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Magnetization of the La Palma Seamount Series: 
Implications for Seamount Paleopoles 

JEFF GF_11,1 HtmERT STAUDIGI•L, 2 LISA TAUX•, 3 AND THOMAS PICK 

Scripps Imtitutlon of Oceanography, La Jolla, California 

YVES GALLET 

Institut de Physique du G?obe de Paris 

Paleopoles determined from seamount magnetic anomalies constitute the major data source for the 
Pacific apparent polar wander path, but relatively little is known about the processes of remanence 
acquisition in seamounts. Since magnetic anomalies reflect both natural remanence (NRM) and the 
induced field, it is important first to assess whether the NRM is likely to represent an original field 
direction and second to constrain the magnitude of the induced component. To this end, we present 
paleomagnetic data from an uplifted, subaerially exposed section through a seamount on La Palma, 
Canary Islands. The Pliocene Seamount Series of La Palma comprises a >6 km sequence of alkalic 
extrusives and intrusives which includes all lithologies likely to be volumetrically important in seamounts. 
The structural tilt of the Seamount Series allows separation of early thermal or chemical remanence from 
magnetization components acquired after tilting (e.g., viscous remanence). The NRM provides a poor 
indication of the original magnetization direction, although the characteristic magnetization of many La 
Palma samples is compatible with the original pretilt direction. Hydrothermal alteration has resulted in 
the production of Ti-poor magnetite and an increasing contribution of hematite with increasing degree of 
alteration. More importantly, well-defined magnetization directions which deviate from any reasonable 
geomagnetic direction at La Palma can be attributed to hydrothermal alteration in a different polarity than 
prevalent during the original magnetization. Based on a comparison of the magnitude of low-stability 
components of magnetization and laboratory acquisition of viscous remanence and previous estimates 
of the induced magnetization, we conclude that viscous and induced magnetization probably account 
for 15-25% of the total magnetization of seamounts. The resulting paleopole bias is a function of the 
polarity and paleolatitude of the seamount and ranges from 4ø to 16 ø for Cretaceous seamounts in the 
Pacific. 

INTRODUCTION 

Magnetic anomalies associated with seamounts have long 
been recognized as a source of tectonic information, and 
seamount paleopoles have been particularly useful in r<on- 
structing the history of the Pacific plate [e.g., Francheteau 
et al., 1970] where traditional, land-based paleomagnetic 
sampling is rarely possible. Although paleomagnetic data 
from drillcores, sediment distribution patterns, and skewness 
of lineated crustal anomalies provide complementary tectonic 
information [Gordon and Cox, 1980], seamount poles remain 
the principal source for the Pacific apparent polar wander path 
and, indeed, are sometimes held as the standard by which 
these additional data are judged [e.g., Gordon, 1990]. 

The nonuniqueness inherent in the determination of 
seamount paleopoles requires that some assumptions be 
made concerning the magnetization sources (see Parker et al. 
[ 1987] for a review). Early models utilized the assumption of 
uniform magnetization to determine the best fit magnetization 
in a least squares sense [Vaquier, 1962]. Although com- 
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plex anomaly patterns may be accommodated by arbitrarily' 
subdividing the seamount into regions of uniform magnetiza- 
tion [e.g., McNutt, 1986], the spatial coherence of residuals 
suggests the standard least squares inversion is based on an 
improper statistical model [Parker, 1988]. The seminorm 
minimization technique of Parker et al. [1987] incorporates 
both uniform and nonuniform components, providing the most 
uniform model compatible with the observed anomaly and 
thereby estimating the minimum degree of nonuniformity in 
the magnetization of the seamount demanded by the data. The 
lognormal distribution of magnetization intensities observed 
in seamount rocks [e.g., Kono, 1980; Gee et al., 1989] 
suggests that nonuniformity in intensity is probably the rule 
rather than the exception. In recognition of this large intensity 
variation, Parker [1991] developed an ideal body modeling 
t•hnique for seamount magnetization which constrains the 
solution to have uniform direction while allowing intensity to 
vary. Directional information can still be recovered despite 
relaxation of the intensity constraints, but the location of 
seamount paleopoles is much more poorly constrained than 
commonly assumed. 

Although these recent models have made significant 
progress in addressing the nonuniformity of seamount mag- 
netic sources, bias introduced by viscous and induced contri- 
butions is difficult to incorporate in the models. Comparison 
of modeling results from normal and reversely magnetized 
seamounts [Hildebrand and Staudigel, 1986; Bryan and Gor- 
don, 1991] suggests a combined contribution of up to 25% 
for induced and viscous components. A similar bias from 
induced magnetization (~15% of total magnetization) has 
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been suggested for large seamounts with a significant portion 
of intrusive material based on results from the La Palma 

Seamount Series [Gee et al., 1989]. In addition, the presence 
of multiple polarities is often difficult to assess from models. 
For example, the ideal body solution for Jasper Seamount 
does not require mixed polarity [Parker, 1991] despite the 
demonstrably long duration (>7 nay.) of volcanism which 
strongly supports the presence of both normal and reversed 
polarity rocks [Pringle et al., 1991]. Finally, the effects 
of' progressive hydrothermal alteration (perhaps in different 
polarity intervals) on the original magnetization are poorly 
understood. 

In this paper we discuss the origin of the magnetization 
in an uplifted, tilted section through a seamount exposed 
on La Palma, Canary Islands. The La Palma Seamount 
Series provides a unique opportunity to study the magnetic 
properties and origin of the magnetization in seamounts. In 
contrast to dredging and drilling, which sample only the 
outermost part of the volcanic edifice, the exposures of 
the Seamount Series provide about 4 km of stratigraphic 
relief and include a wide range of extrusives and intrusives 
which encompass all lithologies likely to be important in 
seamounts. Age constraints for the Seamount Series and 
the overlying subaerial flows allow general correlation to the 
geomagnetic reversal time scale and facilitate evaluation of 
the role of multiple polarities in generating inhomogeneous 
magnetization. The tilting of the seamount sequence (~50 ø) 
allows separation of pretilt thermal or chemical components 
from later viscous, chemical and thermal magnetizations 
acquired after tilting. While the magnitude of tilting in La 
Palma is probably atypical, the effect is analogous to the 
latitudinal translation common in Pacific seamounts. Results 

from La Palma indicate that most assumptions made in 
modeling seamount anomalies may be questionable, but our 
data also provide an estimate of the bias inherent in seamount 
paleopoles which may ultimately contribute to a more accurate 
Pacific apparent polar wander path. 

GEOLOGY OF THE LA PnLMA SEAMOUNT SE•ms 

La Palma is the northwesternmost island of the Canary 
island chain and is located on Jurassic oceanic crust [Hayes 
and Rabinowitz, 1975]. Schmincke [1976] has summarized 
the geology of the Canary Islands and a recent review 
of the geology of La Palma is given by Staudigel and 
Schmincke [1984]. The oldest rocks exposed on La Palma 
are biostratigraphically dated at 3-4 Ma [Staudigel, 1981] 
and volcanism extends to historic times [e.g., Middlemost, 
1972]. The island consists of two major structural units. 
The Pleistocene subaerial lavas of the Coberta Series cover 

more than 90% of the island and unconformably overlie the 
Pliocene submarine and plutonic basement complex [Afonso, 
1974]. The oldest lavas of the Coberta Series are dated 
at 1.61 Ma [Abdel-Monem et al. 1972] (recalculated using 
the decay constants of Steiger and J•iger [1977]). The 
basement complex is a >6 km section of alkalic extrusives 
and intrusives exposed within the Caldera de Taburiente and 
the steep-walled canyon (Barranco de las Angustias) which 
drains the caldera (Figure la inset). Erosion rates in the 
canyon are high (1-2 mm/yr as determined by erosion of 
1973 drillholes), providing extremely fresh exposures along 
the canyon bottom. 

The basement complex comprises three units: an approx- 
imately 2500 m (~1800 m prior to inflation by intrusives) 

layered sequence of entirely submarine extrusives and volcani- 
clastics, three generations of alkalic dikes/sills, and a basal 
plutonic sequence (Figure lb). The submarine extrusive series 
is consistently bedded with a dip of 48 o along an azimuth 
of 230 o [Staudigel, 1981], which represents a tilt roughly 
radial with respect to the present center of intrusive activity 
in the southeastern and central portions of the caldera. The 
extrusive series consists predominantly of pillow lavas (50%), 
pillow fragment breccias, submarine scoriaceous breccias and 
hyaloclastites (terminology of Fisher and Schmincke [1984]) 
and ranges in composition from alkalic basalt to mugearite 
and rare trachyte. Three generations of dikes and sills are 
observed in the basement complex [Staudigel and Schmincke, 
1984; Staudigel et al., 1986]. The earliest generation of 
dikes (Group I) is oriented approximately orthogonal to the 
bedding of the layered extrusive series. On the basis of 
their orientation and the similarity in both composition and 
alteration history to the extrusive series, these dikes are 
interpreted as feeders for the extrusive series. Sills (Group 11) 
occur within the layered extrusive series, parallel to bedding, 
and also form a 2 km sheeted sill swarm which underlies the 

extrusive sequence. Crosscutting relationships suggest that 
most of the sills are younger than the Group I dikes [Staudigel 
et al., 1986]. Group III dikes generally have steep dips, may 
crosscut the overlying Cobefta lavas and are typically less 
altered than the country rock. These dikes are interpreted as 
members of a radial dike swarm feeding the Cobefta lavas. 
Isotopic age dating suggests an age range of 0.51 to 0.80 Ma 
for the radial dikes in the Barranco de las Angustias [Staudi- 
gel et al., 1986]. The basal plutonic complex is exposed in 
the Caldera de Taburiente primarily as numerous, small (10s 
to 100s of m) gabbro, leucogabbro and ultramafic intrusions, 
some of which are probably associated with the subaerial 
Cobefta lavas. Small leucocratic gabbro intrusions also occur 
within the extrusive portion of the sequence. Staudigel and 
Schmincke [1984] refer to the extrusives, feeder dikes and 
sills as the Seamount Series. For simplicity, and because 
such rocks are expected to occur in seamounts as well, we 
will also use the term to include the alkalic gabbros of the 
basal plutonic complex. 

The Seamount Series has been subjected to hydrothermal 
alteration [Hernandez-Pachecho and Fernandez-Santin, 1975; 
Staudigel, 1981]. The upper part of the sequence is 
characterized by low-temperature assemblages of smectite, 
analcime, carbonate and low-temperature zeolites. Alteration 
increases, both in pervasiveness and extent, with stratigraphic 
depth. Interlayered chlorite/smectites give way to epidote 
and (locally) actinolite (Figure 1). The upper stability limit 
of analcime corresponds to a temperature of approximately 
200 øC [Liou, 1971]. The first appearance of epidote 
in hydrothermal systems occurs at temperatures greater 
than 200 o to 250øC and actinolite denotes temperatures 
in excess of ~300øC [Bird et al., 1984]. The silicate 
assemblages therefore suggest a fossil geothermal gradient 
of approximately 200øC/km. The alteration assemblages 
are similar to those found in upwelling regions of present 
day hydrothermal systems in basaltic lavas (e.g., Iceland 
[Palmasson et al., 1979] and Reunion Island [Demange et 
al., 1989]). The absence of similar alteration in the Cobefta 
lavas and in recent pyroclastic deposits on the flanks of the 
canyon indicates that the metamorphism of the extrusives, 
Group I dikes, and the sill complex was associated with 
seamount construction. Later localized hydrothermal activity, 
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Fig. 1. Paleomagnetic sample locations and schematic cross section of La Palma Seamount Series. (a) Sample locations 
and simplified geology shown for westernmost Caldera de Taburiente and Barranco de las Angustias (see inset). Squares 
indicate detailed sill sampling sites and only sites discussed in the text are labeled. An additional 18 sites are widely 
dispersed within the caldera to the northeast of the mapped region. Plutonics, sill swarm and extrasives are indicated by 
hatched pattern, grey and white, respectively. Note that southeastern margin of canyon has not been mapped. Metamorphic 
isograds modified from Staudigel [1981] based on present sample collection. Labels: an, analcime; pro, pumpellyite; ab, 
albite; ep, epidote; act, actinolite. (b) Simplified cross section approximately parallel to the canyon bottom. Extrasives 
are consistently bedded and dip ~50 ø to SW. Crosscutting relationships of Group I feeder dikes (solid), Group II sills 
(grey), and Group III vertical dikes (white) and plutonics shown schematically. 

as evidenced by sulfur-rich hydrothermal waters, is currently 
present in the southeastern and central portions of the caldera. 

The tilt of the extrusive series plays a central role 
in determining the origin of the magnetization in the 
Seamount Series. Although bedding is less obvious in 
volcanic sequences than in sediments, layering in fine- 
grained hyaloclasfites, flattened pillow bottoms overlying 
bedded hyaloclastites, and the upper surfaces of partially- 
drained pillows yield a consistent attitude of 48 o dip toward 
230 o (Table 1). Constructional slopes of seamounts may 

be locally quite steep. For example, steep-sided (50-600 ) 
pillow walls (10-20 m high) have been described from the 
submerged portion of Kilauea's east rift zone [Fornari et 
al., 1978] although the slopes of seamounts are typically 
<20 o [e.g., Lonsdale and Batiza, 1980; Barone and Ryan, 
1990]. The orientation of geopetal structures (e.g., the single 
drained pillow surface in Table 1) and the consistent bedding 
of fine-grained (sand-sized) hyaloclastites in the Seamount 
Series suggests that the present bedding approximates the 
paleohorizontal. 
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TABLE 1. Bedding Measurements for the Seamount Series 

Attitude 

Dip/Dip Estimated Measurement Measurement 
Direction Error & Type Location # 

44/228 + layered hyaloclastite unit 2 
55/235 +++ pillow bottom base of unit 5 
55/232 +++ pillow bottom base of unit 5 
58/245 ++ pillow bottom base of unit 5 
54/235 ++ layered hyaloclastite top of unit 10 
40/240 ++ hyaloclastite in unit 10 

pillow interstices 
41/232 +++ pillow bottom base of unit 11 
45/228 +++ pillow bottom base of unit 11 
45/225 +++ pillow bottom base of unit 11 
45/238 +++ pillow bottom base of unit 11 
25/225' + layering in pillow unit 12 

stringer breccia 
35/190' + layering in pillow unit 12 

stringer breccia 
50/220 +++ pillow bottom base of unit 12 
50/240 +++ pillow bottom base of unit 12 
58/251' ++ pillow bottom base of unit 12 
53/259* ++ pillow bottom base of unit 12 
53/195' ++ hyaloclastite top of unit 13 
50/225 ++ layering in pillow base of unit 13 

fragment breccia 
43/206* ++ pillow bottom base of unit 14 
58/219' ++ pillow bottom base of unit 14 
52/224 ++ layered hyaloclastite top of unit 15 
48/220 +++ pillow bottom base of unit 15 
48/222 +++ pillow bottom base of unit 15 
40/225 +++ partially drained unit 17 

pillow 
48/246 ++ pillow bottom base or'unit 19 
48/245 +++ layered hyaloclastite unit 20 
50/244 +++ layered hyaloclastite unit 20 
45/215 + - water channel 

48/220 + - water channel 

45/222 + hyaloclastite in - 
ankaramitic pillows 

48/230 weighted mean 

* Measurements from this study, remaining data from 
Staudigel [ 1981 ]. 

# With the exception of the last three data, all measurements 
are from the base of the Barranco de las Angustias. Unit 
numbers from Staudigel and Schmincke [1984]. 

& Qualitative error estimate: +++(5ø), ++(5-10ø), +(> 10ø). 

We have used the observed layering of the extrusive series 
as the basis for our structural correction. Paleomagnetic data 
from the least altered pillow lavas in the Seamount Series 
provide independent support for this structural correction. 
The mean characteristic magnetization direction obtained 
from these ten sites (1.60 , 50.3ø; tilt corrected) is statistically 
indistinguishable from the expected geocentric axial dipole 
(GAD) direction at La Palma (0 ø, 48ø). While original 
paleoslopes cannot be excluded, reasonable slopes (up to 
10 ø) would have only a minor effect on our structural 
correction, altering the azimuth of the rotational axis by a 
maximum of 150 with little change in the dip. The GAD 
direction at La Palma and the tilt of the Seamount Series 

therefore yield four expected magnetization directions (in 
present day coordinates) for comparison with the observed 
paleomagnetic data. All magnetic data in this paper are in 
present day coordinates unless otherwise noted. We refer 
to the normal (0 ø, 48 ø) and reversed polarity (180 ø, -48 ø) 
GAD directions as the expected posttilt directions and the 
corresponding GAD directions corrected for the tilt of the 
Seamount Series as the expected pretilt normal (19 ø, 10 ø) and 
reversed (199 ø, -10 ø) directions. We estimate the uncertainty 
of the pretilt directions to be --,10 ø owing to the possible 
errors in the structural correction. This error is similar to 

the dispersion in paleomagnetic directions (--,12 ø) expected 
at La Palma based on the latitudinal dependence of virtual 
geomagnetic pole dispersion from paleosecular variation [Cox, 
1970; McFadden and McElhinny, 1984]. 

SAMPLE COLLECTION 

Over 1200 oriented cores (-,,200 paleomagnetic sites) 
were collected from the La Palma Seamount Series during 
two sampling trips in 1985 and 1988 (Table 2). Standard 
paleomagnetic cores were drilled and oriented with a magnetic 
compass. Some cores were also oriented with a sun compass. 
Comparison of the two methods indicated no bias in the 
magnetic compass orientations, and the sun compass readings 
indicate a magnetic declination nearly identical to the IGRF 
declination at the site (-10ø). More than 90% of the sites were 
located in the layered extrusive series and sill/dike swarm 
(Figure 1 a). Approximately 90 sites were drilled in dikes/sills, 
including three localities with 10-15 dikes/sills each. Half of 
these were identified as Group II sills, primarily on the basis 
of their attitude (mean dip/direction of dip 54ø/223ø), with 
equal numbers of samples from Group I and Group III dikes. 
More than 60 pillow sites span the range of compositions 
and alteration temperatures found in the Seamount Series. 
The volcaniclastic units sampled (25 sites) were primarily 
pillow fragment breccias, lapillistones and scoriaceous pillow 
breccias. Gabbros within the extrusive series and gabbro 
screens within the sill complex were sampled where possible. 
The remaining 10% of the sites sampled gabbros and dikes 
at 18 widely spaced sites within the caldera (not shown in 
Figure la). 

USE OF THE SUM OF VECrOR 

DIFFERENCE MAGNITUDES 

The Seamount Series samples exhibit both normal and 
reversed polarity characteristic magnetizations and most sam- 
ples have a low-stability component of normal polarity, which 
often significantly reduces the initial remanent intensity of 
reversed polarity samples (Figure 2a). As a result, param- 
eters such as blocking temperature and median destructive 
field, which are based on the natural reinanent magnetization 
(NRM), are biassed by polarity. To ameliorate this problem 
we have used the vector difference sum (VDS) as a basis for 
calculating magnetic parameters such as blocking temperature. 
The sum of the vector difference magnitudes between succes- 
sive demagnetization steps gives an estimate of the sample's 
original NRM, assuming that the secondary component is 
acquired by reorientation of moments in existing grains rather 
than net addition of magnetic material. This is in effect the 
sum of each component aligned to a common direction. The 
VDS is, of course, also artificially increased by any noise 
in the directional measurement and artificially reduced if an 
insufficient number of demagnetization steps were made to 
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TABLE 2. Summary of Magnetic Properties of La Palma Lithologies 

Number Number Low-stability Characteristic 
of of NRM, Koenigsberger Component, MDF, Tb, Remanence 

Lithology Specimens Sites A/m Ratio, Q & % VDS mT øC Directions 

Gabbro s 229 16 7.28 3.05 14.9 18.1 605 

In extrusives/sills 65 5 8.55 2.66 22.4 21.6 610 pretilt 
In caldera 164 11 6.78 3.21 12.1 17.2 605 posttilt 

Dikes/Sills 799 88 2.46 1.88 35.5 20.6 595 

Group I (feeder) 176 22 2.14 1.79 40.3 14.1 585 pretilt 
Group II (sills) 372 44 2.47 1.72 29.6 26.0 605 pretilt to posttilt 
Group Ill (vertical) 251 22 2.67 2.19 44.6 16.4 575 posttilt 

Pillow lavas # 731 66 3.87 5.29 21.7 34.0 615 

No epidote 130 13 8.43 11.58 25.4 19.1 595 pretilt 
Ep-pm 227 18 4.87 5.62 16.9 39.6 625 pretilt 
Pm-act 330 29 1.89 3.00 19.7 34.0 620 pretilt 
>Actinolite 44 6 0.22 2.22 40.3 54.9 635 pretilt 

Volcaniclastics 376 25 3.11 5.45 15.0 26.1 605 

Pillow fragments 240 25 4.38 6.19 13.5 23.5 605 random 
Hyaloclastite @ 136 36 0.86 4.15 17.1 30.5 600 pretilt 

Subaerial lavas 86 12.12 18.69 - - - 

Collection of fully oriented samples forms subset of data reported by Gee eta/. [1989]. Arithmetic means are used 
throughout. NRM is natural remanent magnetization. Low-stability component, median destructive field (MDF), and 
maximum blocking temperature (Tb) all based on vector difference sum (VDS) as discussed in text. 

& Q is the ratio of the remanent to induced magnetization. 
# Subdivisions based on metamorphic isograds (ep, epidote in; pm, pumpellyite out; act, actinolite in) in Figure 1. 

Actinolite group includes results from keratophyres. 
@ Includes interstitial hyaloclastite material in pillow units and pillow fragment breccias as well as bedded lapillistones. 
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Fig. 2. Illustration of the use of the vector difference sum (VDS). (a) Vector endpoint diagram of thermal demagnetization 
of a dike sample from La Palma. The dike has a reversed polarity characteristic magnetization (500ø-620øC) and a 
significant normal polarity overprint (100ø-300øC). The low-temperature component is estimated as 65% of the VDS 
using the technique described in the text. Solid (open) circles are projections of the vector onto the horizontal (vertical) 
plane. (b) Thermal decay of the NRM (solid circles) and VDS (open circles). Note the significant difference between 
the original and reconstructed remanent intensities. (c) Histogram of blocking temperatures derived from the VDS. The 
component remaining above 600øC (solid) is used as an estimate of the importance of hematite when this component 
exceeds 5% of the VDS. 
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clearly delineate the full complexity of the remanence vectors. 
The effect of noise is small in most cases and is partially 
offset by the incomplete separation of the two components so 
that the VDS probably provides a reasonable estimate of the 
original NRM. 

The vector difference method also allows a quantitative 
estimate of the magnitude of the various components. In the 
example in Figure 2, the low-stability component (359.4 ø, 
44.6 ø) is well defined between 100 ø and 300øC and the char- 
acteristic magnetization (170.0 o , -30.5 o ) is isolated between 
500 o and 620øC. Using the principal component directions 
for these well-defined segments, the vector differences in the 
interval from 300 o to 500øC can be expressed as a linear 
combination of the two known directions in a least squares 
sense [Press et al., 1986, p. 59]. A similar procedure for 
estimating the magnitude of components from demagnetiza- 
tion data was suggested by Zijderveld [1967]. We will show 
later that the low-stability component postdates tilting of the 
Seamount Series and can reasonably be attributed to a viscous 
remanence (VRM) acquired at low to moderate temperature. 
Since temperature is much more efficient than alternating field 
treatment for removing VRM [Dunlop, 1973], we have used 
thermal demagnetization curves exclusively for calculating the 
percentage of secondary magnetization. For this study each 
thermally demagnetized specimen was typically subjected to 
15-20 steps, sufficient for the purpose of calculating the 
VDS. 

RESULTS 

Natural Remanent Magnetization 

The magnetic anomaly of a seamount measured at the 
sea surface arises from the combined induced and remanent 

magnetizations, without benefit of magnetic cleaning. Thus, 
the NRM intensity and direction are the most pertinent data 
for comparison with anomaly models. The NRM intensities 
and induced magnetization of the La Palma Seamount Series 

have been previously reported [Gee et al., 1989]. Two 
polarities are evident in the NRM data and these data can be 
arbitrarily separated along the E-W vertical plane and their 
distributions contoured on an equal area projection (Figure 
3). The northern hemisphere (normal polarity) directions are 
skewed toward the expected pretilt normal direction, but the 
density maximum (11.2%) is located near the posttilt normal 
GAD direction (Figure 3a). The reversed directions (Figure 
3b) have a maximum which lies between the pretilt and 
posttilt reversed directions. A secondary maximum occurs 
slightly to the east of the reversed GAD direction and can 
largely be attributed to samples from gabbroic intrusions. The 
expected pretilt directions are based on the bedding attitude 
observed in the layered portion of the Seamount Series and 
thus strictly apply only to the layered extrusive series, Group 
I dikes and the sills. Nonetheless, deviations from these 

expected directions are a general indication of the severity 
of secondary magnetization in the sequence. Clearly, the 
original pretilt directions for the Seamount Series are not well 
represented by the NRM directions as assumed in modeling 
of seamount anomalies. 

The effect of hydrothermal alteration on the NRM in- 
tensity is most clearly demonstrated in pillow lavas, where 
complexities due to differences in cooling rate and original 
magnetic mineralogy should be minimal (Figure 4). The 
fossil hydrothermal system exposed on La Palma (Figure 
1) is similar to presently active basalt-hosted hydrothermal 
systems in Iceland [Palmasson, 1979] and on Reunion Island 
[Dernange et al., 1989] and records a geothermal gradient 
of ,-,200øC/km. Samples from the least-altered portion of 
the section have NRM intensities comparable to dredged and 
drilled extrusives from seamounts [e.g., Kono, 1980; Gee 
et al., 1988]. Progressive hydrothermal alteration results in 
approximately two orders of magnitude reduction in the NRM 
intensity over the temperature range (<2000 to >300øC) 
indicated by the silicate assemblages. 

A N B N 

+ 

normal polarity mode 

Fig. 3. Equal-area contour plot of NRM directions (in geographic coordinates). (a) Lower hemisphere projection of the 
northern hemisphere (normal) directions. The maximum density (11.2 %) is located near the posttilt GAD (square) and the 
present field (triangle) di-rections for La Palma rather than near the expected pretilt direction (circle). (b) Upper hemisphere 
projection of •outhern hemisphere (reveraed) directions. The maximum density (7.2%) li• between the GAD reversed 
direction (square) and the expected, pretilt reveraed direction (circle). One percent isodenisty contours are shown. The 
antipode is plotted for upper hemisphere directions in Figure 3a and lower hemisphere directions in Figure 3b. 
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Fig. 4. NRM intensities for pillow lavas as a function of alteration. 
Note the reduction in intensity by nearly two orders of magnitude 
over the temperature range (<200 ø- >300øC) indicated by the silicate 
assemblages. Groupings are based on the isograds shown in Figure 
1. Actinolite samples include two keratophyre screens. 

Demagnetization Results 

Approximately 1000 specimens were subjected to stepwise 
thermal or alternating field (AF) demagnetization, with a 
minimum of three samples from each site. The majority of 
samples were thermally demagnetized, as this method often 
provides more reliable results, in 50øC steps from 100 ø to 
500øC followed by 20øC steps until the directions became 
random or the sample intensity fell below 1% of the NRM 
value. The uniformity of temperature steps was maintained 
to facilitate comparison of blocking temperature spectra. 
and maximum unblocking temperatures. Components of 
magnetization were defined by principal component analysis 
[Kirschvink, 1980] whenever possible. Specimens for which 
no stable characteristic magnetization could be isolated were 
analyzed using the great circle method described by McFadden 
and McElhinny [ 1988]. A small number of sites (< 10%) with 

a circular standard deviation of more than 20 ø have been 
excluded from consideration. 

The range of demagnetization behavior in samples from 
La Palma is illustrated in Figure 5. Approximately 20% of 
the samples have univectorial behavior, as defined by a low- 
stability component < 10% of the VDS. Univectorial directions 
compatible with a posttilt magnetization are most common 
in gabbroic intrusions (Figure 5a) and vertical Group lIl 
dikes (Figure 5b) although Group II sills and a few extmsive 
sites also have single component posttilt magnetizations. 
Directions compatible with a pretilt magnetization are more 
typical for the extrusive portion of the Seamount Series as 
well as many of the Group I and II feeder dikes and sills. 
Nearly univectorial pretilt directions are particularly common 
in the pillow lavas of the upper portion of the Seamount Series 
(Figure 5c). Low-stability components of variable magnitude 
characterize many sites although the shallow pretilt inclination 
can be isolated (Figures 5d and 5e). A leucocratic gabbro 
from within the extrusive series (Figure 50 illustrates a more 
complex demagnetization behavior but a pretilt magnetization 
is also indicated by the final shallow inclination. 

A significant number of samples from all lithologies 
display characteristic magnetization directions which deviate 
from either the expected pretilt or posttilt directions (Figure 
6). In many such samples, a discrepancy is observed between 
the results of AF and thermal demagnetization (compare 
Figures 6a and 6b). Note that the north and up component 
in the thermally demagnetized sample (520 ø-540 ø C) appears 
as the highest coercivity component in the AF sample. We 
suggest that this inconsistency results from the superposition 
of reversed and normal magnetizations which are inadequately 
separated by either technique. The demagnetization diagrams 
of the pillow lavas in Figures 6c and 6d illustrate that these 
anomalous directions (NW, up and W, up) are well-defined. 
The inflection in the inclination curve of LP865b2 at 200øC is 

also typical of many samples from the Seamount Series. The 
consistent orientation of the low-stability component parallel 
to the present field direction at La Palma (e.g., Figure 6d) 
rules out sample misorientation as an explanation of these 
anomalous directions. 

Results from a volcaniclastic unit (Figures 6e and 6f) 
suggest that these aberrant directions may be the result of 
alteration. The sample in Figure 6e is an amoeboidal pillow 
which has a pretilt normal magnetization compatible with 
the in situ high temperature emplacement of the amoeboidal 
pillows in this unit [Staudigel and Schmincke, 1984]. The 
water-saturated matrix probably never reached temperatures 
> 100øC and may have been mechanically disturbed during 
pillow emplacement. Both AF and thermal demagnetization 
of the interstitial hyaloclastite material (Figure 60 yield a 
northward and up component similar to that noted in other 
lithologies. These results suggest that the high glass content of 
the hyaloclastite has resulted in significant alteration while the 
amoeboidal fragment maintained its original magnetization, 
albeit with a significant viscous overprint. The origin of these 
anomalous directions will be discussed more fully below. 

Blocking temperature data from the demagnetization studies 
also yield a first order characterization of the magnetic 
mineralogy. Thermal demagnetization of isothermal reinanent 
magnetization, petrographic observations, microprobe data 
and Curie temperature determinations provide additional 
constraints on the magnetic mineralogy; however, the blocking 
temperature data are particularly useful since this data is 
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Fig. 5. Representative vector endpoint diagrams (geographic coordinates) from La Palma. Nearly univectorial demag- 
netization in (a) reversed polarity gabbro and (b) normal polarity dike. Both directions are posttilt. (c) Normal polarity 
direction which predates tilting. (d) Shallow, normal polarity pretilt component with moderate low-stability compo- 
nent. (e) Reversed pretilt direction with substantial normal polarity overprint. (f) Complex demagnetization behavior in 
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universally available. We define the maximum blocking 
temperature (Tb) as the temperature step at which the 
remanent intensity drops to below 2% of the VDS intensity 
or the direction becomes random. Peak unblocking may, and 
often does, occur at a temperature <Tb. A Tb of <600øC 
is therefore compatible with the presence of magnetite as the 
remanence carrying phase, whereas higher values apparently 
require the presence of a higher temperature phase (hematite). 
The justification for, and limitations of, our mineralogical 
interpretation of the Tb data are dealt with in a later section. 

Intrusives from La Palma are dominated by Tb near 600øC 
(Table 2). Gabbros have Tb ranging from 580ø-680øC, 
although the majority of samples have peak unblocking 
over a very discrete interval (540ø-600øC) compatible with 
the presence of magnetite. Several gabbros have a small 
percentage of remanence remaining at 600øC (up to 18%), 
but in only one case (Figure 50 is the high temperature 
direction distinct from the direction at temperatures <600 o C. 
The majority (74%) of dikes/sills have Tb between 500øand 
6000 C, but higher Tb (up to 640øC) occur and are particularly 
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common in sills. In contrast to gabbro samples, dikes/sills 
often have a distributed blocking temperature spectrum which 
includes significant unblocking at temperatures of 250 ø- 
400øC. 

Perhaps the most unexpected result from the study of 
the Seamount Series is the uniformly high Tb (500 o- 
680øC) in pillow lavas, in view of the Ti-rich composition 
of primary titanomagnetite in rapidly-cooled, basic igneous 
rocks (Fe3-zTizO4, with 0.50 < z < 0.85 [Carmichael, 
1967; Carmichael and Nicholls, 1967; Haggerty, 1976]). 
Although only one third of the samples is completely 
demagnetized by 600øC, the majority of samples exhibit 
peak unblocking between 500 o and 600øC, consistent with a 
remanent magnetization carried primarily by low-Ti magnetite. 
Some samples also have significant unblocking at temperatures 

in accora with a more Ti-rich titanomagnetite although a high 
blocking temperature phase is always present. Both Tb 
and the median destructive field increase with the degree of 
alteration (Table 2). Pillow samples from the more altered 
portion of the Seamount Series may have a significant amount 
of remanence remaining at 600øC (as high as 32%) and Tb 
which extend to near the N6el temperature of hematite (e.g., 
Figure 6d). 

Low-Stability Component and lhscous Remanence 

The majority of samples from La Palma have a low- 
stability magnetization component of normal polarity, the 
magnitude of which (as a percentage of the VDS) varies 
considerably (Figure 7). Because the magnitude of the 
low-stability component is inversely correlated with the VDS, 
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a weighted mean was calculated to provide the best estimate 
of the low-stability contribution for each lithology (Table 
2). Moderate low-stability components are common in 
several leucogabbros, although the majority of gabbros have 
relatively minor secondary overprints. The most substantial 
secondary magnetizations (36%) are in dikes/sills from La 
Palma. Pillow lavas typically have lower percentages of 
secondary magnetization than do the dikes and sills; however, 
larger low-stability components are present in some pillow 
lavas, particularly those from the more highly altered portion 
of the sequence (Table 2). Pillow fragments and hyaloclastites 
also have small secondary magnetizations. 

Principal component directions (maximum angular devia- 
tion <20 ø ) for the low-stability component of magnetization 
indicate that this component was acquired after tilting (Figure 
8). Apart from a small number of reversed directions (~20), 
which are not shown in the lower hemisphere projection 
in Figure 8, the distribution is compatible with a recent 
magnetization. The more than 600 directions in the normal 
mode yield a Fisherian mean of 352.3 ø, 46.8 ø (c•95 = 1.8 ø) 
which lies between the posttilt normal GAD direction and the 
present field direction at La Palma (351ø,40ø). This direction 
is compatible with a VRM of relatively recent origin, an 
interpretation generally supported by results from a laboratory 
viscous acquisition experiment. 

The potential contribution of viscous remanence in the La 
Palma samples was evaluated through a VRM acquisition 
experiment in which 80 samples were placed in a vertical 0.1 
mT (4- 3%) field for 5600 hours (~8 months). The samples 
were periodically removed from the field, measured (typically 
less than one minute), and returned to the field. Low- 
field storage and prior demagnetization are known to affect 
VRM acquisition in multidomain samples [e.g., 7ivey and 
Johnson, 1984]. Therefore, the previously AF-demagnetized 
samples (61) were again subjected to AF demagnetization 

at 70 mT immediately prior to the start of the experiment 
to minimize these effects. The remaining samples were in: 
an undemagnetized state and provide a comparison between 
NRM and AF-demagnetized specimens from the same core. 

Although some samples exhibit nearly linear VRM acquisi- 
tion with respect to log (time), the majority show an increase 
after approximately 100 hours (Figure 9a). Such nonlinear 
behavior has been attributed to inhomogeneity in the grain 

N 

Fig. 8. Lower hemisphere equal area projection of the low-stability 
component from La Palma samples. Two percent isodensity contours 
are shown. The GAD and present field directions at La Palma are 
indicated by the square and triangle, respectively. 
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size distribution or the presence of different mineralogies 
[e.g., Dunlop, 1983; Kent and Lowtie, 1977] and clearly 
renders extrapolation to geological time scales inappropriate. 
The VRM after 5600 hours, however, gives a minimum 
estimate of the low-temperature viscous contribution. In 
contrast to results from synthetic samples [e.g., 7ivey and 
Johnson, 1984], the undemagnetized samples (e.g., LP845dl 
in Figure 9a) acquire a smaller VRM than the corresponding 
AF-demagnetized sample (LP845cl). This apparent inconsis- 
tency probably results from the presence of a Brunhes VRM 
in the undemagnetized samples from La Palma. A portion 
of the residual VRM will be unaffected on laboratory time 
scales, resulting in lower laboratory VRM for the undemag- 
netized samples. The two curves, however, should converge 
at longer time scales and we have used the results from the 
AF-demagnetized samples as the best estimate of the viscous 
contribution. 

The laboratory VRM acquired by various lithologies 

(Figure 9b) allows some generalizations to be made which 
are relevant for the magnetization of seamounts. Intrusives 
show a wide range of viscous acquisition from negligible 
to larger than the corresponding NRM. Leucocratic gabbros 
typically acquire a larger VRM than more mafic gabbros, 
a relationship which is also supported by the observation 
of larger VRM in the more felsic portions within a single 
intrusion. Significant variability in VRM acquisition was 
also noted within individual dikes/sills although no simple 
relationship was obvious. Although the VRM contribution in 
most pillow lavas is small (nearly 2/3 have VRM <20%), 
higher viscous components do occur. The higher VRM 
in a pillow interior (LP747gl in Figure 9a) relative to the 
margin (LP747jl) suggests that the overall contribution of 
VRM from the extrusives may be sensitive to such factors 
as average pillow size (presumably reflecting grain size 
differences). Hyaloclastite samples acquire a relatively small 
VRM component, however, the higher intensifies of basalt 
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fragments in breccia units suggests that a coherent signal may 
be produced by viscous acquisition in the clasts. 

Comparison of the VRM at 5600 hours and the low-stability 
component determined from the thermally demagnetized sister 
sample (both expressed as a percentage of VDS) reveals a 
broad positive correlation (Figure 9c). A one to one 
correlation between the magnitude of the laboratory VRM 
and the low-stability component is not to be expected since 
the population of grains activated over laboratory time scales 
represents only a portion of the grains which would be 
activated since the last geomagnetic reversal. In addition, 
a distinct low-stability component may be undetectable in 
samples with a posttilt normal magnetization. Several samples 
exhibit very large secondary magnetizations but only small 
to moderate viscous remanence acquisition. The maximum 
blocking temperature of this component in these cases is 
incompatible with a simple low-temperature VRM [e.g., 
Pullaiah et al., 1975]. Since VRM acquisition is enhanced 
at higher temperatures [e.g., Dunlop, 1973], the low-stability 
component in these samples may represent a VRM acquired 
at elevated temperatures. Both the high erosion rate in 
the Barranco de las Angustias and the proximity to present 
hydrothermal activity in the caldera suggest that samples, 
particularly from the lower part of the Seamount Series, may 
have experienced elevated temperatures during the Brunhes. 
These data are therefore generally compatible with a viscous 
origin for the low-stability component, either at ambient or 
slightly elevated temperatures. 

Characteristic Magnetization Directions 

Sixty percent of the gabbro sites from La Palma have 
reversed directions consistent with a posttilt magnetization 
(Figure 10a). Two gabbros (labeled 1,2 in Figure 10a) and a 
gabbro screen (3 in Figure 10a) within the sheeted sill complex 
have unambiguous posttilt normal polarity directions. These 
two gabbro sites are in the southeast portion of the Caldera 
de Taburiente, the location of the present center of intrusive 
activity. The low laboratory viscous acquisition in these 
samples rules out VRM as an explanation for their normal 
polarity, and suggests they are relatively recent (Brunhes) 
intrusions. The four shallow directions in Figure 10a are all 
from sites within the sheeted sill complex or the extrusives and 
are most compatible with a pretilt magnetization. Excluding 
these four sites, the mean directions in geographic coordinates 
for the reversed (179.5 ø, -50.6ø; n = 9, t•95 = 7.8 ø) and 
normal polarity gabbro sites (006.5 ø, 46.5 ø' n = 3, t•95 
= 8.1 ø) are statistically indistinguishable from the expected 
posttilt directions. 

Feeder dikes (Group I) for the extrusives have directions 
generally compatible with a pretilt magnetization (Figure 10b). 
The reversed polarity directions (mean 196.3 ø, -14.6 ø' n = 
9, a• = 6.7 ø) cluster close to the expected pretilt direction 
whereas the normal polarity directions are distributed between 
the pretilt and posttilt directions and include some shallow 
northwesterly directions. The normal polarity directions 
near the posttilt direction may be viscous based on the 
high percentage of VRM (up to 105% of NRM) acquired 
over 5600 hours. Contamination by an unremoved present 
field component, however, cannot explain the anomalous 
northwesterly directions. We will demonstrate below that 
these northwesterly directions are probably the result of a 
reversed remagnetization event prior to tilting of the Seamount 
Series. 

Vertical (Group IID dikes have posttilt directions in accord 
with the young ages determined isotopically and inferred from 
crosscutting relationships (Figure 10c). The normal polarity 
samples have a mean (357.6 ø, 50.5ø; n = 10, t•a = 5.8 ø) 
which is indistinguishable from the posttilt direction. VRM 
data from a single normal polarity Group IlI dike suggests 
that the normal polarity cannot be ascribed entirely to viscous 
magnetization. The reversed polarity samples have poorly 
defined characteristic magnetization directions as a result of 
substantial low-stability components (Table 2) and the site 
means are often calculated from great circle intersections. The 
great circle paths during demagnetization all pass through the 
posttilt reversed direction and are compatible with a posttilt 
magnetization. 

The characteristic magnetization directions of sills (Group 
II) include pretilt, posttilt and intermediate directions. Site 
mean directions for sills from within the layered extrusive 
series and the detailed sill sampling site furthest from the 
caldera (sites 802-814; see Figure la) are shown in Figure 
10d. Sills from within the extrusives are dominantly of 
normal polarity and have directions consistent with a pretilt 
magnetization. The remaining sills are almost exclusively of 
reversed polarity and include directions between the pretilt 
and posttilt directions. Sills from sites 815-834 (Figure 10e) 
are also dominantly of reversed polarity, with most directions 
closest to the expected posttilt GAD direction. Two sills 
and a keratophyre (altered trachyte) screen at this locality 
have shallower, apparently pretilt reversed directions and a 
small number of posttilt normal directions are also present. 
The sills (and a single keratophyre) sampled closest to 
the caldera (sites 835-844) have exclusively magnetizations 
acquired after tilting (Figure 10f). Although the sills 
at this site are predominantly of normal polarity, VRM 
acquisition experiments eliminate viscous remanence as a 
likely explanation for the observed posttilt direction. 

Magnetizations in La Palma extrusives which clearly 
postdate tilting are rare, as indicated by the scarcity of 
directions near the GAD normal direction in Figure 11a. 
The origin of posttilt magnetizations in these extrusives can 
be attributed to a low-temperature VRM in some cases 
(as inferred from large laboratory VRM) or to chemical 
remagnetization as suggested by hematite Tb. The majority 
of pillow sites are of normal polarity, but have directions 
in geographic coordinates (Figure 11a) which are generally 
to the west of the expected pretilt direction and include 
many negative inclinations. After tilt correction these 
normal polarity directions form a broad swath consistent 
with great circle paths from the reversed pretilt direction 
(Figure lib). In contrast, the reversed polarity pillow lavas 
yield a tilt-corrected mean (180.6 ø, -53.1ø; n = 7, t• = 
10.1ø), indistinguishable from the expected pretilt direction. 
This distribution is suggestive of a reversed remagnetization 
which predates tilting of the Seamount Series. Incompletely 
separated present field components, on the other hand, cannot 
account for the shallow northwesterly directions. Normal 
polarity directions along such remagnetization circles would 
be confined to nearly constant inclinations of about 50 ø in 
tilt-corrected coordinates. 

Results from volcaniclastic units in the La Palma Seamount 

Series generally support the proposition of a nonmagnetic 
carapace on seamounts [e.g., Harrison, 1971; Harrison and 
Ball, 1975]. The majority of pillow fragment breccias 
have clasts with random magnetization directions, consistent 
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with an origin by fragmentation and redeposition inferred 
from clast rounding [Staudigel and Schmincke, 1984]. The 
interstitial hyaloclastite material (ash- or lapilli-sized glassy 
material) in pillow fragment breccias, however, often yields a 
consistent direction which predates tilting. Lapillistones also 
record a pretilt magnetization direction although the overall 
contribution of such units to seamount magnetic anomalies 
is likely to be small. Submarine scoriaceous breccias have 
consistent pretilt directions in both the fragments and the 
hyaloclastite material. These data essentially confirm the 
interpretation of Staudigel and Schmincke [1984] that the 
scoriaceous pillows/breccias are in situ deposits which have 
not been displaced subsequent to their emplacement. 

In Figures 11c and 11d we plot site means for volcani- 
clastic sites with coherent directions as well as directions of 

individual hyaloclastite cores from sites with random clast 
magnetization directions. The majority of the sites have 
directions most consistent with a pretilt magnetization. Once 
again, the normal polarity directions in geographic coordinates 
lie to the west and are shallower than the expected direction, 
suggesting an incompletely removed reversed component of 
magnetization (Figure 11c). The consistency of individual 

hyaloclastite cores and the site mean directions suggests the 
higher permeability hyaloclastites are preferentially remag- 
netized even when the clasts retain their original (random) 
magnetization directions (compare Figures 6e and 60. A 
small number of posttilt normal directions are also evident 
in Figure 11c. In many cases, this magnetization can be 
ascribed to reheating from an adjacent Group lIl dike although 
moderate laboratory VRM is observed in some hyaloclastite 
samples. 

DISCUSSION 

The results from La Palma samples (Table 2) suggest 
that remanence acquisition processes within seamounts may 
be complex. The NRM of La Palma samples provides a 
poor estimate of the characteristic magnetization direction, 
indicating that preservation of a simple thermoremanent 
magnetization (TRM) acquired during seamount construction 
is probably rare. Viscous remanence experiments and the 
magnitude of the low-stability component document the 
importance of later VRM. Furthermore, the uniformly high 
Tb and the presence of anomalous remanence directions 
in the Seamount Series may be indicative of significant 
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chemical remagnetization. An understanding of the magnetic 
mineralogy and origin of these anomalous directions is 
critical to evaluating to what extent an original TRM may be 
preserved within the Seamount Series. 

Magnetic Mineralogy 

We interpret the uniformly high Tb in the Seamount Series 
to indicate the presence of Ti-poor titanomagnetite in both 
intrusives and extrusives. The presence of nearly pure 
magnetite in intrusives might be expected simply from their 
slow cooling history, Bowever, its presence in the extrusives 
is enigmatic. The dominance of Tl-poor magnetite is strongly 
supported by the petrographic observations and magnetic 
data outlined below. In addition, we use the percentage 
of remanence remaining at 600øC as an indicator of the 
possible contribution of hematite to the remanence. The 
inferred hematite contribution is less certain, but is also 
generally supported by the available data. We attribute both 

the production of low-T• magnetite and hematite in extrusives 
to hydrothermal alteration processes. 

A sample from the uppermost portion of the Seamount Se- 
ries illustrates the dominance of the low-Ti spinel phase even 
in relatively unaltered pillows (Figures 12a-12c). Microprobe 
analyses indicate a restricted range (z = 0.65) for the optically 
homogeneous titanomagnetite in this sample and imply a 
Curie temperature of ,..,150øC [O'Reilly, 1984]. Following a 
technique described by Lowtie [ 1990], selected samples from 
La Palma were given an isothermal remanence (IRM) in three 
orthogonal directions in fields of 2.3, 0.4, 0.12 T and then 
thermally demagnetized. Neither the thermal decay of the 
NRM (Figure 12a) nor of the IRM (Figure 12b) in this sample 
shows any indication of unblocking temperatures consistent 
with the measured titanomagnetite composition. The decay of 
the IRM is dominated by the 0.12 T fraction, with essentially 
no contribution from the highest coercivity axis, suggesting 
the high blocking temperatures are not the result of hematite. 
The Curie temperature curve (obtained from a vertical balance 
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in an Ar atmosphere) is nearly reversible with a initial Curie 
temperature above 500øC and also shows little evidence of a 
Ti-rich titanomagnetite (Figure 12c). 

These observations are consistent with the production of 
low-Ti magnetite by hydrothermal alteration even at the 
relatively low temperatures documented for the upper portion 
of the Seamount Series. Rapid cooling of the pillows 
effectively rules out deuteric oxidation as a mechanism for 
producing the pure magnetite. Similarly, the preservation 
of near equilibrium (z = 0.6) titanomagnetites in the least 
altered parts of the Seamount Series indicates that the Ti- 
poor magnetite is probably not a primary phase in these 
alkalic lavas. Low-temperature oxidation of titanomagnetite 
may increase Tb, however, even complete oxidation of 
titanium-rich titanomagnetites is insufficient to produce the 
observed blocking temperature spectrum [e.g., O'Reilly, 1984]. 
Furthermore, the isolation of the same components by AF and 
thermal demagnetization in many samples precludes artificial 
generation of the high Tb component during laboratory 
heating. For example, AF demagnetization of samples 
from site 805 (Figure 5e) recover the same pretilt reversed 
characteristic magnetization direction, which is isolated at 
temperatures of >500øC. Finally, microprobe analyses from 
more than 50 pillow sites document the production of Ti- 
poor titanomagnetite. Titanomagnetite compositions in the 
upper part of the extrusive series are uniformly Ti-rich 
(0.40 < x < 0.68), whereas samples from more altered 
regions exhibit a range of compositions which includes nearly 
Ti-free magnetite [Pick and Gee, 1991]. Thus, we propose 
that the uniformly high Tb in the La Palma extrusives are the 
result of hydrothermal alteration. 

Previous authors have recognized that iron titanium ox- 
ides are sensitive indicators of the degree of hydrothermal 
alteration. For example, Ade-Hall et al. [1971] noted a 
characteristic granulation of titanomagnetite and an increase 
in Curie temperature even in grains without microscopic 
evidence of alteration. Subsequent studies have con- 
firmed the latter observation (e.g., Iceland [Steinthorsson 
and SveinbjOrnsdottir, 1981], Hole 504B [Smith and Baner- 
jee, 1986]). Both experimental [e.g., Johnson and Merrill, 
1973; Ryall and Ade-Hall, 1975] and observational results 
[Fujimoto and Kikawa, 1989] suggest that low-Ti magnetite 
can be produced from titanomaghemite decomposition at 
temperatures as low as 150øC. Furthermore, Hall and Fisher 
[1987] have documented the importance of nearly pure 
secondary magnetite, which occurs as pseudomorphs after 
original titanomagnetite, in the Troodos ophiolite. Our re- 
sults from La Palma are compatible with the breakdown of 
titanomaghemite (titanomagnetite) to low-Ti magnetite during 
hydrothermal alteration. Samples from the upper portion of 
the Seamount Series have optically homogeneous titanomag- 
netite (0.4 < x < 0.68) but Tb indicative of pure magnetite, 
suggesting submicroscopic subdivision of the original grains. 
More highly altered basalts often exhibit a range of ulv6spinel 
contents which includes nearly pure magnetite. 

We suggest the percentage of the remanence remaining 
at 600øC provides an indication of the importance of 
hematite. Calibration tests of our Schonstedt thermal 

demagnetizer indicate a significant thermal gradient (~20 ø) at 
high temperatures; however, the sample interior temperatures 
apparently equal or exceed the oven set point for temperatures 
of 600øC and above. Thus, the percent remanence remaining 
at 600øC probably provides a reasonable estimate of the 

presence of hematite although small percentages (<5%) 
may result from noise in the demagnetization data. This 
estimate is not intended as a representation of the volume 
fraction of hematite, however, since hematite may have 
significant unblocking below 600øC and because its saturation 
magnetization is almost two orders of magnitude less than 
that of magnetite [O'Reilly, 1984]. 

Two thirds of pillow samples have Tb greater than 600øC. 
With one exception (LP846 in Figure 12), however, thermal 
demagnetization of IRM reveals no significant high coer- 
civity component with blocking temperatures above 600øC, 
suggesting the remanence is dominated by low-Ti magnetite. 
LP846 is from the most altered portion of the Seamount 
Series (Figure l a) and has a northwestward and up charac- 
teristic magnetization. Petrographic observations reveal little 
magnetic material, and hematite is apparently the only phase 
present. The presence of hematite (as well as some magnetite) 
is confirmed by demagnetization of the IRM (Figure 12e). 
The percentage of the IRM remaining at 600øC is similar to 
that estimated from the decay of the NRM (15-25% for site 
846), lending credence to the method of estimating hematite 
contribution. Hematite is also suggested by the Curie tem- 
perature determination although the low magnetization and 
weight loss correction make the results somewhat ambiguous. 

The distribution of hematite in pillow lavas from the 
Seamount Series, as determined by the percentage of re- 
manence remaining at 600øC, is also consistent with an 
origin during hydrothermal alteration (Figure 13). Data 
from the analcime zone are limited by the dominance of 
volcaniclastic units in this region; however, there is a general 
increase in hematite contribution with degree of alteration. 
The distribution of hematite identified in thin section also 

generally confirms this result. Hematite in Seamount Series 
basalts occurs primarily as discrete prismatic grains presum- 
ably of hydrothermal origin [Ramdohr, 1969]. Martitization 
of magnetite has been reported from hydrothermally altered 
lithologies [e.g., Hall and Fisher, 1987; Fujimoto and Kikawa, 
1989], although the presence of discrete hematite grains is 
apparently less common. 

The magnetic mineralogy of intrusives from La Palma is 
more straightforward. Peak unblocking temperatures (540 o- 
600øC) in gabbros are consistent with the observation of 
oxyexsolution of ilmenite from titanomagnetite in all samples. 
Hematite occurs as an oxidation product of ilmenite lamellae 
as well as a secondary alteration product in cracks and may 
account for the small percentage of remanence remaining 
at 600øC. Thermal demagnetization of the three axis IRM, 
however, reveals no significant amount of high coercivity 
minerals such as hematite. Thus, the volumetric contribution 
of hematite is apparently below the detection limit of this 
technique and the remanence is apparently dominated by 
low-Ti magnetite. 

Dikes and sills from La Palma are also dominated by pure 
magnetite, although titanomagnetite and hematite are also 
present. The dominance of Tb between 500 o and 600øC in 
dikes and sills suggests the ubiquitous presence of Ti-poor 
magnetite. In contrast to the gabbros, ilmenite oxyexsolution 
from titanomagnetite is relatively rare in La Palma dikes 
and sills. Rather most grains exhibit alteration to sphene or 
granulation similar to that noted by Ade-Hall et al. [1971] 
suggesting that the magnetization carried by low-Ti magnetite 
results from hydrothermal alteration [e.g., Hall et al., 1987; 
Fujimoto and Kikawa, 1989]. Substantial unblocking at much 
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lower temperatures in many dikes/sills is compatible with 
the presence of residual titanium-rich titanomagnetite. This 
interpretation is confirmed by demagnetization of the low and 
intermediate coercivity axes of the IRM in these samples 
at temperatures of 2500 to 400øC. Even in samples with 
a moderate hematite contribution, thermal demagnetization 
of the IRM reveals no high coercivity phase with blocking 
temperatures above 600øC. Hematite occurs most often as 
discrete prismatic grains but is also present as an alteration 
product of ilmenite. 

Origin of Anomalous Remanence Directions 

It is evident from both the demagnetization curves in 
Figure 6 and the distribution of site mean directions (Figures 
10 and 11) that a significant portion of the samples have 
directions which differ from either the expected pretilt or 
posttilt directions at La Palma, lying outside the range 
of directions predicted from the magnitude of paleosecular 
variation at this latitude. The following generalizations may 
be made concerning these anomalous directions: (1) normal 
polarity directions show higher dispersion than reversed 
directions, (2) normal polarity directions (in geographic 
coordinates) are biassed toward the west and include negative 
inclinations, and (3) many demagnetization diagrams show 
a characteristic inflection at ~200øC (e.g., Figure 6c). The 
distribution of reversed site means from the sills (Figures 
10d-10f) is an obvious exception to the first point and is 
probably best understood in terms of successive tectonic 

tilting and/or reheating. We propose that the anomalous 
directions are the result of overlapping normal and reversed 
polarity magnetizations which can best be attributed to a 
reversed remagnetization event which affected much of the 
Seamount Series prior to tilting. 

Results from a leucogabbro within the layered extrusives 
illustrate how the inflection and shallow negative inclinations 
may be produced (Figure 14). Thermal demagnetization 
(Figure 14a) reveals three components, of which the lowest 
stability component is viscous since the sample acquired 75% 
VRM in 5600 hours. Indeed, the NRM is indistinguishable 
from the present field at La Palma (Figure 14c), confirming 
this component is of quite recent origin. The second 
component has a southerly declination and positive inclination, 
and the final two demagnetization steps give a direction 
of 0350 , -220 in geographic coordinates. On an equal 
area projection (Figure 14c), these three components are 
distributed along two great circles. Removal of the lowest- 
stability component gives directions along an arc away 
from the present field. Upon further demagnetization, 
the directions follow a second great circle path from the 
expected pretilt reversed direction towards the pretilt normal 
direction. The final component is most compatible with a 
pretilt normal magnetization although the negative inclination 
of this component probably indicates inadequate separation 
of the reversed and normal polarity components. These 
data suggest that this leucogabbro experienced an early 
remagnetization during a reversed polarity interval, and that 
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this early magnetization is, in turn, obscured by a large VRM 
which postdates tilting of the Seamount Series. 

AF demagnetization of the companion specimen (Figure 
14b) also shows three components of magnetization; however, 
the intermediate component has a steeper inclination than in 
the thermally demagnetized specimen and the final component 
(015 ø, -09 ø) is better defined. The individual directions trace 
a great circle path similar to that defined by the higher 
temperature directions from the companion sample (Figure 
14c). Since these two specimens are from the same 
core, the very large differences between the vector endpoint 
diagrams are probably a result of the variable stability of the 
components to AF and thermal demagnetization. Thus, the 
type of demagnetization behavior shown in Figure 6c can be 
produced by overlapping components of opposite polarity. 

Demagnetization data from a feeder dike on the northwest 
flank of the Barranco de las Angustias illustrate the origin 
of these westerly, shallow directions (Figure 15). Thermal 
demagnetization of sample LP860al (Figure 15a) reveals 
three components: an initial westward and down component, 
an intermediate direction suggestive of reversed polarity, and 
a characteristic magnetization which approaches the expected 
pretilt normal direction. The directions at temperature steps 
>250øC lie along a great circle path which passes near the 

expected pretilt directions (Figure 15c). The progression 
towards the pretilt normal direction indicates removal of a 
reversed pretilt magnetization. Although the characteristic 
magnetization is well defined, contamination by this reversed 
component apparently precludes isolation of the original 
direction. The original magnetization of the sample shown 
in Figure 15b is almost completely obscured by secondary 
magnetization components. Removal of a posttilt normal 
component (similar to the GAD normal direction) is indicated 
by the great circle path defined by the low-temperature 
demagnetization steps (Figure 15c). At temperatures above 
400øC the directions are compatible with a great circle 
path similar to that defined by sample LP860al. The final 
direction (328 ø, 18 ø) is the resultant of overlapping reversed 
and normal pretilt magnetizations which cannot be effectively 
separated. These results suggest that the westerly declinations 
of the normal polarity feeder dikes represent an original pretilt 
magnetization variably contaminated by both a pretilt reversed 
and a posttilt normal polarity remagnetization. The reversed 
polarity samples are less dispersed since both the original 
and remagnetization directions are of reversed polarity and 
predate tilting of the Seamount Series. 

The mineralogical changes accompanying hydrothermal al- 
teration may provide a mechanism for producing the aberrant 
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directions observed in much of the Seamount Series. Spurious 
remanence directions resulting from completely overlapping 
blocking temperature spectra have been noted previously 
[e.g., Dinares-Turell and McClellan& 1991]. Such significant 
overlap in blocking temperatures can result from chemical 
overprinting [e.g., McClelland-Brown, 1982], and the presence 
of coexisting magnetite and hematite may account for the 
overlap in some samples. Tb of <600øC and low stability to 
AF demagnetization in other samples, however, argue against 
the presence of hematite as a universal explanation for the 
discordant directions. Production of nearly pure magnetite 
during hydrothermal alteration may provide an alternative 
mechanism. Smith and Banerjee [1986] reported Ti-free 
secondary magnetite as a precipitant from hydrothermal fluids 
and also inferred the presence of submicroscopic magnetites 
in apparently homogeneous hydrothermally altered titanomag- 
netites from DSDP Hole 504B. The latter phase has recently 
been imaged with transmission electron microscopy, where it 
occurs in association with sphene, ilmenite, ulv6spinel and 
kassite [Shau et aL, 1991]. We speculate that subdivision 
of primary titanomagnetite (titanomaghemite), or possibly 
precipitation of secondary magnetite, may result in similar 
populations of fine-grained magnetite which may acquire a 

chemical remanence parallel to the field during alteration. 
The inherent similarity of reversed and normally magnetized 
grains produced in this manner might account for the difficulty 
in separation by either AF or thermal demagnetization. 

Evolution of the Magnetization of the La Palma 
Seamount Series 

The construction and later alteration of the Seamount Se- 

ries over several polarity intervals has resulted in a complex 
magnetization history. Volcanic activity at La Palma began 
with the eruption of lavas during the Pliocene. The domi- 
nantly normal polarity of the extrusive series, together with 
biostratigraphic ages of 2.9-4.0 Ma, suggests formation pri- 
marily within the Gauss normal polarity chron (2.60-3.55 Ma 
[Cande and Kent, 1992]). Pillow lavas acquired a TRM, 
presumably carried by Ti-rich titanomagnetites, as suggested 
by the preservation of ulv6spinel-rich titanomagnetites and 
nearly univectorial pretilt magnetization directions in samples 
from the least altered part of the section. Feeder dikes 
for the extrusives have pretilt directions of both normal and 
reversed polarity. Crosscutting relationships indicate that sill 
emplacement began early in the history of the seamount 
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[Staudigel et al., 1986]. Sills within the extrusives have 
unambiguous prefllt magnetizations, confirming that at least 
some of the Group II intrusives were originally horizontal. 

As the edifice shoaled, volcaniclasflc material became 

more prevalent although pillow lavas also occur high in the 
extrusive secflon. Amoeboidal pillows apparently acquired 
a normal polarity TRM as suggested by the presence of 
reddened, quenched clast margins and remanence directions 
near the expected prefllt direction. The magnetization of most 
clasts in pillow fragment breccias, however, was randomized 
during redeposition. Sill intrusion continued during the 
shoaling stage: approximately 75% of sills are younger 
than the feeder dikes [Staudigel et al., 1986]. Although the 
small gabbroic intrusions sampled within the sill complex 
and extrusives have complex magnetizations, the shallow 
characterisflc directions are most compatible with a prefllt 
remanence. Thus, the seamount must have had a significant 
intrusive core prior to any resolvable radial tilting. 

Emplacement of intrusives also provided the source of 
heat for hydrothermal alteration of the Seamount Series. 
The mineralogical effects of this hydrothermal alteration are 
most apparent in the extrusives, where low-Ti magnetite was 
produced and hematite precipitation occurred in the most 
altered lavas. Much of the magnetization in extrusives may 
therefore best be termed a chemical remanence. Anomalous 

remanence directions in extrusives, as well as other lithologies, 
may also be attributed to hydrothermal alteration. Analysis of 
demagnetization data (Figures 14 and 15) indicates that these 
anomalous directions are most compatible with an unresolved 
mixture of pretilt magnetizations. The distribution of site 
mean directions from extrusives (Figure 11) also illustrates 
that the dominant alteration (remagneflzaflon) event occurred 
during a reversed polarity interval. Extrusives with an 
original pretilt reversed magnetization have less dispersed 
directions, whereas the normal polarity sites are biassed 
toward northwesterly, shallow direcflons. The dominant 
reversed polarity of sills and gabbros provides additional 
support for this reversed remagneflzaflon event. Although the 
precise age relationships of the intrusions are unknown, they 
may record either the short subchrons within the Gauss or 
may have intruded during the Matuyama reversed chron (but 
prior to the oldest Coberta lavas at 1.61 Ma). 

Radial tilting of the Seamount Series apparently postdates 
hydrothermal alteration of the extrusives and is presumably 
the result of inflation through intrusive activity [Staudigel 
et al., 1986]. The emplacement of gabbros with posttilt 
magnetization directions probably contributed to the tilting of 
the Seamount Series. In addition, sills have magnetization 
directions similar to both the prefllt and posttilt directions, 
with postflit directions most prevalent in sills nearest the 
center of intrusive activity (Figure 10) as might be expected 
if the sills were in part responsible for the tilting. The 
magnetization of keratophyre screens within the sill complex, 
however, suggests that reheating and alteration may account 
for some of the posttilt directions. The keratophyres represent 
metamorphosed trachyflc extrusives from the early stages 
of seamount formation [Staudigel and Schmincke, 1984] and 
thus the original magnetization should predate tilting. A 
keratophyre screen from the intermediate sill site (Figure 10e) 
apparently maintains the original pretilt direction, whereas a 
keratophyre from the innermost sill site (Figure 100 has been 
reheated after tilting. "Sills" nearer the caldera center may, 
in part, have been injected along dipping planes of weakness 

and may have contributed to the tilting as well as to the 
remagneflzaflon of earlier sills. 

Emplacement of Group III dikes and probably some gabbro 
intrusions occurred significantly after the formation, alteration 
and tilflng of the Seamount Series. Field relationships, 
radiometric ages and postflit magnetization direcflons are all 
compatible with the interpretation of the Group Ill dikes as a 
radial dike swarm feeding the overlying Coberta lavas. The 
posttilt normal polarity directions and proximity to present 
day hydrothermal activity in the caldera suggest that two of 
the gabbros sampled represent Brunhes intrusions. Finally, 
the majority of samples from the Seamount Series have 
acquired a low-stability magnetization component, similar to 
the present field direction at La Palma, and presumably of 
viscous origin. 

IMPLICATIONS FOR SEAMOUNT PALEOPOLES 

The results presented in the previous secflons cast doubt 
on the fidelity of many seamount lithologies in preserving 
a record of the geomagnetic field at the time of intrusion 
or deposition. In particular, the NRM rarely provides a 
good estimate of the characteristic magnetization direction, 
often being biassed toward the present field by a VRM. The 
magnetization directions of extrusives and dikes and sills 
emplaced early in the history of the seamount are generally 
consistent with a magnetization acquired prior to tilting 
(Table 2); however, the distribution of the characteristic 
magnetization suggests the presence of an incompletely 
removed secondary component. Thus, even directions 
determined from stepwise demagnetization may not represent 
the original magnetization. We suggest this inability to recover 
the original magnetization direction stems from a complex 
history of alteration which occurred in a different polarity 
state than prevalent during the original magnetization. Since 
the exposures in La Palma are unique in their completeness, 
we focus on processes affecting the magneflzation which are 
likely to apply to other seamounts. 

Role of Multiple Polarities 

The presence of large volumes of material with different 
polarities constitutes one of the more difficult problems in 
seamount anomaly modeling. Lumb et al. [1973] have 
shown that layers of alternate polarity can lead to erroneous 
paleopole positions, particularly if the two polarity states are 
not antipodal. Multiple polarities might be detected by the 
spatial correlation of residuals in least squares models [e.g., 
Parker, 1988], and the seminorm minimization technique 
of Par'ker et al. [1987] should also detect large blocks of 
opposite polarity. The more recent ideal body modeling, 
however, suggests that even complex anomalies may be 
compatible with a uniform direction, provided variations in 
intensity are not constrained [Parker, 1991]. 

The duration of volcanism on ocean islands and seamounts 

implies that Cenozoic seamounts constructed entirely within a 
single polarity interval will be rare. Radiometric ages suggest 
a duration of 0.5 to 1.0 rrry. for shield-building volcanism 
on oceanic islands [e.g., Jackson et al., 1972; McDougall 
and Schmincke, 1976]. The total duration of volcanism 
on Hawaiian Islands may span 5 m.y. [e.g., Clague and 
Dalrymple, 1987] and a similar duration has been documented 
for a Pacific seamount [Pringle et al., 1991]. Such extended 
volcanism, together with the high reversal frequency in the 
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Cenozoic [Lowrie and Kent, 1983], suggests that multiple 
polarity is likely to be a com_n•n feature in moderate to large 
seamounts. 

Results from the La Palma Seamount Series provide support 
for the presence of multiple polarities in many seamounts. 
Extrusives of the Seamount Series are dominantly of normal 
polarity with several reversed sites in the lower part of the 
section. Together with the biostratigraphically determined age 
of 2.9-4.0 Ma for the extrusive series [Staudigel, 1981], these 
results suggest that most of the extrusives erupted during 
the Gauss normal polarity chron. Although the precise age 
relationships of the intrusions are unknown, the presence of 
reversed sills and gabbros requires that the Seamount Series 
span a minimum of two reversed and one normal interval, and 
it may encompass much of the Pliocene. In addition to the 
complexity introduced by simple superposition of reversed 
and normal polarity material, seamount construction spanning 
more than one polarity interval is apparently a prerequisite 
for the generation of anomalous directions from hydrothermal 
alteration. 

Importance of Reheating and Hydrothermal Alteration 

The emplacement of intrusives within a seamount may be 
associated with either local remagnetization by conductive 
heating or hydrothermal alteration. Conductive heating 
from dike emplacement is an inefficient mechanism for 
remagnetizing country rock. Samples taken near dike contacts 
often exhibit low-stability components of magnetization with 
unblocking .temperatures higher than expected for a low- 
temperature VRM [e.g., Pullaiah et al., 1975]. The extent 
of the reheating indicated by these partial thermal remanence 
components is limited to length scales approximately equal to 
the width of the dike. Buchan and Schwarz [1987] reported 
a similar result in country rock adjacent to a 38 m dike in 
the Northwest Territories. Complete directional reorientation 
is confined to a smaller fraction of the dike width [e.g., 
Ade-Hall et al., 1972]. The average dike width (<1 m) in 
the Seamount Series suggests that the volume of country rock 
remagnetized by this mechanism is probably insignificant 
except where the dike/sill density is high. The similarity 
of magnetization directions in adjacent sills and the posttilt 
magnetization of a keratophyre screen from the innermost sill 
sampling locality (Figure 10f) suggest that the basal part of 
the sill swarm has experienced this type of reheating. 

In contrast, hydrothermal alteration associated with intru- 
sive activity can be a very effective mechanism for remag- 
netization [e.g., Rice et al., 1980]. If seamount construction 
occurs within a single polarity interval the directional changes 
associated with such intrusive activity would be insignificant, 
although the mineralogy and bulk magnetic properties would 
still be affected. The results from La Palma, however, indi- 

cate that intrusive activity spanning different polarity intervals 
may produce magnetization directions which are dramatically 
different from any expected geomagnetic direction (Figures 6 
and 11). The similarity of the La Palma hydrothermal system 
to that on Reunion [Demange et al., 1989] suggests that such 
alteration is probably a com_n•n feature in seamounts and 
islands with a significant proportion of intrusives. Although 
hydrothermal alteration is generally confined to the early 
history of the seamount, Rice et al. [1980] have documented 
a similar remagnetization process in the Bermuda Seamount 
where the intrusive activity postdates seamount construction 
by more than 50 rn•y. 

Importance of Viscous and Induced Magnetization 
In the context of determining paleopoles from seamount 

magnetic anomalies, probably the most general bias arises 
from viscous and induced magnetization (IM) contributions. 
The percentage of the low-stability component of magne- 
tization in various lithologies (Figure 7) can be used to 
estimate the bias from VRM. The low-stability component 
was acquired after tilting (Figure 8). The similarity to the 
present field direction at La Palma, as well as evidence for 
alteration of the Seamount Series prior to tilting discussed 
above, suggests that the most plausible explanation for this 
component is a VRM. The general correlation between the 
laboratory VRM and the percentage of the low-stability 
component also supports this interpretation. The percentage 
of the low-stability magnetization does not coincide perfectly 
with the magnitude of VRM, since some of the secondary 
magnetizations are probably of thermal origin and in other 
cases VRM components may not be obvious from the demag- 
netization data. On balance, however, the parameter probably 
gives a reasonable estimate of the contribution of VRM. 

The magnetic properties of various lithologies (Table 2) 
allow an estimate of the combined contribution of VRM 

and IM to seamount anomalies. In order to estimate this 

contribution, we use a model lithological distribution for a 
large Hawaiian-type seamount and a second model based 
on Jasper, an intermediate-size (570 km a) seamount in the 
eastern Pacific. On the basis of seismic and gravity data [Hill 
and Zucca, 1987] the model Hawaiian seamount includes 
14% gabbros, 29% dikes/sills and roughly equal proportions 
of pillow lavas (22%) and volcaniclastics (24%), and 11% 
subaerial flows [Gee et al., 1989]. In applying the data 
from Table 2 to this lithological model we have made the 
conservative assumptions tha• subaerial flows have negligible 
VRM and that the pillow lavas have intensities similar to the 
least altered samples and a VRM equal to that determined for 
all pillows. The resulting induced (17% [Gee et al., 1989]) 
and viscous (10%) magnetizations suggest that approximately 
one quarter of the total magnetization of large seamounts 
might have a present field direction. 

Geophysical studies of Jasper Seamount [Hildebrand et al, 
1989; Hammer et al., 1991] suggest that smaller seamounts 
have porportionately more extmsive material. We have 
constructed a model lithological distribution based on the 
observed seismic velocities in a vertical section through 
Jasper [Hildebrand et al., 1989] and the flexural depression of 
the crust to a level of ~2 below the seafloor (P. T. C. Harmher 
et al., Jasper Seamount structure: Seafloor seismic refraction 
tomography, submitted to Journal of Geophysical Research, 
1993). The bulk of the seamount has seismic velocities 
<4.5 krrds which we infer to consist primarily of pillows 
(65%), volcaniclastic material (30%) with a small amount 
of feeder dikes (5%). The presence of higher velocities 
(>4.5 krrds) beneath the flank of the seamount is thought 
to reflect the presence of a dike complex with ~40% dikes 
[Hildebrand et al., 1989; P. T. C. Harmher et al., submitted 
mansuscript, 1993]. We have used the velocity contours 
as an estimate of the percentage of dikes, increasing from 
40% at 4.5 knds to 70% at 6.5 knds. The resulting 
model is compatible with the geophysical constraints and 
comprises 53% pillows and 18% volcaniclastic material, with 
less than one third intrusives. The data in Table 2 suggest 
a similar contribution of viscous (16%) and induced (11%) 
magnetization as inferred from the Hawaiian type model. 
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Although the contribution of VRM and IM deduced from 
this study of the magnetic properties of seamount rocks 
is gratifyingly similar to the 25% inferred from modeling 
of seamount magnetic anomalies [Hildebrand and Staudigel, 
1986; Bryan and Gordon, 1991], the estimates given above 
are subject to several uncertainties. Our estimate of VRM 
and IM does not account for the reduced contribution due 

to the greater depth to the intrusive sources, although the 
increased temperature at depth may partially offset this 
effect. In addition, significantly higher Koenigsberger ratios 
(ratio of remanent to induced magnetization, Q) have also 
been reported from dredged seamount samples [e.g., Gee 
et al., 1988], indicating a smaller IM contribution from 
the outermost part of seamounts. Seamount samples from 
drilling, however, yield intensities and Q ratios similar to 
those from La Palma samples [e.g., Kono, 1980; Marshall, 
1978], suggesting that the very high Q ratios from dredged 
material probably are not representative of a large volume of 
the seamount edifice. The IM implied by the Q ratio provides 
a mini.mum estimate of the total magnetization parallel to the 
ambient field, as the remanent contribution may also include 
a viscous component. The overall contribution of VRM and 
IM may be slightly lower than 25%, but the percentage of the 
low-stability component in extrusives (15%-22%) suggests a 
minimum contribution of 15% even in seamounts dominantly 
composed of pillows and volcaniclastic material. 

A combined viscous and induced contribution of 15% to 

25% represents a significant potential error in the determina- 
tion of paleolatitudes (Figure 16). The bias in paleolatitude 
in this figure is based on the simplest case of coplanar 
vectors in which a percentage of the original magnetization 
is reoriented parallel to the ambient field. In addition to the 
far-sided or near-sided pole positions generated by present 
field overprints [e.g. Sager, 1987], several observations may 
be made from this simplified model. First, the magnitude 

of the paleolatitude error is dependent on the polarity of 
the seamount. This asymmetry arises from the reduced 
magnetization in reversed polarity seamounts due to a normal 
polarity overprint, resulting in a proportionately greater angu- 
lar deviation from the same magnitude overprint. Paleopoles 
from reversed seamounts are far-sided by an amount ,-,50% 
greater than the corresponding near-sided bias of a normally 
magnetized seamount. Second, the paleolatitude error is also 
dependent on the original paleolatitude of the seamount. For 
example, a reversed seamount formed at 20øS and now at 
5øN has a paleopole which is far-sided by 14 ø if IM and 
VRM account for 25% of the seamount magnetic anomaly. 
A reversed seamount constructed at 20øN and subject to the 
same latitudinal transport (25 ø) would yield a pole position 
only 7.5 ø far-sided. Therefore, the bias introduced by vis- 
cous and induced magnetization is significant for older Pacific 
seamounts. Fixed hotspot models suggest ,-,40 ø of northward 
motion for the Pacific plate since the late Cretaceous [e.g. 
Engebretson et al., 1985]. We note that the majority of 
Cretaceous paleopoles used to construct the Pacific apparent 
polar wander path are from seamounts presently located at 
low latitudes. Many of these seamounts were presumably 
constructed at low southern latitudes and therefore might 
have paleopoles in error by up to 10 ø to 16 ø for normal and 
reversed polarity seamounts, respectively. 

CONCLUSIONS 

The La Palma Seamount Series constitutes a single sample 
suite represehting the interior of a seamount, but in the absence 
of significant drilling penetration into seamounts these results 
provide the best opportunity to evaluate the assumptions 
inherent in determining paleopoles from seamount magnetic 
anomalies. The fundamental assumption of such modeling is 
that the anomaly is dominated by a reinanent magnetization 
which preserves an accurate record of the geomagnetic field 
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Fig. 16. Potential bias in seamount paleopoles resulting from viscous and induced magnetization. Paleolatitude error 
applicable to Pacific plate is shown for normal and reversed polarity seamounts constructed at 20øN (areas between 
dashed lines) and 20 ø S (shaded areas) as a function of northward transport. The range of the potential paleolatitude error 
in each of the four cases corresponds to a combined viscous and induced contribution ranging from 15% to 25%. Note 
that bias is dependent not only on latitudinal displacement but is also a function of seamount polarity and paleolatitude. 
Paleolatitude error calculated from simple coplanar vector model with percentage of original remanence reoriented into 
ambient field direction. 



GEE ET AL: MAGNET•ATION OF LA PALMA SEAMOUNT SERIES 11,765 

during seamount construction. Despite the high Q ratios often 
reported from dredged/drilled seamount samples [e.g., Kono, 
1980; Gee et al., 1988], a significant IM is expected from 
lithologies within the seamount interior [Gee et al., 1989]. 
The NRM directions of La Palma samples also give a poor 
representation of the characteristic magnetization direction. 
The distribution of NRM directions is strongly biassed toward 
the present field direction, rather than reflecting the original 
pretilt direction as required by anomaly modeling. The mean 
direction (352.30 , 46.80 ) of the low-stability component of 
magnetization, together with laboratory viscous acquisition 
experiments, suggests this component can reasonably be 
ascribed to a recent VRM. The magnitude of the low- 
stability component and the average Q ratios of La Palma 
samples imply a combined IM and VRM contribution of 
15%-25%, with the lesser value probably applicable for 
smaller seamounts dominated by extrusive material. The 
bias introduced by viscous and induced magnetization is 
dependent not only on the amount of latitudinal translation, 
but is also a function of the polarity and paleolatitude of 
seamount formation. 

The induced and viscous contribution to seamount magneti- 
zation derived from our study suggests several approaches for 
evaluating the reliability of individual seamount paleopoles 
as well as for possibly improving the Pacific apparent polar 
wander path. The relative contribution of IM and VRM is 
dependent on lithology, with greater contributions associated 
with intrusive material. As suggested previously [Gee et 
al., 1989], the average density might be used to identify 
seamounts with a high proportion of intrusives and therefore 
a potentially larger bias due to viscous and induced magneti- 
zation. In addition, comparison of solutions from the various 
modeling techniques provides an indication of the error for 
an individual palcopole determination. For example, the 
ideal body, seminorm and least-squares solutions for Darwin 
Guyot, a large seamount formed in the early Cretaceous, 
differ by more than 200 [Parker, 1991]. Some estimate of 
the potential paleopole error may also be derived by modeling 
the seamount anomaly after removal of an estimated VRM 
and IM contribution parallel to the ambient field. The over- 
all contribution of 15%-25% may be appropriate for many 
seamounts, although additional geophysical constraints on the 
internal structure of the seamount are obviously desirable 
to construct a geologically reasonable model. Finally, we 
suggest that palcopoles modified in this way may provide a 
more realistic estimate of plate motion. The asymmetry of the 
palcolatitude bias should be considered when combining such 
corrected palcopoles from seamounts of different polarity. 

Our data from La Palma also indicate that preservation 
of the original magnetization direction may be affected by 
hydrothermal alteration, which results in the production of 
1ow-Ti magnetite and an increasing contribution of hematite 
to the remanence. In addition to significant changes 
in the bulk magnetic properties, magnetization directions 
which deviate significantly from any reasonable geomagnetic 
direction at La Palma can be attributed to hydrothermal 
alteration in a different polarity than prevalent during the 
original magnetization. Seamount construction over multiple 
polarity intervals, when coupled with hydrothermal alteration, 
may therefore result in additional complications besides 
the simple superposition of rocks of different polarity. 
These results suggest that small seamounts, with little 
intrusive material and possibly less hydrothermal activity, and 

seamounts constructed within a single polarity interval may 
provide the best opportunity for determining palcopoles. 

The effects of hydrothermal alteration noted in La Palma 
samples suggest that caution should be excercised in inter- 
preting results from similarly altered lavas. Hydrothermal 
alteration may offer an alternative explanation for similar 
anomalous remanence directions often encountered in drilled 

samples from the ocean crust and attributed to tectonic tilting. 
The potential severity of this problem is limited, however, 
by the lower temperatures prevalent in the extrusive portion 
of the crust. For example, the geothermal gradient at DSDP 
Hole 504B results in temperatures • 100øC only at the base 
of the extrusive layer and deeper [Becker et al., 1989]. The 
bulk of the extrusives would presumably not be subject to the 
alteration temperatures sufficient to cause the mineralogical 
changes noted in extrusives from La Palma except in cases 
where sediment cover is especially thick. 
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