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Abstract we analyze magnetic properties from Ocean Drilling Program (ODP)/Integrated ODP (IODP)
Hole 1256D (6°44.1" N, 91°56.1" W) on the Cocos Plate in ~15.2 Ma oceanic crust generated by superfast
seafloor spreading, the only drill hole that has sampled all three oceanic crust layers in a tectonically undis-
turbed setting. Fuzzy c-means cluster analysis and nonlinear mapping are utilized to study down-hole
trends in the ratio of the saturation remanent magnetization and the saturation magnetization, the coercive
force, the ratio of the remanent coercive force and coercive force, the low-field magnetic susceptibility, and
the Curie temperature, to evaluate the effects of magmatic and hydrothermal processes on magnetic prop-
erties. A statistically robust five cluster solution separates the data predominantly into three clusters that
express increasing hydrothermal alteration of the lavas, which differ from two distinct clusters mainly repre-
senting the dikes and gabbros. Extensive alteration can obliterate magnetic property differences between
lavas, dikes, and gabbros. The imprint of thermochemical alteration on the iron-titanium oxides is only par-
tially related to the porosity of the rocks. Thus, the analysis complements interpretation based on electrofa-
cies analysis. All clusters display rock magnetic characteristics compatible with an ability to retain a stable
natural remanent magnetization suggesting that the entire sampled sequence of ocean crust can contribute
to marine magnetic anomalies. Paleointensity determination is difficult because of the propensity of oxyex-
solution during laboratory heating and/or the presence of intergrowths. The upper part of the extrusive
sequence, the granoblastic dikes, and moderately altered gabbros may contain a comparatively uncontami-
nated thermoremanent magnetization.

1. Introduction

The issue of the source of the marine magnetic anomalies or “stripes” is not resolved despite considerable
research effort [e.g., Harrison, 1987; Raymond and Labrecque, 1987; Pariso and Johnson, 1993; Tivey, 1996; Gee
and Kent, 2007]. The inherent nonuniqueness of potential methods precludes the determination of the inten-
sity and thickness of the magnetized layer at the same time [e.g., Blakely, 1995]. Underneath a sediment layer
of variable thickness, oceanic crust is typified by the well-known sequence of a topmost pile of extrusive lava
flows, underlain by subvertical sheeted feeder dikes, commonly referred to as the sheeted-dike complex,
which is in turn underlain by gabbroic rocks. The upper crust consists of these extrusives and sheeted dikes
while the gabbroic part is isotropic and coarse-grained. More evolved gabbro units are often intruded into
less evolved units. In the lower crust, the gabbros are foliated and layered [e.g., France et al., 2009].

While the topmost ocean floor lavas are comparatively easy to sample and study, deeper segments of oce-
anic crust can only be sampled in fortuitous tectonic circumstances, such as, when gabbros and underlying
ultramafic mantle rock are juxtaposed with higher-level crustal rocks through extensional detachments as
oceanic core complexes [e.g., Dick et al., 2000; Suhr et al., 2008]. Alternative options to expose dikes are
escarpments, like in the Hess Deep Rift [e.g., Francheteau et al., 1990], and scarps along transform faults
[e.g., Tivey, 1996]. Also relatively unaltered obducted oceanic ophiolite crust occurs in Oman and on Cyprus
where it has been extensively studied by a variety of techniques [e.g., Lamoureux et al., 1999; Gillis, 2002,
2008; Nicolas et al., 2008].
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Naturally, questions arise to whether the easily accessible but tectonically disturbed fragments of oceanic
crust are representative of the overall oceanic crust. These concerns can be alleviated by sampling undis-
turbed oceanic crust, such as generated by parts of ridges well away from fracture zones or other disconti-
nuities due to ridge segmentation or propagation. Such representative locations are necessary for
understanding the dike/gabbro transition and interaction [e.g., Nicolas et al., 2008], but can only be
accessed by drilling. The selection of an accessible site where all the primary layers of oceanic crust can be
penetrated, is determined by both seafloor spreading processes and technical drilling limitations: the depth
to the melt-lens reflector and hence to the gabbros diminishes with increasing spreading rate [Phipps Mor-
gan and Chen, 1993] and penetrating basement deeper than 1.5-2 km is technically challenging. Therefore,
as outlined by Wilson et al. [2003, 2006], Site 1256 was selected, because it resides in crust created by super-
fast spreading. This makes it possible to reach the gabbro layer by drilling shallower than at Site 504B or
other sites in slow- or intermediate-spreading crust. Indeed, this proved to be the case for Hole 1256D,
where drilling succeeded in reaching the top of the gabbros [Wilson et al., 2006]. France et al. [2009] further
suggested that the bottom of Hole 1256D penetrates just through the transition from dikes to the foliated
gabbros and therefore represents the top of the (fossilized) melt lens. Thus, Site 1256 is currently the only
place on Earth where all the primary layers of an in situ section of oceanic crust have been sampled.

The interplay of magmatic and hydrothermal alteration processes and their effects on magnetic mineralogy
can thus be evaluated in an undisturbed setting throughout the entire upper ocean crust. To evaluate this
interplay, we use fuzzy c-means cluster analysis (FCM) on a set of mineral-magnetic parameters. FCM is a
multivariate statistical approach that enables unsupervised partitioning of samples into groups that can
subsequently be interpreted [e.g., Hoppner et al., 1999]. Through the calculation of how similar a case (or
sample) is to all clusters, fuzzy clustering techniques allow consideration of gradual boundaries in multivari-
ate data sets, the rule in nature. They are often preferred over classical hierarchical clustering techniques.
Here, we interpret changes in mineral magnetic properties categorized in clusters in terms of magmatic
and hydrothermal alteration and subsequently discuss implications for paleointensity determination and
how the magnetizability of various portions of the ocean crust provides constraints on their contribution to
marine magnetic anomalies.

2. Concise Geological and Mineralogical Description of IODP Hole 1256D

Here, we focus on the rock description of Hole 1256D drilled during ODP Leg 206 [Wilson et al., 2003] and
IODP Expeditions 309 and 312 [Teagle et al., 2006]. Below the sediment cover, the extrusive section (250-
1061 meters below seafloor (mbsf)) consists of about 25 m of basalts that cap a ~75 m thick lava pond,
which is underlain by ~185 m of inflated flows, ~470 m of sheeted and massive flows, and then a ~55 m
thick transition zone before the sheeted dikes are entered. The sheeted dike complex is ~346 m thick
(1061-1407 mbsf) and is underlain by a plutonic gabbro zone that extends down to the base of the hole at
1507.1 mbsf.

The lava pond is interpreted to be the result of off-axis eruptive activity because the paleomagnetic direc-
tion of the lava is anomalously steep for an equatorial site, suggesting it was erupted during a polarity tran-
sition and Site 1256 lies ~5 km east of the Anomaly 5Bn-5Br transition [Wilson et al., 2003]. Additionally, in
nearby Hole 1256C, some sediment is found between the inflated flows and the pond itself [Wilson et al.,
2003]. Lavas directly underlying the lava pond contain subvertical hyaloclastite-filled inflation structures,
indicating eruption onto a near-horizontal surface. Contacts between units in the lava pond are mainly hori-
zontal as well. They become steeper downhole toward the sheeted dike complex [Tartarotti et al., 2009].

The lithologic transition zone between the lavas and the sheeted dikes is characterized by the first subverti-
cal igneous contacts and mineralized breccias. It coincides with a stepwise increase in alteration grade: low-
temperature clay minerals and oxyhydroxides (<150°C) are alteration products in the lavas while chlorite
and other greenschist facies minerals occur in the sheeted dikes (>250°C) [Wilson et al., 2006; Teagle et al.,
2006]. The sheeted dikes themselves comprise massive basalt and dolerite with common subvertical chilled
margins. Thin dikes intruded in water-filled cracks with quenching and associated hydrofracturing as a
result.

The plutonic section comprises two gabbroic intervals, which are 52 and 24 m thick, that intruded a 24 m
thick intervening interval, referred to as the dike screen (1458.9-1483.1 mbsf), which is granoblastically
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recrystallized [Teagle et al., 2006]. The gabbro rocks sampled are similar in chemistry to the overlying dikes
[Wilson et al., 2006]. The magnesium numbers (Mg#s) of secondary clinopyroxenes are lower than those of
primary clinopyroxenes. Bulk rock Mg# does not change [Teagle et al., 2006] so the iron is contained in sec-
ondary magnetite, likely explaining the widespread occurrence of very fine-grained opaques in altered cli-
nopyroxene. The dike-gabbro transition is the boundary between the active magma system with its melt
lens and the lower-temperature convecting hydrothermal system in the sheeted dikes and above.

After having been cooled substantially by hydrothermal action, the lowest ~60 m of the sheeted dikes
were transformed to granoblastic dikes under granulite facies conditions [Koepke et al., 2008], forming in
the so-called “dry” domains. A heat source beneath induced the prograde metamorphism. The two-
pyroxene thermometer [Andersen et al., 1993] indicates a temperature range of 940-1050°C for the peak
conditions. The heat source must have provided the thermal energy for several thousands of years as mod-
eled by Koepke et al. [2008]. Most likely, it involved an axial magma chamber located near the base of the
sheeted dikes. Later, “wet” domains formed under amphibolite facies in a temperature regime between 700
and 850°C as indicated by the amphibole-plagioclase thermometer [Holland and Blundy, 1994]. The oxides
continued to equilibrate down to temperatures of 540-600°C as inferred from the two-oxide geothermom-
eter [Sauerzapf et al., 2008], which was considerably lower than peak metamorphic conditions. The ther-
mometers show increasing temperature with depth in line with a heat source below the sheeted dikes.
Oxides occur as coarse lamellar intergrowths of magnetite/hemoilmenite solid solutions and rare large mag-
netite grains with significantly different compositions from the titanomagnetite that occurs in the “fresh”
lavas and dikes [Koepke et al., 2008; Krasa et al., 2011]. The degree of oxidation parameter z for titanomagne-
tite (unoxidized titanomagnetite has z = 0, completely oxidized or maghemitized titanomagnetite has z
=1) is consistently <0.2 for the lowermost dike section (the granoblastic dikes; 1348-1407 mbsf) and gab-
bros, whereas z ~ 0.6 for all the igneous section above 1348 mbsf [Krdsa et al., 2011]. The oxides in this
interval also have low ulvospinel content (8-18 mol % versus 61-74 mol %) and low Al,O5 contents (0.4-0.9
versus 0.9-2.3 wt%) [Dziony et al., 2008]. The composition is reset to the ambient temperature and redox
conditions during granoblastic dike formation. The ilmenite solid solutions in the granoblastic dikes are also
different from the primary, near-pure ilmenite of the lava pond in their high hematite contents [Dziony

et al., 2008].

The present study involves an analysis of 316 samples collected from core pieces throughout the entire
hole. One hundred seventeen samples cover the interval of Leg 206, 152 of Leg 309, and 47 of Leg 312. The
extrusive rock pile comprises 186 samples, the sheeted dike complex 100, and the gabbro 30. Samples were
primarily collected for remanent magnetization and paleointensity determinations and accompanying rock
magnetic property analysis [Herrero-Bervera and Acton, 2011; Herrero-Bervera et al., 2011; Krasa et al., 2011].

3. Magnetic Parameters and Methods

We base our interpretation on magnetic parameters, specifically the coercive force (B.), the coercivity ratio
(B./Bc, where B, stands for remanent coercivity), magnetization ratio (the ratio of the saturation magnetiza-
tion (M) and remanent saturation magnetization (M,s)), low-field magnetic susceptibility (y,), and the Curie
temperature (T¢). Their downhole trends are discussed in Herrero-Bervera et al. [2011] and here we focus on
their multivariate statistical interpretation. Measurements were performed at the magnetic laboratories of
the University of Hawaii (Honolulu, USA) and the University of California, Davis (USA). An alternating gradi-
ent force magnetometer (MicroMag, Model 2900) with a maximum field of 1.2 Tesla in the Davis laboratory
was used for room temperature hysteresis loop measurement. Typical signals (sample mass 4-10 mg) were
at least four orders of magnitude above the noise level of the instrument (~2 X 10~ '® Am?). In the Hono-
lulu laboratory a variable force translation balance (VFTB, Petersen instruments, sample mass ~200 mg) was
utilized with a maximum field of 1 Tesla. Both sets of hysteresis loops were corrected for paramagnetic con-
tribution by subtracting the high field slope (calculated from magnetizations in fields higher than 0.7 Tesla);
B. was obtained from the slope-corrected loop by linear interpolation between the field steps where the
magnetization changed sign. For determination of the Curie temperature, samples were heated to 700°C in
a field of ~720 mT in the VFTB instrument. Sample magnetizations were at least two orders of magnitude
above instrumental noise level (~1 X 10~8 Am?). In cases of multiple Curie temperatures, the dominant
temperature (usually the lowest) is taken to be characteristic of the sample. Low-field susceptibility data
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were acquired at room temperature with an AGICO (Brno, Czech Republic) KLF sensor or with a KLY2 sus-
ceptometer; the susceptibilities were several orders of magnitude stronger than instrumental noise levels (5
X 107%Sland 4 X 1078 S|, respectively, for a nominal sample volume of 10 cm?).

4, Multivariate Statistical Techniques

Simultaneous evaluation of effects of multiple input parameters is possible with multivariate statistical tech-
niques. A myriad of options exist, each with specifics tailored to a type of data, a particular problem at
hand, etc. [e.g., Hoppner et al., 1999]. Here, we use fuzzy c-means clustering (FCM) and nonlinear mapping
(NLM). Examples in geosciences related to rock magnetics include the analysis of early diagenetic effects on
the Calabrian Ridge sediments collected with a long piston core [Dekkers et al., 1994], variations in the
expression of surface sediments in the Southern Atlantic Ocean [Schmidt et al., 1999], the unraveling of the
impact of anthropogenic effects on a soil-data set from Austria [Hanesch et al., 2001], and an analysis of cli-
mate change from piston core data in the Azores area [Viag et al., 2004]. A recent sedimentological example
is the study by Lucieer and Lucieer [2009] on ocean sediments off the shore of Australia with gradual spatial
boundaries that are classified in terms of provenance with the help of FCM and NLM.

The following summarizes the strategy and principles adopted for the interpretation of the present data
set. Cluster analysis, whatever its exact formulation, should be performed with reasonably symmetrically dis-
tributed input parameters. The basic physical interpretation of each parameter must also be understood to
provide a firm basis for the multivariate interpretation. For the present study, the basic meaning of the five
magnetic input parameters is: i, is @ measure of the concentration of the Fe-Ti oxides and Tc is a measure
of the dominant composition of those Fe-Ti oxides. B, B.,/B, and M,s/Ms were chosen as grain-size indica-
tors. Thus, a parameter set is selected that in essence reflects the behavior of the Fe-Ti oxides in terms of
concentration and composition and with emphasis on subtle grain-size effects. Information on incipient
oxyexsolution is also reflected by changes in Curie temperature. Other potential hydrothermal effects may
also be identified by changes in grain-size. We use classic hysteresis parameters, supplemented with y;, and
Tc, primarily because these measurements are available for the entire sample set; however, we are aware
that they cannot describe the variability within the data to the full. Future studies may consider further
parameters to provide a more detailed picture of certain aspects of the data set. Later, in section 6.1, we will
suggest some prospective parameters that can be acquired at room temperature.

A multivariate data cloud is rarely homogeneous and processes that have acted on the samples may lead
to grouping in the data. Groups or clusters within a multidimensional data cloud convey meaning as to
why they exist and how groups can evolve with respect to each other. If such meaningful groups can be
extracted from a certain data set, the researcher has a powerful interpretational tool at hand. However,
groups within a data set are seldom known in advance and so-called unsupervised partitioning techniques,
such as clustering, are required for their identification. Clustering techniques partition samples or “cases”
over a user-specified number of subgroups (i.e., clusters) based on a similarity measure. Classic hard clus-
tering techniques allocate each case to one cluster only which may lead to distorted clusters if the samples
are not that alike. Importantly, gradual changes are difficult to portray with hard clustering. Fuzzy cluster-
ing techniques, of which FCM is one, calculate the similarity of a case to all clusters considered. This similar-
ity is expressed by a membership for each cluster that varies between 0 (no similarity) and 1 (completely
identical). For every case, the memberships to all clusters considered sum to 1. In FCM, the cases are itera-
tively partitioned over the desired number of clusters in such a way that the cases are as close as possible
to their cluster center while simultaneously the cluster centers are as far away from each other as possible.
Samples that cannot be allocated to a specific cluster have appreciable memberships to more than one
cluster. As such gradual boundaries can be visualized. In order to have equal weight for each input
variable, data were standardized (i.e., each variable was normalized to have a mean of 0 and a standard
deviation of 1).

Selecting the optimal number of clusters, the cluster validity, is an essential part of the entire clustering
procedure, since the number of groups is not known a priori [Dave, 1996; Wu and Yang, 2005]. Over the
years FCM users have proposed a set of validity functionals or validity indices that mathematically judge
the cluster solution. Classic functionals, the partition coefficient (PC), and partition entropy (PE)

[Bezdek, 1974; Bezdek et al., 1984; Bezdek, 1992], only define compactness, with the optimal number of
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clusters being defined by the maximum PC and by the minimum PE. Dave [1996] has proposed a modified
partition coefficient (MPC, maximal for an optimal number of clusters) to reduce the tendency of the PC
toward low cluster numbers. More recent validity indices measure the degree of compactness and
separation between all clusters. They include the XB index (minimal; Xie and Beni [1991]), the PMBF index
(minimal; Pakhira et al. [2005]), and the PCAES index (maximal; Wu and Yang [2005]). Logically, an optimal
cluster should be compact and clearly separated from the others. In practice, gradual boundaries make
the isolation of “crisp” clusters often impossible. Cluster validity indices try to capture the robustness of
the cluster solution in a single numerical value. Often the various indices do not infer the same number of
clusters to be optimal [e.g., Lucieer and Lucieer, 2009]. Thus indices should not be treated as definitive
model selection criteria, but instead as indicative parameters. To contribute to this issue, we take a proba-
bilistic approach with the help of the distance metric of Torres et al. [2008]. The FCM iteration procedure
is known to be sensitive to the starting configuration used to initiate the algorithm. We consider a solu-
tion robust when the samples are always allocated to the same cluster independent of the starting config-
uration. Therefore, for each number of clusters (two through nine clusters), the models were run from 500
starting configurations spanning the entire data space. Each solution was pair-wise compared with the
distance metric of Torres et al. [2008] which yields 0 if two cluster solutions are identical and 1 if they are
completely inconsistent. Thus, when the distance metric starts to deviate from 0 for a given number of
clusters, the solutions are displaying a dependence on starting configuration and must be deemed unreli-
able. The highest number of clusters which yielded only distance metrics of 0 is thus considered to be the
optimal model.

The cluster solutions were further assessed by low-dimensional graphical representations. Nonlinear map-
ping [Sammon, 1969] has been shown to be a very useful tool to this end [e.g., Vriend et al., 1988]. With an
increasing number of clusters, the allocation from the FCM algorithm and the nonlinear mapping projection
must remain coherent; otherwise “interpretational noise” is the result. Abonyi and Babuska [2004] proposed
to map the samples and the cluster centers onto the projection plane with a modified algorithm that also
maintains distances between the clusters and the data points. Their two-dimensional NLM projection plane
(termed Sammon projection) aims to preserve the distances between the data within the original data set
(in this case a five-dimensional data cloud). They calculate membership contours that are also plotted. With
their FUZZSAM algorithm, they project the results of FCM onto the projection plane whereby the normal
Sammon projection serves as initialization, the samples’ cluster memberships are also taken into account.
The so-called FUZZSAM projection conveys the fine structure within clusters better than the normal Sam-
mon projection. Transitional samples (with no dominant membership) should fall in areas in the plot where
the hyperspheric membership contours of several clusters meet [Abonyi and Babuska, 2004]. Further, in a
robust solution the number of transitional cases (samples with the second highest membership > 0.6 times
the dominant membership) should not be that large.

Another way to handle transitional cases is to plot the so-called confusion index (Cl) [Burrough et al., 1997,
2000]: when the memberships of two or more clusters become (nearly) equal, there is uncertainty concern-
ing the cluster allocation, conversely if one membership dominates there is little doubt on the cluster allo-
cation. Broad transition zones convey gradual trends within the data while small transition zones indicate
crisp boundaries. In this way, dominant and more subtle processes may be elucidated. The Cl pattern is
mapped here on the Sammon and FuzzSam projections of Abonyi and Babuska [2004]. The Cl and Sammon
plots are used along with cluster validity indices to decide upon the optimal number of clusters: coherent
“cluster regions” should appear, otherwise there is a risk of overinterpreting the data structure. As men-
tioned earlier, validity indices are adopted as model selection guidelines. Indices that evaluate compactness
only appear to describe first-order properties of the data sets. Those that take separation into account to
some extent describe finer features as well.

The various map visualizations are particularly useful tools to gauge the robustness of the solutions with an
increasing number of clusters. Solutions were calculated iteratively (until the difference in the objective
function between consecutive iterations became < 10~*) from two up to nine clusters, i.e,, a number where
the cluster allocations became clearly blurred at a point exceeding the algorithm’s discriminative power.
The stability of cluster solutions generated from different starting positions was given considerable interpre-
tational weight along with coherency in the Cl and Sammon plots.
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Figure 1. Downhole plots (adapted from Herrero-Bervera et al. [2011] and Teagle et al. [2006]) and histograms of input variables. B. = coercive force (mT), B.,/B. = coercivity ratio,

M,s/Ms = magnetization ratio, Curie T = Curie temperature (°C). “Lava pond” = off-axis very thick lava flows, Extr. = extrusive section, Trans. = transition zone between extrusives and
sheeted dikes, Dikes = sheeted dike complex, Gabbro = isotropic gabbro part. Lithology column: light yellow = massive basalt, beige = sheet flow, light brown = pillow basalt,

green = sheeted dike, blue = gabbro. Intrusive contacts are indicated with red symbols and magmatic contacts with beige symbols. Breccia is indicated with black symbols in the middle
of the lithological column while granoblastic texture is indicated with finer black symbols at the right side of the lithological column.

5. Results

5.1. Input Parameters

The patterns and trends described below are dealt with in considerably more detail in Herrero-Bervera et al.
[2011] along with scanning electron microscope (SEM) pictures demonstrating (incipient) exsolution in
Krasa et al. [2011]. Downhole trends of the input parameters are plotted in Figure 1 (adapted from Herrero-
Bervera et al. [2011]). Coercive force ranges between ~2 and ~10 mT in the extrusive rocks with occasion-
ally higher values in the inflated flow section. There is an overall tendency for B, to decrease with increasing
depth to the dike transitional zone. The upper dike section shows a variable B, behavior with higher values
ranging between ~10 and ~20 mT, whereas the lower (granoblastic dike) section is characterized by low B,
values of ~3-4 mT. The gabbros have higher B, values of ~5-10 mT. The dike screen between the gabbro
layers has notably low B, values while B, of the deepest basaltic dikes is comparable to that of the sheeted
dikes. The magnetization ratio (M,s/M,) is variable as well (range ~0.05 — ~0.25 with occasional values up to
0.4); it tends to decrease with increasing depth within the lavas. The sheeted dikes have values similar to
the upper half of the lavas. The granoblastic overprinted section, however, has the lowest M,s/M; values of
the entire core of ~0.02 - ~0.04. In the gabbroic parts, M,s/M; rises again but does not reach typical
sheeted dike values. The coercivity ratio (B.,/B,) is distinctly less variable; most of the lavas and sheeted
dikes have B,,/B. of ~2. Within the extrusive rock pile B.,/B. tends to increase with depth from ~700 mbsf
downward. The granoblastic dikes have notably high coercivity ratios. B.,/B. varies between ~2 and ~4 in
the gabbro. y;, varies more deeply down in the core. Within the extrusive rocks, an overall increase with
depth is notable. The sheeted dikes are typified by low values in their top part comparable to values
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Table 1. Validity Indices as a Function of Number of Clusters®

Validity Indices Standardized Input Data

Max Max Min Min Min Min Max Min
Cluster PC MPC PE PEsc XB PBMF PCAES DM
2 0.668 0.336 0.503 0473 3.112 3.277 1.959 0.0000
3 0.614 0.422 0.687 0.423 2.649 3.164 2.359 0.0055
4 0.528 0.371 0.897 0.465 1.826 3.059 2.047 0.0000
5 0.480 0.350 1.041 0.479 2.027 3.003 1.572 0.0000
6 0.442 0.330 1.170 0.496 2.070 2.952 0.952 0.0440
7 0.420 0.324 1.265 0.502 1.640 2.896 0.874 0.2199
8 0.406 0.321 1.344 0.505 1.701 2.841 0.460 0.0477
9 0.387 0311 1426 0.513 1.530 2.810 0.653 0.2531

?PC = partition coefficient (maximal), MPC = modified partition coefficient [Dave, 1996] (maximal), PE = partition entropy (minimal),
PEsc = scaled partition entropy (minimal, the actual value is rescaled as a fraction between 0 and 1 to the distance between the mini-
mum and maximum value for each number of clusters), XB = Xie-Beni index [Xie and Beni, 1991] (minimal), PBMF = Pakhira-
Bandyopadhyay-Maulik Functional [Pakhira et al., 2005] (minimal), PCAES = partition coefficient and exponential separation index [Wu
and Yang, 2005] (maximal). DM = average distance across ensemble of pair-wise compared cluster solutions [Torres et al., 2008]. Optimal
validity measures are indicated by numbers in bold italics, other favorable cluster solutions in bold.

obtained for the lava pond. With depth, y;, tends to increase again with the highest values for the grano-
blastic dikes. The gabbros have notably low y;, values with the intervening dike screen values comparable
to the granoblastic dike part. The Curie temperature in the extrusive rock section varies between ~250 and
~450°C with an overall tendency to increase with depth. A spinodal exsolution model to explain the
increase of the Curie temperature with depth throughout the extrusive section of the core is provided in
Krasa et al. [2011]. Occasionally high Tc values of up to ~580°C occur, possibly related to later intruded
dikes. The T¢ of the topmost 350 m of the lavas is more variable than below. In the dike transition zone, Tc
rapidly increases to ~580°C; this Tc, indicative of magnetite devoid of Ti, remains constant throughout the
dikes and gabbros.

5.2. Interpretation of the Optimal Cluster Model

Histograms of the five input variables are shown in Figure 1. Before running the FCM algorithm, the input
parameters were standardized and scaled to give each input variable equal weight. Validity indices as a func-
tion of the numbers of clusters (Table 1) do not clearly point to a specific cluster solution that would be math-
ematically preferable over others. The classic indices (PC and PE, known to be conservative concerning the
optimal number of clusters) favor two clusters, reasonably consistent with a division according to extrusive
lavas on the one hand and sheeted dikes and gabbros on the other. The MPC and the scaled PE (PEsc) indi-
cate three clusters. However, throughout the extrusive sequence, several levels with “intrusive” signatures are
obtained, and virtually none of those samples has a high T¢ that could point to later sill or dike intrusion. Also
notable is that some gabbro and dike samples have characteristics similar to extrusives. In particular, the gab-
bro section of the hole appears to have distinctly varying magnetic properties. Evidently, multiple intrusion,
hydrothermal, early, and late metamorphic effects complicate a simple separation. Further inspection of the
Sammon and FuzzSam maps indicate that more structure is visible, so a number of clusters >2 is appropriate.
Therefore, solutions with an increasing number of clusters are considered. Validity indices that also take clus-
ter separation into account—XB, PBMF, and PCAES—indicate as optimal cluster number 9 (with local minima
at four and seven clusters), 9 (actually the index “optimizes” from two clusters onward), and 3, respectively.
However, from eight clusters upward, samples with a clear cluster affiliation appear to plot in the field of other
clusters in an increasing number of occasions on the Sammon and FuzzSam maps. This indicates there is a
large risk that “data noise” is being interpreted and solutions for cluster numbers >8 were not considered fur-
ther. Five, six, and to a lesser degree, seven cluster solutions appear to be visually consistent on the Sammon
and FuzzSam maps and are supported by reasonably high values of the PCAES index that is often regarded as
the preferred cluster validity index (particularly the five cluster solution has fairly high values). Importantly, the
cluster solution starts to become dependent on the starting configuration of the data from six clusters and
higher as expressed by the distance metric DM (Table 1). Therefore, we consider a five cluster model optimal;
the cluster centers are given in Table 2 and Sammon and FuzzSam maps are shown in Figure 2.

Logically, the cluster model should be interpreted according to general magmatic and alteration principles
and their bearing on magnetic properties. The dominant titanomagnetite in mid-ocean ridge basalts is
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variably maghemitized (Fe, 4Tig 604 Or

Table 2. Cluster Centers of the Five Cluster Solution® . .
TM60 with a Curie temperature range of

Standardized ExPr ExA ExM InP1 InP2

~160-380°C (e.g., Lattard et al., [2006];
B (mT) 5.186 4,980 3.303 11.277 18.264 . .
MM, e i - BivE . Fe;0,4 is TMO and F§2T|O4 is TM.1 00). In
B../Bc 1.886 2795 4722 2142 1.750 Hole 1256D, the grains are partially maghe-
Zin (m*/kg) 1.26 1.75 265 1.38 1.26 mitized at a level that remains more or less
Tc (°0) 305 443 495 551 558

constant downhole down to the lower-

Cluster centers are ranked according to increasing Curie temperature. most portion of the sheeted dike complex

B, = coercive force (mT), M,s/M; = magnetization ratio, B.,/B. = coercivity s
ratio, yin = low-field susceptibility (in units of 10> m3/kg), Tc = Curie tem- (z O"6’ Kmscf et al. [2011]). Note that 'the
perature (°C). ExPr = extrusive pristine, EXA = extrusive altered, analysis of Krasa et al. [2011] was restricted

ExM = extrusive altered multidomain, InP1 = intrusive pseudo-single- to larger magnetic particles (> 10 um) that
S:emnilan": taer;g InP2 = intrusive pseudo-single-domain 2. For interpretation, contain the entire spot of the SEM energy
dispersive spectrometer set-up so that the
analyses are not contaminated by neigh-
boring particles. We distinguish three clusters with an extrusive rock signature—Extrusive Pristine (ExPr),
Extrusive Altered (ExA), and Extrusive Multidomain (ExM)—and two clusters with intrusive features—Intru-
sive Pseudo-single-domain type 1 and 2, respectively (InP1 and InP2). Coercive force and Curie temperature
appear to be the foremost discriminators. With increasing hydrothermal alteration, Tc goes up in the extru-
sive section while all sheeted dike and gabbro samples have Tcs around 580°C, indicative of pure Fe30,.
The latter often have notably high B. values with related high M,s/M;.

Sammon,

FuzzSam,

I 1Membership contours -
° [}
3 1 \ r
|
y )
® C>‘ [ ]
L 9 | L
S
S
L s> r
0.7 v
N s° % | ] \ I
Sammon, Sammon,
|Confusion Index i | Membership contours | e |
\ . |-
. |
£ L
©
i
N ®
=}
[N
FuzzSam, FuzzSam,

Exrr @ExA @ExM @ InP1 @ InP2 @ Transitional

Figure 2. Sammon and FuzzSam maps for the five cluster solution. Hyperspherical maximum membership contours are according to Abonyi and Babuska [2004]. The confusion index is
from Burrough et al. [1997]. Transitional samples, where the second highest membership takes a value of more than 60% of the highest membership, are marked as small black points.
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Figure 3. Membership distributions for all samples plotted versus sample number. The corresponding lithological segment (cf. Figure 1) is
indicated below. ExPr cluster: light green, ExA cluster: dark green, ExM cluster: dark blue, InP1 cluster: dark brown, and InP2 cluster: light
brown. ExPr cluster samples appear to be dominant in the top part of the extrusive zone followed downward by ExA and then ExM. In the
deepest extrusive parts, ExXA and ExM samples occur, both testifying to the scattered nature of the alteration.

The ExPr cluster center has the lowest T¢ and is interpreted as representing (approximately) pristine ocean
crust. B¢, Ms/M, and B,/B. indicate rather coarse PSD grains. y;, of this cluster is comparatively low. Sam-
ples with high Tc and high B. and M,s/M; (seen on the periphery of this cluster, Figure 2) are interpreted as
grain fining by incipient oxyexsolution as supported by SEM observations [Krasa et al., 2011].

With increasing alteration, the magnetic particles oxyexsolve and the cluster ExPr grades to ExA and then to
ExM. As alteration progresses Curie temperatures increase further and (titano)magnetite (in a broad sense,
including variably maghemitized compositions) lamellae become larger resulting in hysteresis ratios moving
progressively toward and into the MD field. Note that y;, increases as anticipated by the generation of
more increasingly Ti-poorer magnetite of which intergrowth features become larger as well. The intrusive
clusters InP1 and InP2 are characterized by Curie temperatures of ~550-570°C indicative of (almost) pure
magnetite. Yet, their hysteresis ratios are PSD and fine PSD, respectively, and y;, is low, comparable to that
of the ExPr cluster. Because of prolonged higher temperatures, intermediate titanomagnetite has exsolved
to particles consisting of magnetite and ilmenite lamellae, with a magnetic grain size much finer than the
physical grain size. Indeed SEM photographs show magnetite with ilmenite lamellae and ilmenite with
finely exsolved magnetite [Krdsa et al., 2011].

6. Discussion

6.1. Comparison of the Clustering of Magnetic Parameters with Lithology

Figures 3 and 5 show the downhole distribution of sample membership to each cluster. As anticipated, the
most pristine samples are confined to the top segment of the hole: below ~641 mbsf only a few scattered
“pristine” samples occur. Noteworthy is that the lower portion of the lava pond contains a fair number of
samples allocated to the ExA cluster. So, even the topmost section, lava pond is not devoid of alteration
phenomena. From ~630 mbsf to ~1023 mbsf (well within the transition zone to the sheeted dikes), ExA
and ExM clusters are prominent. More altered ExM samples have a slight tendency to occur in the deeper
portion. The cluster analysis allows an assessment on a “per sample” basis, enabling a refined picture of the
overall downward progression in alteration. The transition zone between the extrusive sequence and the
sheeted dikes behaves magnetically as intrusive. Throughout the extrusive sequence, a few scattered sam-
ples occur that are classed as intrusive, 10 in total (out of 166 samples). For the two topmost of these deviat-
ing samples (in the lava pond at 278.91 and 306.81 mbsf), the Curie temperature was not measured (in such
cases, the algorithm replaces missing values with the cluster center value at each iteration in order to not
distort the calculation) and since their hysteresis properties are “intrusive-like” they are classed as such in
InP2. Adjacent samples have low Curie temperatures. It may well be that the deviating samples represent
the very first, comparatively dry, stage of exsolution leading to grain fining. For three other samples (409.89,
410.07, and 494.28 mbsf) with measured low Curie temperatures, the same reasoning applies. The impact
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of SD-like hysteresis properties outweighs that of the low Curie temperature in the FCM and samples are
classed as InP2. They could well represent an initial “dry exsolution” stage.

The other five samples (457.65, 534.64, 715.95, 802.15, and 951.15 mbsf with Curie temperatures of 590,
549, 493, 430, and 461°C, respectively) are classed to the InP1 cluster despite three cases having fairly low
Curie temperature for the InP1 cluster. Apparently the influence of the hysteresis parameters outweighs
that of the Curie temperature in the FCM analysis. According to the log descriptions of the volcanostratigra-
phy, only the sample at 951.15 cm comes from a dike. The two highest samples (at 457.65 and 534.62 mbsf)
have a high Curie temperature and behave magnetically like intrusives despite their classification as being
from basaltic sheet flows. Possibly the core of the sheet flow had sufficient time to create exsolved titano-
magnetite. It should be realized that the limited number of input parameters cannot describe all natural var-
iability, resulting in a few somewhat counterintuitive samples in the clusters.

Magnetic clusters with intrusive features, InP1 and InP2, are dominant from ~1030 mbsf down to

~1230 mbsf (Figure 5), starting ~30 m higher uphole than where sheeted dikes are described in the logs.
In the transition zone, a number of intervals have dike lithologies based on core descriptions [Teagle et al.,
2006]. The topmost portion of the transition zone with dikes described in the log is so altered that its sam-
ples are classified as being in altered clusters. Below this altered zone, as expected, an intrusive signature
emerges from the magnetic properties from all samples. Below 1230 mbsf, the intrusives are allocated to
the ExM cluster and not to either intrusive cluster. They have a high Tc but are notably multidomain. Since
the grain-size information gets more weight than the Curie temperature in the calculation of the cluster
model (three variables versus one), this has led to their allocation to ExM, a cluster that expresses extrusive
rock properties. This indicates that one should never blindly rely on cluster allocations without inspection of
the down-hole trends in clusters. The granoblastic overprint in the lowermost dikes [Koepke et al., 2008;
Krasa et al., 2011] has generated an entirely new magnetite population that lacks the intergrown lamellae
resulting in MD particles. This highlights the idea that one should always consider the cluster affiliation of
samples in conjunction with the individual input parameters. Identifying granoblastically overprinted sam-
ples in a separate cluster (as would be conceivable) is apparently beyond the power of the present set of
input variables.

The gabbro zone (deeper than 1406 mbsf) appears to be remarkably complex from a magnetic mineral
point of view. Magnetic grains are often coarser than in the dikes leading to classification in altered extru-
sive clusters in a substantial number of samples. This could be a consequence of multiple gabbroic intru-
sions. Also the dike screens are granoblastically overprinted leading to allocation to ExA or ExM clusters. For
a better distinction of the gabbros, other magnetic parameters expressing grain size and alteration, for
example related to the anhysteretic remanent magnetization, could be included in the analysis. Alterna-
tively, a parameter that accounts for the greater variability in all rock magnetic parameters might be able to
differentiate the complex gabbro zone from the less variable ExA and ExM clusters.

The hysteresis parameters are plotted on a “Day plot” [Day et al., 1977] for the five cluster solution and the
defuzzified version (Figures 4a and 4b; defuzzified means that the highest membership is used to make a
hard cluster assignment of each sample, so no transitional samples can occur; this is equivalent to conven-
tional hierarchical c-means clustering). Note that the samples plot close to the SD-MD mixing line of Dunlop
[2002], indicating the contribution of SP particles is insignificant. Only for the highest B.,/B. values, the sam-
ples plot slightly above the SD-MD mixing line. Both defuzzified plots have a rather scattered appearance
particularly with a rather large overlap between the ExPr and InP1 clusters. When considering the member-
ships many samples from the overlaps appear to be transitional, with appreciable memberships to more
than one cluster. This clearly illustrates the merit of the fuzzy approach which enables visualization of ambi-
guities. It also shows that a two-dimensional representation of the five-dimensional data space is an over-
simplification of reality, although the cluster allocation is coherent in terms of the hysteresis parameters.
The ExPr cluster plots below the InP1 and InP2 clusters, so extrusive rocks (when not altered too much)
have hysteresis properties distinct from dikes and gabbros (again when not altered too much). However,
cluster fields partially overlap on the Day plot, which makes a firm distinction based solely on hysteresis
properties ambiguous. Alteration trends of the extrusive samples on the Day plot are subtle. The most pris-
tine samples in the ExPr cluster plot around M,s/Ms ~0.1 and B,/B. ~2. Samples that show incipient altera-
tion move toward the SD field (M,s/Ms ~0.15 and B.,/B. ~1.8). Further alteration reverses this trend and
with progressing alteration samples move back toward (ExA cluster) and into the MD field (ExM cluster).
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Figure 4. Trends in hysteresis parameters as a function of alteration plotted on a Day plot, coercive force versus Curie temperature, and
susceptibility versus Curie temperature; fuzzy (with transitional samples, indicated by crosses) and defuzzified (without transitional sam-
ples) plots are shown. (a and b) Day plot: The most “pristine” lava samples (ExPr, light green) first grade to ExA (dark green) with increasing
alteration and then to ExM (dark blue). Dikes and gabbros (clusters InP1 and InP2, light and dark brown, respectively) plot on a distinct
trend overlapping but slightly above the trend of the ExPr cluster. In substantially altered samples, the intrusive and extrusive trends over-
lap on the Day plot, alteration masks their provenance. (c and d) Coercive force versus Curie temperature: ExPr samples have lowest Curie
temperature while that of ExA and ExM overlaps. ExM has lowest coercive force. InP1 and InP2 samples are discriminated primarily based
on their coercive force. (e and f) Susceptibility versus Curie temperature: ExPr and ExA have similar susceptibility while ExM has highest
susceptibility, both for Curie temperatures up to 500°C (extrusive segment) and around 550-570°C (intrusive segment). InP1 and InP2
have similar susceptibility. “Fuzzy” plots appear to be distinctly more coherent than the equivalent defuzzified plots, indicating that many
of the “deviating” samples are classed to be transitional. This clearly hints at the gradual character of the processes involved that can be
conveniently described with the fuzzy approach.
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Figure 5. Downhole cluster affiliation of the samples for the five cluster solution (marked as FCM). “Trans.” (transitional) indicates that the second highest membership takes a value of
more than 60% of the highest membership. The simplified lithology is the artificial neural network classification of Tominaga et al. [2009] based on several logging tools applicable to
the extrusive and sheeted dike intervals of the hole while the cluster results come from cored material of the entire hole.
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Also the division between extrusives on the one hand and dikes and gabbros on the other has disappeared.
Thus, it is not possible to make a firm distinction based on hysteresis properties alone. The secondary mag-
netite formed during metamorphic processes has no intergrowths [Krdsa et al., 2011]. When discriminating
between these samples, the Curie temperature is an important diagnostic parameter. Samples with

Tc > 520°C (~50% of the cases) are nearly always associated with dikes and gabbros. A few levels are
assigned to clusters with intrusive features based on their hysteresis properties, apparently outweighing the
influence of a comparatively low Tc. This strongly indicates that these particular levels have undergone
alteration.

To further illustrate how the cluster distribution is visualized on scatterplots, we show also plots of B, versus
Tc and y;, versus Tc (Figures 4c-4f). The extrusive sequence shows a fairly broad B range for lowest T, i.e.,
the most pristine cluster ExPr (Figures 4c and 4d). The ExA and ExM clusters have similar T¢ with ExM having
lowest B.. There appears to be a fair number of transitional cases throughout the field of the ExA cluster. In
the Tc range of ~550-580°C, the InP1 and InP2 clusters are typified by B, > ~10 mT. The cluster containing
samples with the lowest B, values is ExM, with a few cases of ExA. All of these samples come from the
sheeted dikes and gabbro. The alteration manifested by low B, likely is either representing granoblastic
dikes with MD particles of pure magnetite due to granulite facies metamorphism, or altered portions with
bigger lamellae that magnetically interact leading to low B, values. Transitional cases are restricted to B, val-
ues < ~17 mT. Note that the four deviating samples with notably high B and low T¢ are all transitional,
showing the merit of the fuzzy approach.

The cluster fields also emerge coherently in the plots of y;, versus Tc (Figures 4e and 4f). The intrusive clus-
ters InP1 and InP2 plot on top of one another, thus susceptibility cannot discriminate between those clus-
ters. The ExM cluster is characterized by highest y;, values and Tc > ~380°C. EXA plots roughly above ExPr
with ExM at its highest y;, portion. Interestingly, nearly all deviating samples appear to be transitional, again
demonstrating the suitability of a fuzzy approach.

The present interpretation is based on five routine mineral magnetic parameters. For a more refined inter-
pretation, additional parameters would be advantageous. These could include measurement of the fre-
quency dependence the low-field susceptibility to quantify any superparamagnetic (SP) particles. Further,
the intensity of the anhysteretic remanent magnetization (ARM) and the susceptibility of the ARM (the ARM
intensity divided by the direct bias field used to induce it) to represent SD and fine PSD behavior in a man-
ner complementary to hysteresis properties. Where appropriate, parameters should be expressed on a
mass-specific basis to enable proper comparison. Other parameters would include S-ratios retrieved from
acquisition curves of the isothermal remanent magnetization and back field demagnetization curves. The
classic interpretation of the S-ratio in terms of magnetite and hematite should be treated with some caution
in such data sets, because titanomagnetite can have a high coercivity tail beyond 300 mT which would be
erroneously attributed to hematite. Also, more sophisticated parameters to describe the shape of the hys-
teresis loop could be considered. Fabian [2003] proposed a shape parameter: oy, = In(Epys/4*B*Ms), where
Enys is the area contained by the branches of the hysteresis loop. Epys is > 4*B.*M; for so-called wasp-
waisted loops while potbellied loops are characterized by Ey, s < 4*B.*M; [Fabian, 2003]. Another parameter
proposed by Fabian [2003] is the ratio of the transient energy dissipation to Epys. This requires the additional
measurement of a first-order-reversal curve starting at zero field, which can be easily implemented in a hys-
teresis loop measurement scheme. Plotting this ratio against oyys would enable discrimination of SP and
MD particles which is not so straightforward from more classic rock magnetic parameters.

6.2. Comparison of the Clustering of Magnetic Parameters with a Log-Based Electrofacies Analysis
Tominaga et al. [2009] have developed a volcanostratigraphic framework for Hole 1256D based on electrof-
acies, which is derived from images collected by Formation Microscanner (FMS) and Ultrasonic Borehole
Imager (UBI) logging tools (Figure 5). They adopted an artificial neural network approach to distinguish
grouping in their data. The electrofacies-based division discriminates primarily on the basis of porosity
which is tied to (hydrothermal) alteration. The lava pond and gabbro portions of Hole 1256D were not con-
sidered by Tominaga et al. [2009] because they are not sufficiently porous to yield meaningful, interpretable,
logs. Below the lava pond, intervals of massive and fractured massive flows alternate with fragmented flows
and breccias down to a level between 700 and 780 mbsf, where many more thin flows or thick pillows and
possible pillows are distinguished. Further down isolated dikes occur increasingly often with increasing
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depth. Tominaga and Umino [2010] refined the calibration of the log-based facies with data from the East
Pacific Rise (EPR) and argued that the sequence from the sheeted dikes up to ~700 mbsf would be erupted
on-axis and on the axial slope (within ~1 km of the axis, which equates to lithosphere formed within ~10
kyr for Site 1256). Further upward the stack consists of lava flows that traveled long distances (kilometers)
from the ridge, sometimes ponding against impediments such as the normal faults that face toward the
ridge axis (formed within ~20 kyr). The topmost lava pond would be an extreme example (suggested to be
formed later, but not that much later).

The present magnetic-properties-based approach yields important information concerning the effects of
alteration on a per sample basis. Tominaga et al.'s [2009] logging approach takes a different angle to the
problem. The logs also collect information from brecciated and friable parts of the sequence that are under-
sampled by the drilling. Their calibration, however, requires core descriptions or a comparison to visible
rocks elsewhere. On the other hand, rocks with similar porosity may have been altered to a variable extent.
With the magnetic property analysis, this extent can be evaluated. Therefore, it is insightful to compare the
two approaches.

The samples emerging as most pristine (ExPr cluster) on the basis of their magnetic properties are nearly
always located above ~625 mbsf without a clear association to porosity (Figure 5). EXA samples in this seg-
ment are confined to the lava pond which is not amenable to electrofacies evaluation. It may indicate that
exposure to higher temperature is a prime driver of thermochemical alteration in the partially maghemi-
tized titanomagnetites. Below ~650 mbsf, a few scattered pristine samples occur. The zone where pillows
and suspected pillows are identified in rather large abundance in the core descriptions and electrofacies
analysis, and so in presumably dominantly porous rocks, is characterized primarily by samples from the ExA
cluster. So, in addition to exposure to high temperature, prolonged exposure to hydrothermal fluid action
has induced considerable alteration, which obscures the potential pristine character of the pillow lavas.

In general, ExPr samples have Curie temperatures below 350°C which is lower than the Curie temperature
of the upper part of the lava stack in Hole 504B. In Hole 1256D, deeper ExPr samples have Curie tempera-
tures up to ~400°C, which is distinctly high for “pristine” samples but in the range quoted for the upper
portion of the lavas in Hole 504B [Smith and Banerjee, 1986]. One could anticipate the presence of some
alteration in those samples, but not to a level sufficient to be classed in the ExA cluster (membership to the
ExPr cluster is lower in those samples testifying to the gradual character of the alteration processes). In Hole
1256D, Curie temperatures are lower and more variable in the 250-700 mbsf interval than deeper downhole
and in Hole 504B. The extrusive sequence is less hydrothermally altered than that of other basement sites,
for instance Hole 504B [Tominaga and Umino, 2010]. This is in line with the lower T in Hole1265D relative
to Hole 504B [Smith and Banerjee, 1986].

Below ~700 mbsf, Curie temperatures increase more slowly with depth than above [Herrero-Bervera et al.,
2011]. This could be tied to eruptive processes on the ridge axis that are characterized by a higher tempera-
ture regime than those slightly further away. Oxyexsolution occurs truly on axis to a higher degree leading
to higher Curie temperatures [Krdsa et al., 2011]. The more scattered nature of the Curie temperature distri-
bution downhole in the 250-700 mbsf interval concurs with a more patchy nature of alteration compatible
with deposition somewhat further away from the ridge axis. Tominaga and Umino [2010] infer a position on
the axial slope between 1 and 2 km away from the ridge axis and further than 2 km away from the ridge
axis for the extrusive sequence shallower than ~700 mbsf.

Below ~625 mbsf in the extrusive sequence, all samples are essentially allocated to the ExA and ExM clus-
ters that express increasingly advanced alteration. Porosity seems less of an issue but it should be recalled
that most extrusive rocks are rather porous by nature in comparison to intrusive rocks. Brecciation and frac-
turing of massive flows are described for this segment of the hole and supported by electrofacies data (Fig-
ure 5). The magnetic mineralogy enables one to discriminate between stages of alteration downhole. The
more altered ExM samples primarily occur deeper than ~815 mbsf, in line with longer exposure to higher
temperature. Samples from the lower half of the transition zone between the extrusive rocks and the
sheeted dikes have magnetic properties (particularly T¢) similar to the dikes because they are thermally
altered by the dikes. This behavior is similar to Hole 504B, where the extrusive sequence shows a gradual
increase of Tc with depth and the upper part of the dikes have T¢ of ~580°C indicating essentially unsubsti-
tuted magnetite. Smith and Banerjee [1986] interpreted the presence of submicroscopically exsolved titano-
magnetite based on electron microprobe analysis.
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The magnetic mineralogy of the dikes and gabbros has more structure and heterogeneity than evident
from the electrofacies analysis (Figure 5). The varying size of intergrown magnetite lamellae in ilmenite and
vice versa can be distinguished from their hysteresis properties; samples with the highest M,;/M; and lowest
B./B. are expected to have smaller intergrowths than samples with lower M,;/M, and higher B.,/B.. The
granoblastic portion of the sheeted dikes can clearly be distinguished based on its magnetic properties, as
documented earlier. Thus, the magnetic approach reveals important information on the sheeted dikes inter-
val of the hole.

The (isotropic) gabbro interval that is not amenable to investigation with logging tools appears to be mag-
netically highly variable. This hints at dynamic melt lens behavior (from which the dikes acted as feeders for
the lavas) as a consequence of changes in magmastatic pressure [France et al., 2009]. Multiple intrusion
events are likely to have occurred in Hole 1256D [Koepke et al., 2008] similar to the situation in a portion of
the Southwest Indian Ridge where Dick et al. [2000] argued for multiple gabbro intrusion events. (Re)melt-
ing upon entrance of fluids in the hot base of the sheeted dikes as described for the Oman and Cyprus
ophiolites [Gillis and Roberts, 1999; Gillis, 2002, 2008; Gillis and Coogan, 2002; Coogan et al., 2003; Nicolas

et al., 2008] and for the Pito and Hess Deeps [Gillis, 2008] is argued to occur in Hole 1256D as well [Wilson

et al., 2006; Koepke et al., 2008]. The sampled isotropic part of the gabbro would be a fossilized magma
chamber, the foliated part of the gabbro has not (yet) been drilled in Hole 1256D.

6.3. Implications for Paleointensity Determination and the Expression of Magnetic Anomalies

In igneous rocks, the natural remanent magnetization (NRM) is considered to be acquired by cooling
through the magnetic ordering or Curie temperature leading to a thermoremanent magnetization (TRM).
However, many igneous rocks thermochemically alter during this cooling and ocean crust is not an excep-
tion. The alteration reactions are occurring, at least in part, below the magnetic minerals’ Curie temperature
resulting in a thermochemical remanent magnetization (TCRM). During the alteration process, the direc-
tional information of the NRM is preserved [e.g., Matzka and Krasa, 2007; Krasa and Matzka, 2007] although
partial self-reversal has been observed [Matzka et al., 2003; Doubrovine and Tarduno, 2004]. The paleointen-
sity record may be biased because of these TCRM processes [e.g., Draeger et al., 2006], although Gee et al.
[2000] showed that the magnetic anomaly expression of the Brunhes Chron at the East Pacific Rise largely
reflects paleointensity. Thus, at least for young fast spreading crust of the East Pacific Rise, acquisition of
any subsequent CRM is relatively minor and occurs very shortly after the acquisition of the TRM. Therefore,
the CRM will record the same geomagnetic field as the TRM, or will inherit the direction and part of the
intensity of the original TRM.

Low-temperature oxidation of TM60 reduces its saturation magnetization and increases the Curie tempera-
ture [e.g., O'Reilly, 1984; Xu et al., 1996]. Prolonged low-temperature alteration of lava sequences has been
argued to subdue the expression of magnetic anomalies up to ~20 Ma, followed by an increase up to ~120
Ma [Bleil and Petersen, 1983; Furuta, 1993; Johnson and Pariso, 1993; Xu et al., 1997; Matzka et al., 2003]. The
composition and oxidation state of the titanomagnetite (in a broad sense) varies substantially on a local
(centimeter) scale [e.g., Gee and Kent, 1998; Xu et al., 1997; Zhou et al., 2001]. Xu et al. [1997] suggest that
preferential alteration of the finest particles is most important. However, in Hole 1256D Krdsa et al. [2011]
show remarkably constant z values of ~0.6 (for large > 10 um grains) downhole over the entire extrusive
sequence. They invoke spinodal exsolution into an increasingly Ti-poorer spinel phase and pseudobrookite,
ilmenite, or anatase as the Ti-rich phase. This indicates that most alteration must have occurred relatively
shortly after formation of the crust. Most metamorphism must occur rapidly when seen from a geological
time perspective, since the crust is moving quickly away from the spreading ridge. For example, in the con-
ceptual model of Tominaga and Umino [2010], the extrusive sequence of IODP Hole 1256D is constructed in
~30-50 kyr, which leaves little time for high-temperature metamorphic processes. A scenario to explain the
results of Gee et al. [2000] could be that exsolution largely took place above the then prevailing Curie tem-
perature thereby imprinting a relatively uncontaminated TRM on the rocks.

Temperature increases rapidly at the lava-dike transition since the dikes have a lower porosity (greenschist
facies alteration throughout sheeted dike complex, e.g., Mottl [1983], Bowers and Taylor [1985], Alt [1995],
Gillis [1995]). In the lowermost granoblastic dikes and gabbros below even higher temperatures have pre-
vailed. The two-oxide geothermometer indicates temperatures of ~540-600°C for Hole 1256D gabbros
[Sauerzapf et al., 2008]. This may imply that they provide a reasonably uncontaminated TRM upon cooling,
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satisfying an important criterion for meaningful paleointensity (Pl) experiments. Also Pariso and Johnson
[1993] argue for a pure TRM in gabbros from ODP Site 735B because the magnetite formed during high-
temperature alteration above its Curie temperature. However, the existence of intergrown lamellae in most
of the dikes and gabbros in Hole 1256D casts doubt on the suitability of the magnetic grains for Thellier-
style Pl experiments. The potentially magnetically interacting lamellae makes the interpretation of other PI
methods also cumbersome. Herrero-Bervera and Acton [2011] mention the possibility of retrieving Pl values
from glass, but that rarely occurs in Hole 1256D. Further the cooling time is poorly constrained, but is inevi-
tably long (at least several tens of thousands of years because the dikes and gabbros in particular primarily
cool conductively), thus integrating a comparatively long portion of geomagnetic field behavior. Thus,
short-duration features of the geomagnetic field would not be resolvable.

The intensity of the NRM has direct bearing on the expression of the marine magnetic anomalies. The ridge
axis central magnetic anomaly is prominent and requires high NRM intensities to explain the anomaly
expression given the thin crust [e.g., Harrison, 1987]. The thickness of the source layer and its intensity can-
not be solved simultaneously due to the inherent nonuniqueness of potential methods. Therefore, the
locking-in profile of the NRM as function of depth is prescribed whereby sloping reversal boundaries are
required to explain the skewness of the magnetic anomalies [e.g., Kidd, 1977; Blakely and Lynn, 1977]. Tivey
[1996] could determine such sloping reversal boundaries along an escarpment at the Blanco fracture in the
northeast Pacific Ocean. The NRM intensity in Hole 1256D (demagnetized at 25 mT to rule out drilling
induced contributions) shows that the dikes are most strongly magnetized, about 3-5 times stronger than
the majority of the extrusive segment above them [Herrero-Bervera et al., 2011]. The NRM-intensity of the
gabbros is comparable to the extrusive rocks, so in line with conclusions by Herrero-Bervera et al. [2011]
both dikes and gabbros contribute to the source layer of marine magnetic anomalies, at least for fast-
spreading ocean crust.

Away from the ridge axis, flanking anomalies have a rapidly attenuating expression reaching a minimum in
amplitude at ~20 Ma, while older anomalies slowly recover their amplitude. Bleil and Petersen [1983] attrib-
ute this behavior to ongoing progressive low temperature oxidation of the titanomagnetites in the extru-
sive rock pile. This lowers the NRM in intensity until a certain oxidation stage after which saturation
magnetization increases again following the amplitude expression of the marine magnetic anomalies as
function of distance to ridge axis. This TCRM acquisition has been adopted in subsequent models. Masterton
et al. [2013] calculate a forward model for the remanent magnetization of the ocean crust taking the polar-
ity timescale into account, retaining the CRM to TRM ratios and TRM decay times of Raymond and Labrecque
[1987], and using the depth of 550°C Curie isotherm temperature following from the GDH1 plate model of
Stein and Stein [1992]. By doing so, they could use a rather low but reasonably realistic initial TRM intensity
of 0.5 A/m for the ocean crust in contrast to high values of 8.7 A/m required by Raymond and Labrecque
[1987] for their 500 m thick layer responsible for the magnetic anomalies. The Masterton et al. [2013] for-
ward model needs a considerable contribution from induced magnetization to match with observations
from the satellite-observations-based MF7 model.

The above calculation applies a magnetite Curie isotherm of 550°C, which is appropriate for sheeted dikes
and gabbro but not for the extrusive sequence. The latter has Curie temperatures 150-250°C in the top part
and rising to 400-450°C just before the sheeted dikes. The rise in Curie temperature is the consequence of
spinodal exsolution during prolonged exposure to very low-grade metamorphic temperatures [Krasa et al.,
2011]. This would imply that the lower portion of the extrusive sequence acquires its T(C)RM after having
been cooled below this temperature, further away from the ridge at a later time than the sheeted dikes and
gabbros.

Further it should be recalled that magnetization and remanences are distinctly temperature-dependent,
much more than the low-field susceptibility responsible for the induced magnetization. So, the same rock
containing (titano)magnetite has a lower remanence closer to its magnetic ordering or Curie temperature
with the concomitant reduced expression of its magnetic anomaly. Thus, in addition to larger distance, the
higher temperature of the deeper rocks also contributes to a weaker remanence. However, with time the
ocean crust cools. Hence, the older the ocean crust, the thicker the rock with temperatures below the Curie
isotherm, and the higher the remanence contribution of deep seated rocks. Close to the ridge axis, the iso-
therms are near vertical but the planes of equal temperature become increasingly horizontal further away.
The result is a stack of normal and reversed polarity zones with the youngest zone (Brunhes Chron) deepest,
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which should have no influence on marine magnetic anomalies when the contributions of normal and
reversed parts compensate each other. In addition to the cumulative normal and reversed chron duration,
the temperature distribution in the ocean crust is also important. Short-duration chrons will have a small
effect because of viscous resetting that is more prominent at high temperatures. In principle, normal and
reversed zones of equal duration would cancel out; however, upon further cooling temperature differences
between more shallow and deeper seated sources may lead to a contribution to the measured magnetic
anomaly.

7. Conclusions

Cluster analysis enables the identification of groups within which the oceanic crustal rocks have common
rock magnetic properties owing to different magmatic processes and degrees of hydrothermal alteration.
Relatively pristine samples identified only in the top half of the extrusive section may contain a reasonably
uncontaminated TRM if alteration occurs near or at the ridge axis while the extrusive unit is still above the
Curie temperature of the constituent titanomagnetite grains. This would enable retrieval of a meaningful
absolute paleointensity from such levels. Altered and relatively fine-grained extrusives and slightly more
altered multidomain extrusives, both of which have higher Curie temperatures than the pristine extrusives,
dominate the lower half of the extrusive section and contain a TCRM. Magnetic properties similar to the
more altered extrusives also occur in some of the gabbros that have been affected by granoblastic meta-
morphism [Koepke et al., 2008]. The remaining part of the gabbroic section and the lowermost dikes contain
(nearly) pure magnetite that has an uncontaminated TRM because alteration occurred above the Curie tem-
perature of magnetite, allowing in principle for paleointensity determination. However, cooling times may
be long so that short-duration geomagnetic events cannot be resolved. The entire drilled sequence can
retain a stable natural remanent magnetization and as such contributes to the expression of marine mag-
netic anomalies.

As noted before by several workers [e.g., Tominaga et al., 2009], massive and nonfragile lithologies are prob-
ably overrepresented in recovered core material since brecciated and fragmented material is crushed and
lost during the drilling process. Hence, seawater-basalt interaction may be underestimated. The present
cluster analysis (of course under the proviso of available core material) shows that the massive and the frac-
tured massive flows may also be altered, particularly in the deeper portion of the extrusive lava pile. Further
refinement to the cluster analysis should be possible with additional rock magnetic data such as the fre-
quency dependence of susceptibility, ARM intensity, the susceptibility of the ARM, and possibly o, and/or
other parameters proposed by Fabian [2003].

The on-axis and slightly off-axis crustal construction as proposed by Tominaga and Umino [2010] based on
electrofacies analysis and core descriptions is fully supported by the present cluster analysis. Both
approaches, cluster analysis of magnetic properties and log-based electrofacies analysis, appear to comple-
ment each other. While porosity differences can be visualized with electrofacies analysis, thermochemical
alteration of titanomagnetites is also the result of prolonged exposure to elevated temperatures. Further-
more, it enables a refined characterization of the nonporous parts of the ocean crust. As such, it delivers
important additional information pertaining to Hole 1256D, on the lava pond interval, the gabbro interval,
and it provides a structured picture of the sheeted dikes including its granoblastic overprinted lowermost
part.
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