generalized trends for four parameters
(Mg, He, xir,and x ). H o (not plotted, but listed in Table 2) tracks
H . (Fig. 6¢) and shows a very similar trend of increasing values
with increasing z.

Increases in bulk coercivity (H.) and coercivity of remanence
(H ) with increasing oxidation state have been reported before

FeO 1/3Fe;0, 1/2Fe,0, FeO 1/3Fe;0, 1/2Fe,0,
Tio, TiO,
¢ d .
© 4/7FeTi, 0, (d) 4/TFeTi, O,
1/3Fe,TiO, 1/3Fe,TiO,

FeO 1

/3Fe,0,

1/2Fe,0, FeO 1/3Fe;0,

1/2Fe,0,

Figure 4. Projection of measured x values and estimated z values for individual grains on TiO,-FeO-y Fe, O3 ternary diagrams, showing the difference between
grains in the discoloured rim (closed symbols) and those in the grey interior (open symbols). (a) Measurements for sample ph114. (b) Sample ph88. (c) Sample

ph39. (d) Sample ph123.

© 2005 RAS, GJI, 164, 25-35




30  D. Wang, R. Van der Voo and D. R. Peacor

1 (@)

M, (Am?kg™)
|

o 71 T T T T ' T " T T T T

0 100 200 300 400 500 600 700

Temperature (°C)

M, (Am2 kg™")
|

0 100 200 300 400 500 600 700

Temperature (°C)

Figure 5. Representative thermomagnetic curves from subsamples of vari-
ably altered pillow fragment ph19 (~800 ka). The magnetic saturation is
measured by a vibrating sample magnetometer using a field of 800 mT. (a)
grey interior and (b) discoloured rim. Solid lines represent heating, dashed
lines cooling curves.

(Dunlop & Ozdemir 1997). Beske-Diehl (1990) shows such in-
creases for samples with T¢ < 320°C, which is the case for all
our samples (Table 1). The increase in H. in natural samples
has been attributed to fracturing induced domain-size reduction
(Dunlop & Ozdemir 1997: pp. 401-402) or to magnetostriction
caused by volume changes during maghemitization of natural sam-
ples with x & 0.55 and z ~ 0.9 (Hodych & Matzka 2004). On the
other hand, H is known to decrease in synthetic samples for z >
0.55 (Dunlop & Ozdemir 1997: Fig. 3.19).

Lower M intensities are generally expected for oceanic basalts
with higher degrees of oxidation (Dunlop & Ozdemir 1997:
Fig. 3.18), and our observations confirm this. Lower M intensi-
ties are less frequently discussed, but the values of M that can be
calculated from the parameters in Table 2 of Beske-Diehl show de-
creases in more than 80 per cent of her sample pairs (Beske-Diehl
1990). In our samples decreases of M s with increasing z (not shown)
are not convincing.

The low-field susceptibility () r) generally decreases with ox-
idation state (Fig. 6b), in agreement with previous observations
(Beske-Diehl 1990; Johnson & Hall 1978). High-field susceptibil-
ity (x4r), also known as the paramagnetic correction applied to
hysteresis curves, represents the paramagnetic content in the rock
and increases with increasing z (Fig. 6d).

Thus far, our discussion of the correlations between oxidation
state and rock magnetic parameters has proceeded for the seven

subsample pairs that show behaviour according to expectations of
higher oxidation of the rims (Fig. 6). However, one of our oldest
samples (ph19, ~800 Ka) behaved anomalously and discussion of
its properties was, therefore, deferred. We now discuss the nature of
this sample, which—importantly—made us realize that a correlation
between pillow-rim discolouration and the oxidation state of the Fe—
Ti oxides exists only in a most general way but not in detail.

3.4 A detailed traverse through anomalous sample ph19

Because of unusually large variations in z in its discoloured rim
(Fig. 3a), sample ph19 (~800 ka) became the subject of a special
study in which we determined rock magnetic parameters and x-
values in a much more detailed traverse as illustrated in Fig. 7(a).
A second, partial traverse (Fig. 7b) was added later to determine
z-values, and a different sample (ph78) was examined in a similar
partial traverse to ensure that the behaviour of sample ph19 was
indeed anomalous. Data for sample ph19 are reported in Tables 3
and 4 and illustrated in Fig. 8. The results from the first traverse
of the pillow fragment of ph19 (Fig. 7a, subsamples ph19g(f&w),
1-14) displayed large variations in all hysteresis parameters as well
as NRM intensity. It turns out that the anomalous values correlate
with anomalously low z-values of about 0.36 in three grains at the
outer edge of the discoloured rim (Fig. 7b, subsample ph19e(w)-I;
Table 4), compared to z-values from all other subsamples either in
the discoloured rim or in the grey interior (Fig. 8, bottom diagram),
which range from 0.70 to 0.81 without any systematic trend.

The data of Fig. 8 provide a clear indication that z does not at
all correlate with the alteration in the discoloured rims because
no pronounced changes are observed at the discolouration front
next to the grey interior. The z values of titanomaghemite grains
in discoloured rim subsamples close to the alteration front are not
significantly different from those of the adjacent subsamples inside
the grey interior.

Fig. 8 also reveals that at the other side of the pillow a more or less
symmetrical situation is observed, which even includes an outermost
subsample with relatively higher M, M, NRM and y s values,
and lower H. and H . values, indicating that our observations of
subsamples ph19g(f)-8 to ph19g(w)-14 are mirrored on both sides of
the pillow fragment. We have, by the way, no satisfactory explanation
for the low oxidation state of the three grains at the outermost edge
of the pillow.

3.5 Variations in NRM intensities

One further observation is noteworthy, and that is that the measure-
ments of the NRM intensity at the millimetre scale of these traverses
(Fig. 8 top) reveal a good (inverse) correlation between z and NRM
intensity. Our initial NRM measurements on the rims of the nine pil-
low fragments (as listed in Table 2) used larger subsamples, several
centimetres in size, resulting in gross averaging of the contributions
from grains with possibly a wide range of z-values. To test the more
detailed variations and to augment the dataset, we also measured
Jnrm and z (with the microprobe) of sample ph78. The values from
these two millimetre scale traverses are plotted in Fig. 9. Although
it must be noted that the clear correlation between a high degree
of oxidation and a lower NRM intensity should be seen as quali-
tative only, because the measurements of NRM are for finite-sized
subsamples (whereas z is determined on a small set of grains), this
nevertheless clearly illustrates that increased oxidation of the Fe—
Ti oxides results in diminished NRM intensities. This is not a new
conclusion, because Beske-Diehl (1990) had already reported that
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Figure 6. (a) Saturation magnetization (My), (b) low-field susceptibility, (c) coercive force and (d) high-field susceptibility (i.e. paramagnetic correction) all
plotted as a function of oxidation degree (z). Open circles represent subsamples from grey interiors and filled symbols represent subsamples from discoloured
rims. Subsamples from the same pillow fragment are connected by a straight line; note that one pillow fragment (ph122, ~570 ka) lacks a z-value for its
rim. Anomalous sample ph19 is not included in these plots, as its properties are better displayed in a separate figure (Fig. 8). Values are listed in Tables 1

and 2.

all her samples showed decreases in NRM intensity with increasing
T. (used as a proxy for z).

4 DISCUSSION AND CONCLUSIONS

4.1 Characterizing the oxidation state of Fe-Ti oxides in
MORB

We have learned from the present study that alteration of pillow
rims, seen as discoloured halos, does not predict with any accuracy
what the oxidation state of the Fe—Ti oxides may be. Even though,
in general, darker discoloured rims contain more highly oxidized
titanomaghemite, any correlation between z and visible alteration
due to celadonite filling void spaces is coincidental, as the results
in Fig. 8 demonstrate. A greater degree of rim alteration (phases 2
and 3 of Alt & Teagle 2003) may correlate better with oxidation, as
suggested by the data of Béhlke and colleagues (Bohlke e al. 1981),
who studied MORB formed ~10 Ma in the Atlantic Ocean. In some
of their samples oxidation has even proceeded to cause breakdown
of titanomaghemite to non-magnetic oxides.
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Because Curie temperature variations may also reflect changes in
x, their use as proxies for oxidation state may give imprecise results.
Instead, direct determinations of the z-values of titanomaghemite
are desirable in order to investigate the effects of oxidation on rock
magnetic parameters. This can be achieved with an electron micro-
probe but only on relatively large grains (>5 um) (Akimoto ez al.
1984; Furuta 1993; Zhou et al. 1999a). More suitable techniques
employed by us in recent years allow calculations of the z-value on
the basis of its relationship with a and x, but this requires accurate
calibration of the relationship (see Zhou et al. 1999a, and references
therein). The diameter of the electron beam limits the determina-
tion of a to grains of a certain minimum size, which is typically
> 1 um for conventional selected-area electron diffraction (SAED);
in contrast, HOLZ line patterns can be obtained on grains poten-
tially as small as 0.1 um, although even this may not be small
enough in some cases. Powder X-ray diffraction through Rietveld
refinement (Xu et al. 1997) is another technique to determine a, but
does not allow re-use of the same sample for later, different measure-
ments. In addition to these methods, a recent innovative proposal
involves quantification of ferrous/ferric ratios using electron energy
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Table 2. Rock magnetic properties of paired subsamples.

Sample He,mT Heg,mT Mg AmPkg ! Mg, Am’Pkg™' Ho/He M/Ms NRM, 1073 Am?kg™'  xi, SUkg  xnp A m2/T/kg!
phllde (f) 19 26 0.61 0.22 135 0.36 1.37 0.521 0.12
ph88e () 26 33 0.53 0.23 1.29 0.42 1.92 0.181 0.11
ph119e (f) 21 28 0.44 0.16 1.36 0.36 3.40 0.152 0.10
ph78e (f) 13 22 0.72 0.21 1.67 0.29 1.19 0.376 0.15
ph122e (f) 32 42 0.24 0.11 1.32 0.47 2.55 0.089 0.12
ph39e (f) 25 37 0.74 0.18 1.50 0.25 1.22 0.284 0.13
ph123f (f) 21 27 0.45 0.18 1.29 0.40 6.00 0.172 0.11
ph19g (f) 56 70 0.17 0.10 1.23 0.57 0.40 0.054 0.13
ph124f (f) 36 42 0.22 0.10 1.17 0.47 0.12 0.066 0.10
phllde (w) 35 44 0.39 0.18 1.28 0.45 0.94 0.171 0.14
ph88e (w) 35 47 0.34 0.16 1.32 0.46 2.13 0.125 0.13
ph119e (w) 36 44 0.35 0.17 123 0.49 3.86 0.079 0.14
ph78e (w) 22 33 0.45 0.18 1.49 0.40 0.85 0.138 0.17
ph122e (w) 32 40 0.28 0.13 1.24 0.47 0.98 0.037 0.13
ph39e (w) 24 32 0.75 0.21 1.34 0.29 3.47 0.207 0.17
ph123f (w) 33 41 0.39 0.18 125 0.45 5.89 0.115 0.15
ph19g (w)* 55 72 0.22 0.12 1.31 0.52 0.53 0.065 0.15
ph124f (w) 41 50 0.18 0.09 1.23 0.50 0.30 0.075 0.10

T: xur is weight normalized high-field paramagnetic correction at a standard 70 per cent.
*Due to their abnormal oxidation states, subsamples ph19g-1 and ph19g14 are excluded from the average.

@) (b)
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Figure 7. Sketch of subsample position for rock magnetic and electron
microscopy measurements within pillow fragment ph19 (~800 ka). (a) A
series of (14) subsamples along a traverse at 7 cm from the pillow’s glassy
margin. (b) Subsample positions for TEM study in a traverse at 5 cm from
the glassy margin.

loss near-edge spectra. This may provide the oxidation state of ti-
tanomaghemite at high spatial resolution (van Aken & Liebscher
2002).

Low-temperature oxidation of MORB has now been investigated
for more than three decades for natural samples (e.g. Bohlke et al.
1981; Irving 1970; Kent & Gee 1994; Zhou et al. 2001) and syn-
thetic samples (Brown 1981; Kelso et al. 1991; Ozdemir & Dunlop
1985; Worm & Banerjee 1984), and much debate has centred on

the rate at which oxidation proceeds, with estimates for the time it
takes to reach z > 0.6 ranging from 20 ka (Kent & Gee 1994) to
some 500 ka (see discussion in Dunlop & Ozdemir 1997: p. 398).
It is likely that our own previous estimate of some 500 ka (Zhou
et al. 2001) is too high and needs to be lowered to 200 ka or less
(as can be seen from the z-value for our youngest rim sample in
Fig. 3a).

It must be noted that some titanomagnetite grains of >30 Ma age
are known to have escaped significant oxidation (Zhou et al. 1999b),
so that the above estimates are clearly minima. It appears that the
oxides could remain pristine in the Oligocene MORB, because of
armouring by surrounding residual glass. In the present study, we
have the puzzling finding of rather low z in the outermost rim of
sample ph19(w). It is not at all clear to us how the oxides in this
part of the pillow fragment could stay relatively unoxidized, while
those in the interior became highly oxidized. Be that as it may, it
once again shows that it is unwise to make assumptions about either
xorz.

4.2 Changes of magnetic properties during
low-temperature alteration

The observed trends and changes in rock magnetic properties as a
function of increasing maghemitization are generally in good agree-
ment with those of previous studies (e.g. Beske-Diehl 1990). Satu-
ration magnetization (M), low-field susceptibility (x ir), and NRM
intensity generally decrease, whereas bulk coercivity (H ) and co-
ercivity of remanence (H ) generally increase with increasing oxi-
dation. In addition, paramagnetic correction values (high-field sus-
ceptibility (x)) for discoloured rim subsamples were all higher
than those of the corresponding grey interiors. The higher paramag-
netic correction is consistent with the precipitation of paramagnetic
Fe**-rich clay (celadonite) in the void spaces of the discoloured
rims.

Initial NRM measurements were performed on larger basalt chips
(several centimetres in size), whereas measurements of z where car-
ried out on individual grains; this led to gross averaging and initially
an apparent lack of correlation between increasing oxidation and
decreasing Jxrm. However, when we measured subsamples on the
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Table 3. Magnetic properties in a traverse in sample ph19 at a depth of 7 cm from the glassy rim.

Sample He,mT  Heg,mT Mg Am*kg™! My, Am?Pkg™! Ho/H. M/Mg  NRM, 102 Am>kg™'  xi, SIkg  TC,°C
ph19g-1 25.74 40.0 0.37 0.16 1.55 0.43 1.83 0.154 267
ph19g-2 52.10 68.9 0.21 0.11 132 0.52 0.44 0.065 236
ph19g-3 46.08 59.0 0.27 0.15 1.28 0.53 0.49 0.064 —
ph19g-4 49.82 64.0 0.18 0.10 1.28 0.55 0.41 0.050 243
ph19g-5 59.40 71.1 0.17 0.10 1.20 0.60 0.42 0.035 —
ph19g-6 55.54 63.7 0.11 0.08 1.15 0.73 0.39 — 227
ph19g-7 63.45 75.3 0.15 0.09 1.19 0.61 0.37 0.031 —
ph19g-8 56.28 69.5 0.15 0.09 123 0.57 0.39 0.044 230
ph19g-9 50.62 64.8 0.24 0.13 1.28 0.53 0.40 0.059 —
ph19g-10 49.87 63.9 0.20 0.11 1.28 0.54 0.40 0.062 —
ph19g-11 48.43 62.5 0.25 0.13 1.29 0.52 0.43 0.065 —
ph19g-12 55.33 72.6 0.21 0.11 1.31 0.52 0.44 0.067 —
ph19g-13 66.63 87.6 0.20 0.10 1.31 0.52 0.73 0.063 —
ph19g-14 19.98 29.0 0.58 0.24 1.45 0.42 2.53 0.229 —

Table 4. Oxidation state and chemical composition of titanomaghemites in subsamples of ph19 as shown in Fig. 7(b) and of

three subsamples of ph78.

Properties I I \ VI viI VI ph78-1 ph78-2 ph78-3
a 8.466 8.433 8.437 8.438 8.441 8.429 NA NA NA
X 0.68 0.73 0.77 0.73 0.74 0.76 0.75 0.70 0.67
Xstd 0.01 0.02 0.02 0.01 NA 0.01 0.00 0.02 0.01
z 0.36 0.74 0.77 0.70 0.71 0.81 0.98 0.54 0.45
Zstd 0.03 0.01 0.03 0.07 NA 0.01 0.05 0.06 0.11
n* 3 2 2 2 1 2 4 3 7

*: number of analyses.

millimetre scale, we find that NRM intensities of more highly oxi-
dized subsamples are clearly lower than those of the less-oxidized
samples (Fig. 9). This confirms the observations of previous studies
that discoloured rims generally displayed a lower NRM intensity
than grey interiors (Beske-Diehl 1990; Marshall & Cox 1972), but
our study also illustrates that the discolouration front does not co-
incide with abrupt changes in oxidation.
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Figure 8. Changes in magnetic properties in a detailed traverse across ph19
(~800 ka), plotted versus subsample positions (as in Fig. 7a), as well as
degree of oxidation (z) along the traverse of Fig. 7(b). Values are listed in
Tables 3 and 4.
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