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Rotations of the West Philippine Basin
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MIT/Woods Hole Oceanographic Institution Joint Program in Oceanography

A paleomagnetic study of sediments from Deep-Sea Drilling Project (DSDP) sites 290, 292, and 294
suggests that the West Philippine Basin originated between 5° and 10°S. Results for site 292 are
particularly consistent; a group of 20 closely spaced samples at the sediment-basalt interface has a mean
absolute paleolatitude and 95% confidence interval of 4.9° + 2.0°. An equatorial crossing is implied by
the trend of paleoinclinations as a function of age for 73 additional samples from site 292 and concurrent
results from sites 290 and 294. Origin of the West Philippine Basin in southern latitudes is also consistent
with the phase shifting of marine magnetic anomalies, which must be inverted to be matched with a set of
worldwide Eocene reversals. Two well-defined paleomagnetic pole positions are determined if the low
amplitude of these east-west anomalies, in comparison to similarly oriented anomalies in the Pacific and
Indian oceans, is due to a rotation of this plate. One of these is consistent with paleopoles calculated from
the ‘absolute’ motion of the Pacific and directions of relative motion between the Philippine and the
Pacific plate. This suggests a clockwise rotation of 60° between the Philippine plate and the magnetic pole
and is similar to results from the study of Miocene rocks on Guam. This may imply that both Guam and
the West Philippine Basin have undergone the same past plate motion and that the rotation of Guam is
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not due to a simple bending of the Marianas arc.

INTRODUCTION

There are essentially four methods by which we can deter-
mine the rotations of the plates relative to an external frame of
reference. These are (1) the paleomagnetic study of basalts and
sediments, (2) the phase or shape analysis of linear sea floor
spreading and seamount magnetic anomalies, (3) the bath-
ymetric mapping of hot spot traces, and (4) the location ol
deepwater regions of high sedimentation, which are assumed
to be produced within +£5° of the paleoequator. If it is then
assumed that the earth’s paleomagnetic field has time-aver-
aged over 10*-10° years to an axially geocentric dipole con-
cordant with the spin axis [Opdyke, 1972] and that hot spots
have remained fixed with respect to this axis, then all of these
measurements are directly comparable. Such ‘absolute’ mo-
tions have been determined in this manner for the South
Atlantic [Phillips and Forsyth, 1972; Lowrie et al., 1973b],
North Pacific [Francheteau et al., 1970; Clague and Jarrard,
1973; Harrison et al., 1975], and Indian [McKenzie and Sclater,
1971; Blow and Hamilton, 1975] oceans, and results based on
the different techniques are generally consistent [Peirce, 1976].
These studies have been particularly successful in recording™
the northward motion of the Pacific and Indian plates since the
Cretaceous.

This paper attempts to use some ol the same techniques in
placing constraints on the early history and subsequent motion
of the Philippine plate. A comparison of the absolute motions
of the Pacifi¢ and Philippine plates can hopefully lead to some
understanding of how these two plates have moved in relation
to each other. This is important, since the nature of relative
motions produced by inner arc spreading is not well under-
stood. Determinations of instantaneous motion are based al-
most entirely on fault plane solutions [Katsumata and Sykes,
1969; Fitch, 1972], and the results are only poorly constrained,
as is evidenced by the many different locations of possible
Philippine-Pacific poles [Karig, 1975].
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Almost nothing certain is known about motions of the
Philippine plate over a finite length of time. The primary
reason for this is the absence of easily identifiable magnetic
anomalies in both active (young) and inactive (old) basins of
the Philippine Sea. Recently, however, Louden [1976] has iden-
tified some anomalies in the West Philippine Basin across the
Central Basin Fault (Figures | and 10). This region is one of
the older sections of the Philippine Sea, but controversy still
exists over its exact age and origin. One theory forms the West
Philippine Basin by inner arc spreading during an Eocéene
pulse simitar to but in a different direction from that which
later opened the more eastern Parece Vela and Shikoku basins
[Karig, 1975]. Another explains it as a remanent of the Meso-
zoic Kula-Pacific ridge system which was trapped when the
absolute motion of the Pacific changed direction 40 m.y. ago
[Uyeda and Ben-Avraham, 1972]. This theory is inconsistent
with _ages based on Joides cores, magnetic anomaly identi-
fications, and heat flow averages, which all indicate an Eocene
age [Louden, 1976]. Only the 6-km depth of the basin, which
gives"a minimum age of 80 m.y. from the depth versus age
curves of the Pacific [Sclater et al., 1971], is consistent w1th this
interpretation, but it is not certain whether depth versus age
curves for major ocean basins can be applied to marginal
basins [Sclater et al., 1976].

Initial apalysis of the skewness of the magnetlc anomalies
indicated that they must have been formed 0°-16° south of the
equator. The total amount of northward motion is very similar
to that of the Pacific plate over the same time period (40-50
m.y.). In this paper we will add to these results a study of
paleolatitudes derived from sediments taken at three DSDP
sites (290, 292, and 294). We also have reanalyzed the mag-
netic anomalies by using a slightly larger data set. These two
analyses (phase shifting and paleomagnetics) can be combined
to determine geomagnetic pole positions well constrained in
latitude but not in longitude. In addition, the low amplitudes
of our magnetic anomalies suggest that they must have under-
gone significant declinational change since they were formed if
their origins are similar to those of anomalies in other ocean
basins. One of the two possible pole positions, which is con-
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Fig. 1.

Bathymetric map of the Philippine Sea from Chase and Menard [1969] with uncorrected 1829-m (1000-fathom)

contours and selected DSDP site locations. The dashed line encloses the area of Figure 10.

sistent with these magnetic anomaly phase and amplitude cri-
teria and the paleomagnetic inclinations, would require signifi-
cant rotations (80°-100°) about a relative Pacific-Philippine
pole similar to those determined from present-day motions.
Paleomagnetic results for basalts from Guam [E. E. Larson et
al., 1975] can also be explained by the same ‘polar wandering’
curve.

PALEOMAGNETISM OF DSDP SEDIMENTS

Introduction

The paleomagnetic study of deep-sea sediment cores has led
to significant advances both in our knowledge of the magnetic
reversal stratigraphy over the last 20 m.y. and in under-
standing the nature of secular variation and excursions in the
earth’s magnetic field of much shorter duration [Opdyke, 1972;
Harrison, 1974; Creer et al., 1972]. The major advantage of
sediments is that unlike the basalts they can offer a semi-
continuous record of the magnetic field direction and intensity.
The detail of such a record depends directly upon the rate of

sedimentation. Low rates (0.1 cm/10° yr) will average out
most of the secular variation in a standard sample 2.54 cm
thick, whereas samples with high sedimentation rates (10
cm/10? yr) can record the details of variations over several
hundred years.

Successful studies of the sediment paleomagnetic record are
possible even though relatively little is known about the mech-
anisms by which the magnetic pattern is recorded. The slow
deposition of sediment grains on the ocean floor (detrital
remanent magnetization), postdepositional mixing such as is
caused by bioturbation (postdetrital remanent magnetization),
and chemical alteration (chemical remanent magnetization)
may all play a role. Measurements on many cores of differing
lithologies show that some offer coherent patterns in agree-
ment with results from land basalts and sea floor spreading
anomalies, while others are scattered with unrecognizable pat-
terns. We do not understand why this happens. Our con-
fidence in the reliability of any particular sediment record is
based more on macroscopic properties, such as the statistics of
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Fig. 2. Lithological and paleontological stratigraphy for DSDP site 292 sediment from Ingle et al. [1975] using the

Berggren [1972] Cenozoic time scale. Shaded areas locate positions of recovered sediment. Numbers identify the location
and age of cores which were densely sampled. Paleomagnetic measurements were made on 10-20 10-cm® samples as closely
spaced as possible in each of these six locations for a total of 93 individual samples.

the scatter in inclination and declination directions, than on
any fundamental paleomagnetic properties of the minerals
which carry the signal. This poses a significant problem for the
analysis of DSDP cores. Because of probable rotations during
the drilling process, declination values are always highly scat-
tered, and reversal chronologies can only be determined by
changes in sign of the inclination, which may be unreliable for
low latitudes. Results often have not been easy to interpret,
and attempts at utilizing these cores to extend the sequence of
reversals back through the Tertiary have made only slow prog-
ress.

Recently, there have been attempts at using the Joides data
for mapping changes in paleolatitudes back in time [Sclater
and Cox, 1970; Hammond e1 al., 1975; Peirce, 1976]. Results
can become particularly useful when averages are taken of
many closely spaced samples, the standard deviation of the
mean forming one measure of our confidence in the result
[Green and Brecher, 1974]. Collections of high-density sam-
pling can be taken at several locations downcore to give aver-
ages of paleolatitudes as a function of age. With such a rela-
tionship we can hope to distinguish between origins north and

south of the equator even if we do not know whether the field
was normal or reversed at the time of formation. A pattern of
steep to shallow to steep inclinations should define an equa-
torial crossing even though the polarities of the inclination
averages alone are not significant. Such a pattern has been
observed in equatorial Pacific piston cores by Hammond et al.
[1974]. We only must assume that the plate motion is continu-
ous and that abrupt reversals in its direction do not occur.

Site 292

Drill cores from site 292 contain the most complete sedi-
ment section to basement of any of the Joides holes in the West
Philippine Basin. The lithology of this sediment is a uniform
calcareous ooze/chalk rich in nannofossils, indicating that the
bottom (now at 2943 m) has remained above the carbonate
compensation depth (CCD) throughout its history [Ingle et al.,
1975]. Sedimentation rates as determined by these fossils are
fairly uniform at approximately 1.0 cm/10® yr. Absolute ages
can be determined to within several million years from the
nannofossil record [Ellis, 1975] and Berggren [1972] Cenozoic
time scale. Levels of bulk magnetization (0.3-4.0 X 10-*
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Demagnetization curves and stereonet plots for selected site 292 sediment intensities and directions. High MDF

values and well-grouped directions indicale stable remanent magnetizations.

G cm?®) are relatively high because of the large ash content,
which probably owes its origins to nearby island arc volcanos.
All of these factors plus the undisturbed nature of many of the
cores make this a most promising site for paleomagnetic study.

We selected six relatively undisturbed areas at different loca-
tions downcore for detailed sampling. These positions together
with their associated paleontological ages are shown in Figure
2. At each position we took a suite of 10-20 samples of
approximately 10 cm?® each. If the sediment was sufficiently
indurated, as it was in cores 31-33, 34-38, and 39, we could
sample by diamond drilling, just as we did for the basalts; if
not, we took an oriented sample by pressing a nonmagnetic
plastic tube (approximately 2.5 X 2.5 cm) into the core by
means of a small piston apparatus. The ends of the tube were
sealed by epoxy to avoid later disturbances. A total of 94
samples were taken by these techniques and later studied with
the use of C. E. Helsley’s cryogenic magnetometer and 400-Hz
demagnetizer at the University of Texas at Dallas.

We selected five of our samples for detailed af demagnetiza-
tion experiments, results of which can be seen in Figure 3. The
loss of intensity with increasing demagnetization that they
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Fig. 4. PSI stability index as a function of demagnetizing field for
the same selected site 292 sediments as are shown in Figure 3. Low
values at 88-175 Oe indicate moderate to high stability.

show is much less variable from sample to sample than are the
changes in direction of magnetization. Some directions vary
little from natural remanent magnetization (NRM) to fields of
200 Oe, while others have large variations. Symons and
Stupavsky [1974] have defined a stability index, PSI, which is
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Fig. 5. Paleoinclinations after demagnetization in 88 Oe for site
292 sediments. Large numbers identify the sampling location (see
Figure 2) for each group of closely spaced samples. The depth is
relative to the position of the top sample in each group. Histograms
show the decrease in inclination from cores 8 to 33 and the increase
from cores 33 to 39, which we attribute to a crossing of the paleomag-
netic equator.
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Fig. 6. Histograms of A (defined in the text) for sediments of site
292, 290, and 294. Higher values for sites 290 and 294 may indicate
greater instability in remanent magnetizations than that for site 292.
This is also evidenced by the larger standard errors in mean paleolati-
tude determinations for sites 290 and 294 (Figure 9) than for site 292
(Figure 7).

particularly useful when the variation in magnetization direc-
tion is of greatest interest. The PSI is a measure of the angular
change (in millidegrees) per oersted increase in demagnetizing
field; the lower this value is, the more stable the remanence.
PSI values are shown in Figure 4 and indicate moderate to
high stability at a demagnetization field of 88 Oe. Median
destructive fields (MDF) range from 135 to 310 Oe.
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Fig. 7. Age versus mean paleolatitudes for site 292 sediment (cir-
cles) and basalt (triangles). Error bars represent +2 standard errors
and include deviations due to theoretical secular variation. Ages are
determined from nannofossils [Ellis, 1975] and the Berggren [1972]
Cenozoic time scale. Each mean paleolatitude could be plotted on
either side of the equator as is indicated by the two locations for the
basalt and the oldest sediment (core 39), but a southern origin is
suggested 1f plate motion is to be uniform. Line A is a visual best fit
constrained to go through the present latitude of site 292 (solid circle),
while line B fits only the five oldest sediment values. The large range in
basalt paleolatitudes is due to insufficient sampling of secular variation
and shows that in the absence of multiple basalt flows the sediment
data are much more conclusive.

On the basis of these results we demagnetized all samples at
88 Oe (see Table 1 for a listing of all our paleomagnetic
measurements). Figure 5 is a graph that shows all the de-
magnetized inclinations in five of our six groups of samples.
Values for cores 34-38 were omitted because they span a depth
range much greater than that of the others. Histograms of
inclinations in each group show a marked decrease from core 8
to 33, followed by an increase from core 33 to 39. This is
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moderate to low stability.
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TABLE 1. Remanent Magnetic Properties for DSDP Site 292 Sediments

M,, M,
Depth, cm 10-*G cm? 107G ecm? I,, deg lgs, deg Dy, deg Dgg, deg A, deg Ags, deg
Core 8, N = 13, 66.67 m Below Sea Floor, 7-10 m.y. B.P.

0 0.518 0.486 223 21.1 25.4 235 2 10.9
53 1.06 0.821 21.0 18.8 269.7 280.4 10 9.7
152 0.652 0.607 -9.7 -8.6 352.8 354.0 2 —4.3
170 1.04 0.735 19.5 19.0 186.1 185.8 | 9.8
187 0.629 0.531 28.7 304 90.1 83.7 6 16.4
226 1.20 0.978 30.1 31.7 119.5 117.0 3 17.2
251 1.43 1.18 17.0 17.1 290.7 297.7 7 8.7
273 0.996 0.768 1.8 0.7 2278 2322 5 04
291 0.332 0.244 —26.9 (—36.5) 209.3 254.3 39 (—20.3)
328 0.469 0.348 11.4 9.8 245.7 255.5 10 49
388 1.30 1.04 27.0 26.4 109.0 106.7 2 13.9
424 1.37 1.13 17.9 204 78.2 71.6 3 10.5
470 1.29 1.10 9.5 9.8 3359 338.5 3 49
496 1.05 0.820 21.7 23.0 116.8 115.9 2 12.0
Mean 8.8(6.8)
a 59(9.4)
ag/NV2 1.6(2.5)
Core 18, N = 14, 163.35 m Below Sea Floor, 24 m.y. B.P.

0 1.00 0.876 14.8 11.7 128.0 133.1 6 59
30 1.55 1.14 16.2 13.9 157.4 161.8 5 7.1
58 0.842 0.789 9.8 4.2 2131 213.2 6 2.1

109 0.564 0.427 -9.6 —8.6 199.1 191.1 8 -43

138 0.265 0.225 4.8 =23 161.4 1359 26 -1.2

176 0.102 0.104 0.5 (-2.0) 3274 2129 115 (—1.0)

191 0.244 0.139 48.6 (67.8) 210.6 166.1 29 (50.8)

209 0.078 0.124 20.1 (-17.5) 217.4 240.3 36 (—3.8)

222 0.192 0.119 -31.7 (—53.4) 169.2 110.9 47 (—34.0)

241 0.313 0.261 -21.3 —18.8 175.9 164.0 12 -9.7

256 1.30 1.14 —15.5 -13.4 172.7 172.9 2 -6.8

288 0.657 0.715 -11.9 -16.6 213.2 206.9 8 -8.5

312 0.480 0.461 -304 =217 225.6 222.6 4 —14.7

342 0.612 0.644 —-18.8 —-26.9 263.9 245.1 19 -14.2

Mean —-7.4(-4.5)
a 4.3(17.3)
a/NV2 1.4 (4.6)

Core 23, N = 14, 206.03 m Below Sea Floor, 28 m.y. B.P.

0 0.832 0.513 4.7 -8.8 3404 3244 21 -4.4

6 0.627 0.701 —-16.4 -19.9 297.6 3139 16 -10.3
18 0.638 0.500 37 —-13.7 307.3 2717 34 -7.0
31 0.893 0.884 =5.1 0.0 79.2 69.3 11 0.0
95 1.70 1.51 0.1 -1.5 186.3 184.3 3 -0.8

115 0.621 0.636 —18.7 -21.7 55.9 71.7 21 -11.3
125 1.30 1.16 -8.7 —13.1 147.3 138.7 10 —6.6
219 0.552 0.654 -8.2 44 72.8 60.5 18 2.2
261 1.07 1.24 —-4.7 —-6.6 349.5 347.0 3 -33
282 0.762 0.735 -19.3 (—27.4) 116.5 95.3 21 —14.5
352 0.733 0.722 0.8 —4.2 212.0 198.6 14 =21
426 0.749 0.727 31 22 290.9 295.3 5 1.1
471 1.21 1.04 -25.8 (—28.5) 172.9 173.3 3 —15.2
539 0.422 0.379 22.1 4.2 61.3 81.1 26 2.1
Mean -5.0
[ 5.7
o/NV? 1.5
Cores 31-33, N = 19, 283.69 m Below Sea Floor, 32-34 m.y. B.P.

0 0.683 0.738 7.1 (—21.6) 3224 3216 29 (—11.2)

70 0.850 0.819 -8.0 -1.7 263.7 265.1 1 -39
154 0.334 0.347 -30.3 (—34.8) 334 355 5 (—19.2)
241 1.27 11.1 52.7 5.6*
283 1.63 1.57 -5.4 -53 47 34 1 —2.7
288 1.57 1.50 ¢ -9.2 -9.0 14.2 12.7 2 —4.5
292 0.875 0.854 -22 -4.8 166.1 164.8 3 -24
297 0.905 0.877 —6.8 -6.7 160.0 160.4 0 -34
302 0.783 0.770 -49 -5.5 159.8 158.8 1 -2.8
311 0.714 0.701 =23 —-54 170.8 169.2 4 -2.7
317 0.836 0.832 -12.8 —12.4 261.5 260.8 1 —-6.3
323 0.695 0.686 -49 -34 269.9 269.3 2 -1.7
328 0.559 0.537 -0.8 -1.0 37.8 36.3 2 -0.5
334 0.455 0.445 -84 -8.3 40.3 41.3 1 —4.2
343 1.14 1.17 —-1.8 —-43 129.9 131.2 3 =22
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M, Mg,
Depth, cm 10-*Gcm? 10-*G cm® 1y, deg lgg, deg Dy, deg Dygq, deg A, deg Ags. deg
Cores 31-33, N = 19, 283.69 m Below Sea Floor, 32-34 m.y. B.P. (continued)
394 0.197 1.00 23.8 (3.6) 46.7 81.0 39 (1.8)
398 0.509 0.401 4.6 7.4 43.6 47.3 5 3.7
404 3.02 2.88 -5.5 -4.2 280.0 276.0 4 -2.1
408 3.98 3.79 -12.9 -10.6 280.5 280.4 2 -54
419 1.35 1.25 -0.6 -0.9 271.7 270.1 2 -0.5
423 0.835 0.802 4.7 29 57.1 61.0 4 1.5
428 0.932 0.905 4.0 5.6 51.9 52.3 2 2.8
Mean —-1.7(=2.7)
o 3.0(5.0)
/N2 0.7(1.1)
Cores 34-38, N = 9, 312.17 m Below Sea Floor, 35-40 m.y. B.P.

0 1.89 1.69 -2.6 -3.0 286.5 284.9 2 -1.5
106 1.1 1.04 2.5 2.8 97.4 96.3 1 1.4
941 1.02 1.15 -9.7 —-6.4 355.6 351.8 5 -3.2

1044 0.358 0.461 -0.6 0.5 14.7 89 6 0.3
1929 1.18 8.2 111.7 4.1*
1964 2.39 2.41 0.4 -0.2 293.3 296.8 4 -0.1
2865 1.17 0.969 5.4 2.5 207.4 207.3 3 1.3
2918 0.956 9.1 61.1 4.6*
3794 0.442- 0.0 274.3 0.0*
3897 0.0881 29.2) 261.0
Mean 0.8
T 2.3
g/N'2 0.8
Core 39, N = 20, 359.57 m Below Sea Floor, 41 m.y. B.P.
0 0.767 -7.6 99.6 —3.8%
11 0.806 0.5 256.9 0.3*
24 0.554 19.0 529 9.8*%
35 0.825 0.543 17.7 13.2 59.2 65.1 7 6.7
45 0.688 0.413 229 20.7 61.6 68.1 6 10.7

68 1.05 0.719 11.9 8.3 158.0 160.4 4 4.2

83 0.675 0.427 17.7 12.5 162.7 168.3 8 6.3
101 1.25 0.801 14.6 9.2 98.2 101.8 6 4.6
117 1.15 0.778 24.5 19.9 94.3 93.6 5 10.3
130 1.26 0.843 11.0 8.4 106.1 100.6 6 4.2
147 0.645 0.361 0.0 —8.2 18.6 19.2 8 -4.1
154 0.478 0.346 1.8 -7.1 30.6 33.1 9 -3.6
169 1.24 0.842 8.2 6.6 290.8 286.0 5 33
185 1.13 0.799 12.2 9.6 17.2 21.0 5 4.8
205 1.59 1.14 11.4 14.0 288.6 292.6 S 7.1
211 1.46 1.11 1.1 13.0 292.9 292.9 2 6.6
228 1.05 0.803 15.6 14.6 0.0 14 3 7.4
236 0.653 0.481 22.0 20.5 355.9 8.3 12 10.6
258 0.665 0.447 15.4 15.3 3273 343.2 15 7.8
266 0.732 0.417 8.3 9.0 339.1 346.5 7 4.5
Mean 49
o 45
a/NY? 1.0

The depth is the distance from the top of the core. Each sample is approximately 10-20 cm®. M is magnetization, / is inclination, and D is
declination. Subscripts refer to fields of peak ac demagnetization, A is a measure of the reliability as defined in the text, and Ay is the
paleolatitude after 88-Oe demagnetization. N is the number of samples. Values in parentheses are only included in the means and standard

deviations in parentheses.
* NRM value.

precisely the pattern that we hoped might be associated with
an equatorial crossing.

A more statistical analysis can be accomplished by deter-
mining means and their deviations for each group of samples.
So as not to bias our averages we first want to discard any
results which either are very different from the others or repre-
sent more unstable behavior. We notice that many samples
with extreme inclinations also have magnetization directions
which change greatly under demagnetization from NRM to 88
Oe, whereas most samples show little change. We quantify this
by calculating the angular change between magnetizations at
NRM and 88 Oe. This number, A, is not a strictly valid
criterion of stability, although in general, higher values of A

correspond to higher values of PSI. We utilize it only as a
means of limiting our results so that they all represent similar
magnetic behavior. A histogram of A values (Figure 6) shows
that most are small (<20°), although from Table 1 we can see
that samples from different cores show different behavior.
Some, like those from core 8, have very low values except for
the few that also have extreme values of inclination: others,
like those from core 23, have rather high values. In general, we
have discarded data from samples with A > 25° In only one
case (sample 31-154) have we discarded an extreme inclination
that also had low A. Mean inclinations of these selected sam-
ples are not greatly different from those which include all our
samples (Table 1), but standard deviations are in some cases
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TABLE 2. Remanent Magnetic Properties for DSDP Sites 290 and 294 Sediments
M,, Mo,
Depth, cm 107G em?® 107G em?® Iy, deg Ios. deg D,, deg Dy, deg A, deg Ags. deg
Site 290, Core 2, N = 14, 75.05 m Below Sea Floor, 15 m.y. B.P.

0 1.70 1.72 —6.8 -17.1 61.5 929 31 -36
21 0.865 0.643 16.6 -0.2 139.8 106.1 37 -01
41 1.31 0.930 —234 —-25.8 240.6 256.0 14 —13.6
61 1.30 0.832 -5.7 - 10.i 253.0 258.0 7 5.1
81 1.85 1.32 15.2 13.1 2409 252.5 11 6.6

101 1.10 0.664 1.0 —-4.4 237.5 260.4 24 -2.2

121 2.38 1.91 -30.5 -31.9 239.2 252.2 il -17.3

141 1.23 0.852 —-16.9 -23.5 236.3 248.8 13 -123

151 0.288 0.370 39.8 28.6 155.2 107.5 4] 15.3

174 0.332 0.314 —11.1 (—53.8) 177.5 109.3 68 (—34.3)

191 0.791 0.907 —6.8 —15.2 1339 101.7 33 -17.7

211 0.688 0.780 —-37.8 —-34.6 143.2 102.0 33 -19.0

229 1.44 1.26 7.1 8.9 2733 288.7 15 45

251 1.97 1.54 40.0 348 256.7 273.6 14 19.2

271 0.745 0.370 -39.9 —40.7 152.6 1144 29 -233

Mean —4.2(—5.4)
o 12.1(14.1)
a/NV? 3.2(3.8)

Site 290, Core 7, N = 15, 205.07 m Below Sea Floor, 34-36 m.y. B.P.

0 0.359 0.523 40.3 37.6 274.4 206.8 Sl 21.1
15 0.636 0.613 —15.0 -8.9 268.6 248.6 21 —-4.5
25 1.25 0.852 33 4.6 22.4 414 19 2.3
50 3.78 1.31 7.6 8.2 161.3 151.6 10 4.1
98 0.909 1.08 79.3 61.1 260.8 192.3 27 422
115 2.23 2.10 21.7 324 3145 317.0 11 17.6
129 2.40 1.92 235 344 342.1 346.2 12 18.9
156 2.15 1.66 9.1 11.3 6.1 6.4 2 5.7

285 2.71 2.61 60.4 69.2 3449 343.6 9 52.8
333 3.20 2.87 444 51.7 284.8 274.5 10 323
353 2.70 2.49 65.3 71.3 292.2 276.1 8 55.9
371 2.92 2.65 61.5 68.0 321.7 302.8 10 511
385 2.54 2,57 64.4 63.6 261.3 239.2 10 452
408 2.45 2.50 63.9 58.9 119.9 139.8 1 397
423 1.80 1.94 20.1 29.2 77.4 102.2 24 15.6
Mean 26.7
[ 19.5
a/NV? 5.0
Site 294, Core 2, N = 11, 47.39 m Below Sea Floor, 24 m.y. B.P.*

0 1.34 1.01 60.4 (72.5) 149.2 107.9 20 (57.8)

7 1.59 1.20 45.7 43.0 74.7 734 3 25.0
17 0.575 0.202 49.2 46.1 171.6 336.5 84 27.5
26 0.491 0.169 —14.3 (—=77.4) 151.4 3393 88 (—65.9)
35 0.360 0.177 12.3 4.8 2139 2247 22 2.4
40 0.717 0.616 -32.6 -39.0 147.7 105.8 34 -22.0
46 0.544 0.643 -21.3 —26.0 108.5 80.1 26 -13.7
57 1.03 0.736 -1.6 -18.2 1.5 2.1 19 -9.3
67 .11 0.811 14.2 10.8 112.6 95.2 17 5.5
72 0.688 0.450 394 534 116.5 51.4 45 340
85 0.209 0.0762 0.0 15.1 261.5 13.0 1 1.7
93 0.556 0.378 19.6 25.1 168.2 81.7 79 13.2
99 0.443 0.190 10.3 29.0 194.4 301.7 100 15.5
Mean 7.8(6.0)
o 16.9 (29.1)
a/NV? 5.1(8.1)

Site 294, Core 4, N = 15, 99.05 m Below Sea Floor, 50 m.y. B.P.*

0 1.58 1.21 2.1 -5.2 301.7 313.5 14 -2.6

S 1.63 1.06 -0.8 1.5 238.5 238.8 2 0.8
11 1.21 0.754 23.3 20.6 169.0 165.4 4 10.6
16 1.77 1.15 58.7 59.7 86.5 77.3 S 40.6
21 1.78 1.41 27.8 21.5 3419 347.3 8 11.1
26 2.86 1.70 33.6 345 186.9 187.7 1 19.0
37 3.12 2.30 9.1 6.6 298.8 305.9 8 33
52 4.82 3.29 27.6 30.9 73.6 65.1 8 16.7
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TABLE 2. (continued)
M,, Mes,
Depth, cm 10-*G em?® 104G cm? Iy, deg Igs, deg Dy, deg Dy, deg A, deg Aes. deg
Site 294, Core 4, N = 15, 99.05 m Below Sea Floor, 50 m.y. B.P.* (continued)
58 2.05 1.72 22.2 19.4 349.3 350.6 3 10.0
68 1.28 0.897 -2.6 -33 1222.6 330.6 8 -1.7
78 2.39 1.66 56.2 51.8 70.4 58.7 8 324
88 0.733 0.475 2.0 -5.7 192.8 202.4 12 -29
98 0.328 0.200 47.3 48.5 128.7 80.0 32 29.5
108 0.366 0.0815 21.5 24.2 190.3 185.0 6 12.7
118 0.442 0.149 58.5 328 276.2 336.8 47 17.9
Mean 13.2
4 12.8
o/N'? 33

The depth is the distance from the top of the core. Each sample is approximately 10-20 cm®. M is magnetization, / is inchnation, and

D is declination. Subscripts refer to fields of peak ac demagnetization;

A is a measure of the reliability as defined in the text, and Ag 1s the

paleolatitude after 88-Oe demagnetization. N is the number of samples. Values in parentheses are only included in the means and standard

deviations in parentheses.
*A sedimentation rate of 2.0 m/m.y. 1s assumed.

greatly reduced. In all but one case we use the actual sign of
the inclinations and assume that the values in each group are
not affected by reversals of the earth’s field. By so doing we
produce distribution patterns (Figure 5) more similar to Gaus-
sian than they would be if we took absolute values and as-
sumed that all changes in sign were caused by reversals. The
only exception to this is in core 18, where a sequence of three
positive inclinations shifts abruptly to negative values. This we
attribute to a reversal.

Mean paleolatitudes and their 95% confidence intervals are
plotted in Figure 7 as a function of age. Here we can clearly see
the northward motion and equatorial crossing of site 292. The
sign of the paleolatitude is uniquely determined by considering
the trend as a function of age. Only if rather discontinuous
plate motions occurred could the northern latitude location
for core 39 be possible. A mean paleolatitude for 35 basalt
samples agrees with these basal sediments, although its stand-
ard error is large because of incomplete sampling of secular
variations. The ability of the sediments to average out secular
variations in paleopole positions allows them a far greater
precision; in the best cases they have a 95% confidence interval
of less than 5°.

Of course, when we calculate paleolatitudes from our pa-
leoinclinations, we use the equation for a geocentric dipole,

(0

where [ is the inclination and ¢ is the latitude. If the dipole is
not geocentric but has been shifted northward in the past, as is
suggested by several authors [Wilson, 1970; Wilson and
McElhinny,1974], then that shift would produce an apparent
northward motion for a fixed site when the paleomagnetic
data from that site are analyzed with the geocentric equation.
We should really use the equation for an offset dipole,

tan/ = 2 tan ¢

2cosf + 2P cos — rcostf — 3r
sin (1 + rcos 8 — 2/%)

tan/ = 2)
where 8 is the colatitude of our site and r is the northward
offset in the dipole expressed as a fraction of the earth’s radius.
However, to produce a large enough effect for 6 fixed at 75° to
fit Figure 7 by increasing r, we would need a maximum offset
larger than 1000 km. This is several times as large as values
which have recently been suggested [Wilson and McElhinny,
1974]. Also our purpose is to compare our paleomagnetic

results with those from magnetic anomalies. Northward shifts
in the dipole would affect both results and would not interfere
with such a comparison.

Sites 290 and 294

The one major assumption that we do make in order to
compare our site 292 paleomagnetic results directly with those
from the phase shifting of magnetic anomalies is that they are
both part of the same rigid plate. They do lie near each other,
but this still does not make this assumption entirely obvious.
Site 292 is situated on an anomalous and poorly understood
feature, the Benham Rise, while the magnetic anomalies are alt
located in the deepwater regions of the basin. We must there-
fore show that our paleomagnetic analysis of site 292 is not
unique to it but is also valid for other sites in the West
Philippine Basin.

Sites 290 and 294 (Figure 1) offer the only other relatively
undisturbed sedimentary sections in the West Philippine Ba-
sin, but these do not consist of as promising a material as does
site 292. Only a few cores were recovered at each site, sedimen-
tation rates are low (0.2-0.3 cm/10® yr), and the sediment
contains few microfossils. The lithologies are variable and
quite different from those of site 292. Site 290 consists of a
zeolite-rich clay/ash in core 2 and a nannofossil-rich volcanic
ash in core 7; site 294 contains a brown clay in core 2 and a
clay with palagonite ash in core 4. Most of these differences are
due primarily to the greater water depths (6063 m at site 290
and 5784 m at site 294), which place the sedimentary regime
well below the CCD [Ingle et al., 1975].

We collected a total of 58 samples from two cores in each of
sites 290 and 294. A pilot study of eight of these shows (Figure
8) that they are less stable than are the site 292 samples and
that 175 Oe may have been a better choice for a standard field
of demagnetization than the 88 Oe which was our value for all
nonpilot samples. Values for A (Table 2) are higher than those
for site 292 and show a different distribution in the histogram
of Figure 6. It is therefore not surprising that we find the
standard deviations of mean paleolatitudes [rom these sites to
be much larger than those for site 292.

Figure 9 shows mean paleolatitudes for sites 290 and 294 as
a function of time. The paleolatitudes themselves are not very
definitive owing to their large intervals of 95% confidence, but
we can still use them as a test for values predicted by the
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Fig. 9. Paleolatitudes versus age for sites 290 and 294. Means and
+2 standard errors are plotted for two groups of samples at each site.
Ages for site 294 are based on an assumed sedimentation rate of 2.0
m/m.y. For site 290 they are based on nannofossil assemblages [Ellis,
1975] and the Berggren [1972) time scale. Values on either side of the
equator are equally possible, and both are plotted for each determina-
tion. With the exception of the oldest paleolatitude for site 290, origins
south of the equator are consistent with lines A and B defined in
Figure 7 for the motion of site 292. This agreement suggests that
paleolatitude determinations for site 292 are not governed by the
possibly anomalous tectonic setting of the Benham Rise (site 292).

motion of site 292. These predictions are based on the two
lines A and B, which are determined in Figure 7. Line A is a
visual best fit that is constrained to go through the present
latitude of site 292, while line B fits only the five oldest paleo-
latitudes. These same lines, plotted in Figure 9 to go through
the present latitudes of sites 290 and 294, also fit the older
paleolatitude measurements. The one exception is the oldest
paleolatitude determination for site 290, which is located at a
higher latitude than its prediction.

PALEOPOLES AND RELATIVE ROTATIONS

Paleopoles can be determined from the shape of sea floor
spreading magnetic anomalies [R. L. Larson and C. G. Chase,
1972; Schouten and Cande, 1976; Louden, 1976]. The technique
is 1o describe the anomaly in the wave number domain:

M(k) = C-J(k) E(k)-e" 3)

where M(k) is the Fourier transform of the magnetic anomaly
m(x), C is a constant, J(k) is the transform of the magnet-
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ization distribution j(x), and E(k) is the magnetic earth filter
[Schouten and McCamy, 1972]. The effect of phase filter e~*
can be removed by multiplying M(k) by ¢'® for the appropriate
value of 8, and a *deskewed’ (i.e., square wave looking) pattern
should result. This 6 gives the set of all possible remanent
inclinations and declinations, which map as a great circle on a
stereonet plot of paleonorth poles [Schouten and Cande, 1976].

We apply this technique on a short sequence of anomaligs in
the West Philippine Basin first described by Louden [1976].
Figure 10 gives the location and identification of these anoma-
lies. These identifications are consistent with the paleontolog-
ical dates from DSDP site 291 [Ingle et al., 1975] and an origin
south of the equator, which is supported by the paleomagnetic
measurements described in this paper. The phase-shifted
anomalies and degree of phase shift are shown in Figure 11.
These values are little changed from the previous estimates of
Louden [1976] and range from 160° to 200° for the various
profiles. This range of # is plotted as a range of paleopole
positions in Figure 12¢ and is consistent with the sediment
paleolatitudes for DSDP sites 292, 294, and 290, which plot as
small circles of paleopole positions in Figure 12b.

Warts et al. [1977] have suggested that there is a skewness
shift of 30°-70° in anomalies on opposing sides of the Central
Basin Fault (Figure 1). Cande [1976] reports similar although
somewhat smaller differences in anomalies 27-32 across the
Pacific-Antarctic ridge. He suggests that these differences
might be due to tectonic effects and that the true 8 value should
be the average of the values on either side of the ridge. If this is
true for anomalies across the Central Basin Fault, we should
use a somewhat larger value (200°-220°) for 8, since the anom-
alies treated in this paper all lie to the south of it, This will not
be a serious complication in our subsequent analysis because
(1) the value of # is not the primary factor in delimiting a
paleopole position and (2) the agreement between paleomag-
netic and phase-shifting inclinations suggests that the skewness
of the anomalies is a true indicator of the remanent magnetic
field.

The one remaining parameter which also depends on the
remanent inclination and declination is the amplitude factor C
in (3),

C = (sin I sin 1,)/(sin I' sin I,’) 4)

where tan /' = tan I,/sin a,. For the anomalies of Figures 10
and 11, C can range from 0 to 0.94, depending on the value of
the remanent strike a,. Values of C along § = 180° are plotted
in Figure 12a.

The range of possible pole positions will be greatly restricted
if we can place limits on this parameter. To do this, we must
assume that the magnetic source layer thickness and magnet-
ization are similar to those that form anomalies in other ocean
basins where C is known. There are as yet few data on which to
base this assumption. The only large quantity of basalts col-
lected by DSDP in the West Philippine Basin is from site 292
(Figure 1). We studied 34 samples of this basalt and found a
mean susceptibility and standard deviation of 1.28 + 0.25 X
1072 G/Oe and a Kdnigsberger ratio of 5.26 + 3.99. These are
within the range of results from the North Pacific [Lowrie et
al., 1973a] and Atlantic [Lowrie et al., 1973b] oceans. How-
ever, the thickness of the magnetic source layer is not known,
There is some recent evidence that the crust in the Philippine
Sea as determined by seismic refraction is 1-2 km thinner than
that in the Pacific [Sclater et al., 1976], but the implication that
this might have on the magnetic properties of the upper crust is
uncertain.
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Fig. 10. Map of DSDP sites, ship tracks, and magnetic anomalies in the West Philippine Basin (see Figure 1 for
location). Alphabetic labels identify ship track segments used in Figure 11. Numbers identify anomalies as reported by

Heirtzler et al. [1968].

In the absence of any conflicting data we will assume that
the origins of our anomalies are the same as those for anoma-
lies in other ocean basins. We can determine C by comparing
the amplitude of our anomalies to those where C is known.
This is done in Table 3, where we list all of the major east-west
anomalies. All amplitudes of east-west anomalies with C close
to unity are large (700-1000 v), a result which implies that our
small-amplitude (200-300 v) anomalies in the West Philippine
Basin must have a smaller value for their amplitude factor.
This is possible only if this plate underwent significant rotation
in the past. Taking 0.2 < C < 0.6 limits our locus of pole
positions in Figure [2a to two areas at either extreme of our
great circles, both of which are consistent with mean paleolati-
tudes for DSDP sites 292 and 294 (Figure 12c¢).

We can compare our West Philippine Basin paleomagnetic
pole positions to predictions based on known plate rotations.
The rotation of the Philippine plate with respect to the spin
axis is the vector sum of rotations of the Pacific plate relative
to the spin axis and of the Philippine plate with respect to the
Pacific:

Phil®pole = Ph11WPac + PacWpole (5)

Finite rotations of the Pacific with respect to the pole are
recorded in bathymetric lineations such as the Emperor-Ha-
waiian seamount chain. Various determinations of this pole
have been made (see Solomon and Sleep [1974] for a sum-
mary), but differences are not significant in this study. We use
the Minster et al. [1974] pole (67°S, 121°E) and rate (8 X 1077
deg/yr) over the past 40 m.y. Since our anomalies are as old as
50 m.y., we add to this a rotation of 10° (10-° deg/yr over 10
m.y.) about the Clague and Jarrard [1973] pole (17°S, 73°E)
determined from the Emperor seamount chain.

The only information concerning pnwps. comes from fitting
fault plane solutions for recent earthquakes on the margins of
the Philippine plate. This has been done by Katsumata and

374 (180)

RA6 (200)

RA6 (180)
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21? 20 (9 18 17?7

Fig. [1. Phase-shifted anomalies from tracks in Figure 10 pro-
jected along N21°E. Degree of phase shift is given in parentheses next
to the cruise identification for each track. Correlation of anomalies is
extended from the original identification of Louden [1976].
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Fig. 12. Stereonel projections of paleomagnetic pole positions. (a) Great circles determined from the phase shifting of
magnetic anomalies (Figure 11). Individual circles correspond to phase shifts of 160°, 180°, and 200°. Numbers correspond
to magnetic anomaly amplitude factors of 10C as defined in the text. (b) Small circles determined from paleolatitude
measurements on sediments of DSDP sites 290 (dashed lines), 292 (solid lines), and 294 (dotted lines). Pairs of lines enclose
areas of 95% confidence. (c) Combined plots of mean paleolatitude data (lines) and phase shifting (shaded regions) where
0.2 < € < 0.6. The amplitude constraint is determined from comparison with other east-west anomalies (Table 3). (d)
Shaded regions include the region of Figure 12¢ which falls between site 292 and 294 paleomagnetic data. The hexagon is
the mean pole position for Guam Miocene volcanics [E. E. Larson et al., 1975]. Numbers indicate paleopole determinations
from the motion of the Pacific-Philippine plate for various relative Phil-Pac poles: 1 is at —5°, —52° from Karig [1975]; 2 at
—3°, —63° from Karig [1975]; 3 a1 26°, —37° from Fitch [1972]; 4 at —1°, 1° from Fitch [1972]; and S at —7°, —38° from
Katsumata and Sykes [1969]. Each successive number represents an additional 20° of relative Phil-Pac rotation away
from the Pacific paleopole for 50 m y. B.P. (open circle), which is calculated from motions of Minster et al. [1974] and

Clague and Jarrard [1973].

Sykes [1969] for earthquakes on the 1zu-Bonin margin of the
Pacific and Philippine plates and by Fitch [1972] and Karig
[1975] for earthquakes on the Japan-Ryukyu margin of the
Philippine and Eurasia plates. These solutions are then
summed with Eurasia-Pacific rotations to determine a Philip-
pine-Pacific pole. These pole positions are not well con-
strained, are poorly located, and of course are only in-
stantaneous and need not apply over a finite time period. We
use them only as a point of reference.

Figure 124 shows the results of calculations based on (5).
Paleomagnetic pole positions are calculated for varying
amounts of rotation about the different Pacific-Philippine
poles. Only one of our two possible pole positions is compat-

ible with these rotations. Plate motion between the Philippine
and the Pacific plate would have to have been the reverse of
what it is today for the other paleopole to be possible. This is
evidence for a large amount (60°) of clockwise rotation be-
tween the Pacific and the Philippine plate, which conforms
to the theory of Uyeda and Ben-Avraham [1972].

The paleopole position for Miocene volcanic rocks on
Guam [E. E. Larson et al., 1975] also records a large clock wise
rotation (Figure 12d). These rocks date from the Miocene
pulse of volcanism, which Karig [1975] believes is coincident
with the opening of the Parece Vela Basin. A hypothetical
polar wandering curve can simultaneously explain these rota-
tions and the rotations of the West Philippine Basin, in which
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TABLE 3. Magnitude and Location of Major East-West Sea Floor Spreading Magnetic Anomalies
Peak to
Site Site Paleopole  Paleopole Peak
Identification Anomaly Latitude Longitude Latitude Longitude Magnitude Cc* Reference
Phoenix MI1-M10 5°N 175°W 50°N 30°W 1000 0.84 R. L. Larson and
C. G. Chase [1972]
Wharton Basint 21 20°S 84°E 71°S 126°E 700 1.0 Sclater and Fisher [1974]
North Pacific 27-32 50°N 170°W 68°N 20°E 1000 1.0 Cande [1976]
Galapagos 3-5 3°N 87°W 90°N 700 1.0 Sclater and Klitgord [1973]
Philippine Sea 20 15°N 130°E 3°N 130°E 200-300 0.40 this paper

*C = (sin / sin 1,)/(§in I' sin 1,"), where [ is the inclination, I' is the eflective inclination, and r refers to remanent values.
tThe paleopole position is assumed to be the same as that for Australia.

case the motion of Guam would not be caused by a simple
bending of the Marianas island arc as E. E. Larson et al. [1975]
suggest. Interarc spreading between Guam and the West Phil-
ippine Basin might not have disrupted the major clockwise
rotation of the Philippine plate with respect to the Pacific over
the past 50 m.y.

CONCLUSIONS

The following list is a summary of the major results of this
study:

1. Sediment cores taken by the DSDP can yield well-
grouped paleolatitudes, especially when results of closely
spaced samples can be averaged together at several separate
locations downcore. These results can be of greater resolution
than those from DSDP basalts, which may not contain enough
flow units to average out components of secular variation
adequately.

2. Paleolatitudes for DSDP site 292 sediments indicate
that this site formed south of the equator, and results for sites
290 and 294 can be explained in a similar manner. This adds
independent justification for our inversion of magnetic anoma-
lies in the West Philippine Basin with respect to North Pacific
anomalies, which is necessary in order to identify them with
worldwide Eocene reversals.

3. Paleomagnetic pole positions determined from both the
phase shifting of magnetic anomalies and the paleomagnetics
of DSDP sites in the West Philippine Basin are consistent with
each other and can be restricted to two relatively well defined
positions if the low amplitude of the anomalies is due to a
rotation of the Philippine plate. One of these two positions,
which includes a large amount of clockwise rotation of the
Philippine plate with respect to the magnetic pole, is consistent
with the finite absolute rotations of the Pacific plate and pres-
ent Philippine-Pacific plate rotations. It is also consistent with
paleopole positions for Guam and may mean that both have
undergone the same motions since the early Miocene.
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