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ABSTRACT

A broad regional negative free-air gravity anomaly (-10 mgal) occurs in the
central part of the Philippine Sea, but geoid anomalies from GE0S-3 observa-
tions are positive. Subtraction of the geoid contribution from core-mantle
boundary mass anomalie« and deep mantle mass anumalies from the GE0OS-3 geoid,
yields a negative residual geoid anomaly consistent with the area of negative
free-air gravity anomalies. Theoretical gravity-topography and geoid-topogra-
ply admittance functions indicate that high density mantle at about 60 km
depth can account for the magnitudes of the gravity and residual geoid anomaly
and the 1 km residual water depth anomaly in the Philippine Sea. In that case,
however, dense upper mantle material would be contrary to the anomalously slow
surface wave velocity structure in the Philippine Sea as determined by Scekins
and Teng (1977), although it could be compatible with a nomal surface wave
velocity structure in the west Philippine Basin as determined by Sacks and
Shione (1981). Alternatively, the negative residual depth anomaly may be com-
pensated for by excess density in the uppennost mantle, but the residual acoid
and regional free-air gravity anomalies and a slow surface wave velocity
structure might result from low-density wam upper mantle material lying
benecath the zone of high-density uppemost mantle. From a horizontal disk

approximation, the depth of the low-density warm mantle is estimated to be on

the order of 200 kn.
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INTRODUCTION

The Philippine Sea is almost encircled by arc-trench systems: The
Philippine trench, the nascent east Luzon convergent zone (Karig, 1973; Bowin,
et al., 1979), the Ryukyu arc, the Nankai Trough, the Bonin arc, the Marianna
arc, Yap arc, and the Palau arc. Interior to these arc systems lie four basins
of increasing water depth and age (Louden, 1980) from east to west: The
Marianna trough, the Parece Vela and Shikoku Basins, and the West Philippine
Basin. The Marianna trough has been explained by extensional spreading behind
the Marianna arc (Karig, 19712 and b, Karig et al., 1978), and the West
Philippine Basin by seafloor spreading processes unrelated to plate subduction
processes at an arc system (Ben-Avraham et al., 1972, Uyeda and Ben-Avraham,
1972). The depths of these basins are considorably greater than is the crust
of the same age in the major oceans.

The approximately 1 km negative residual depth anomaly in the west
Philippine Basin (Sclater et al., 1976) has not been adequately explained.
Large free-air gravity {(Watts, 1976; Watts et al., 1978) and heat flow (Sclater
et al., 1976; Watanabe et al., 1977; Anderson, 1975) anomalies do not occur
over the basins of the Philippine Sea. Crustal thinning by 0.5 to 2 km as
suggested by seismic refraction observations (Louden, 1980) cannot fully
explain the isostatic compensation for the mass deficiency of the excess water
thickness compared to nommal crust, nor the depression of the conductive
cooling curves needed to fit the topographic data (Louden, 1980).

Surface wave velocity observations in the Philippine Sea (Seekins and Teng,
1977) indicate an anomewsly slow velocity structure comparable with that of
warm oceanic lithosphere and upper mantle younger than 10 Ma (Forsyth, 1975).
Wam material is nommally associated with lower densities, whereas increased

upper mantle densities of 0.01 to 0.05 g/cm2 have been invoked (Watanabe, et
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al., 1977; Yoshii, 1973) in attempts to account for the excess depths of the
marginel basins. Sacks and Shiono (1981) studied group velocities of Love and
Raleigh waves arriving in west Honshu, Japan and found differences between
those traversing the east and west portions of the Philippine Sea. They found
the velncity structure in the east to be slow, but in the west not to be slow,
but similar to same aged crust elsewhere on the earth.

In this paper we examine the gravity and geoid anomalies of the Philippine
Sea region in an attempt to determine the distribution and nature of possible
regional mass excesses or deficiencies.
FREE-AIR GRAVITY ANOMALIES

Free-air gravity anomaly maps of the Philippine 3asin have been presented
by Watts (1975) and Watts et al. (i278), and show that interior to the sur-
rounding arc systems small negative free-air anonalies predominate. A broad
region of values more negative than -25 mgal occurs almost equidistant between
the Luzon arc and the South Honshu Ridge which lies at the west border of the
Marianna Trough. This region of low free-air anomaly values is immediately
west of the Palau-Kyushu Ridge. It does not show up well in the Tasaday 7 pro-
file presented by Sclater, et al., (1976, Fig. 3) bocause of the location of
the ship track. It is clear, however, in the east-west profile presented in
Figures 28 and 4B. In the Tasaday 7 profile, short wavelength (less than 200
km) anomalies arc superimposed upon a regional low and h. ve good correlation
with topography and crustal structures. Such correlation of short wavelength
features in Figure 2B is not well shown because of sparseness of gravity
measurements from which the gravity data of Fig. 2B was interpolated. Broad
positive anomalies occur in the West Philippine Basin adjacent to the
Philippine trench and east Luzon negative anomaly belts.

If the 1 km residual depth anomaly of the West Philippine basin were



completely uncompensated, then a free-air gravity anomaly of about -96 mgal
should occur. Instead, the anomalies are small indicating that isostatic equi-
1ibrium is closely achieved. Available seismic data for the West Philippine
Basin indicates that the crust is about 1 km thinner than Pacific Ocean crust
of the same age, but is not sufficiently thin to isostatically account for the
1 km residual depth anomaly. Thus, the causes of the negative residual depths
presumably lie in the upper mantle. Assuming that most upper mantle density
anomalies are thermai in nature wculd suggest colder than normal mantle beneath
regions having negztive def .1 anomalies. If this is so, then a positive gravi-
tational attraction due to the excess density of the cold mantle would be ex-
pected, and might provide the compensation for the mass deficiency owing to the
excess water depth. Because the topographic mass anomaly fs closer than the
upper mantle mass anomaly, observed free-air anomalies would be slightly
negative even for perfect isostasy. This effect will be discussed
quantitatively in a later section.
GEOID ANOMALIES

The geoid is that equipotential surface which coincides with mean sea-level
and its extension across land areas. Prior to 1975 the geoid could only be
computed from gravity observations (gravity baing the vertical gradient of the
earth's potential field). To be done accurately, this transformatior requires
gravity observations over the entire planet, a requirement that is still not
met. Orbiting radar altimeters (SKYLAB, GEOS-3, SEASAT-1) now have provided
direct measurements of the geoid over the world's ocean between latitudes 65°
north and south. The geoid in the region of the Philippine Sea is given in
Fig. 5. Marked lows occur over the Bonin and Marianna Trenches. A nearly
uniform gradient crosses the Philippine Sea from south to north, and a lTower

gradient occurs in the area just west of the Marianna Trench low. The south



to north gradient is also evident in the geoid calculated from the perturba-
tions of satellite orbits. These geoid solutions are generally presented as
sets of spherical namonic coefficients, such as GEM-9 (Lerch, et al., 1979).

Note that in the profile across the Philippine Sea (Fig. 2), the geoid
profile is convex upward and has positive values, whereas the gravity profile
is slightly concave downvard and free-air gravity anomaly maps (Watts, 1976;
Watts et al., 1978) indicate negative values at the center of the Tow. It is
impossible that both these profiles can be due to the same mass anomaly.

Hence they must owe their major differences to different sources. Since
gravity's response to anomalous mass decreases as the square of the distance,
wnereas geoid anomalies simply decrease in proportion to distance, the positive
regional geoid anomaly over the Philippine Sea must be due to deeper anomalies
than those contributing to the regional free-air anomaly low.

Probable sources for the deeper mass anomalies that cause the positive
regional geoid anomaly over the Philippine Sea have been identified in a
recent deccmposition of the earth's gravity field (Bowin, 1980; in prep.).
That analysis followed the realization that for each spherical harmonic degree,
the ratio of the gravity contribution to the geoid contribution is a greater
constraint on depth and dimensions of possible source masses than is the
wavelength associated with the zonal hamonics. This decomposition suggests
that the mass anomalies due to topography at the core-mantle boundary and/or
density anomalies in the D" layer are predominantly contained in the coeffi-
cients for the second and third harmonics, and that the harmonics 4 through 10
contain information on mass anomalies in the mantle -- largely below 300 km
depth. The combined contributions from degree 4 through 10 yield a narrow
belt of positive geoid anomalies coincident with most of the world's sites of

plate convergence. By subtracting a degree 10 field (includes contributions



from degrece 2 through 10, eg. Fig. 3A) from radar altimeter geoid observations,
the contributions from mass anomalies in the deeper parts of plate convergent
zones and at the core mantle boundary are largely removed. Thus, the residual
geoid anomalies (eg. Fig. 4A) are restricted to those resulting from mass
anomalies in the outer 600 km of the earth as would all mass anomalies contri-
buting to degrees 11 and higher on the basis of their gravity to geoid r.tio.

To cvaluate better the specific regional spherical harmonic field to remove
for localized studies, we plotted cumulative contribution curves for the
Philippine Basin (Fig. 6). From these curves, a spherical harmonic degree 10
regional field was selected for the Philippine Basin to siubtract a regional
field best representing mass anomalies at the core-mantle boundary and the very
broad wavelength anomaly associated with most plate convergent zones of the
world (Bowin, in prep.). This spherical harmonic representation of a regional
field was subtracted from GEOS-3 geoid data. A contoured map of the resulting
residual geoid map is shown in Fig. 7.

The residual geoid low coincides with the area of negative free-air gravity
anomalies seen in the map of Watts et al. (1978), and with the area of deep
water (depths greater than 5900 m) in the West Philippine basin (Mammerickx,
1976). The correspondence in shape of residual geoid anomaly and the regional
gravity anomaly (eg. Fig. 4A and 4B) suggests that they most likely result
from the same mass anomaly. This.correspondence, also, provides additional
support for the decomposition of the earth cited above.

ADMITTANCE FUNCTION |

Variations in the thickness of the crust are not sufficient to isostati-
cally compensate for the 1 km residual depth anomaly, in fact this mechanism
would require the Moho to rise within about 1 km of the sea floor. Thus, the

question arises whether the -10 mgal regional free-air anomaly and the -7a



residual geoid anomaly occurring in the center of the Philippine Basin (Figure
4A and B) result primarily from a vertical separation between the mass defi-
ciency at the sea floor because of the greater water depth, and a mass excess
which compensates for the topographic mass deficiency, or because of an
uncompensated mass deficiency within the upper mantle. We, therefore, have
examined the admittance function, Z, (McKenzie and Bowin, 1976; Watts, 1978;
Cochran, 1979) for a structure (Fig. 8A) wherein crustal and Moho elevation
perturbations are compensated by lateral mass anomalies at some depth below

the Moho. Namely:

- glk) _ -kd ~k(d+t) _ _p yo-k(d+tc)
Z(k)° = 2nG(Pc - P Je " + 21G(P_ - P )e 21G(P, P e (1]

Where g(k) and H(k) are the gravity and topography response (i.e. Fourier
coefficients) as a function of wave number, k. G is the gravitational con-
stant. Pw, Pc, Pm, Pdm are densities of the water, crust, uppermost mantle,
and deeper mantle, respectively. d, d+t, and d+tc are the nominal depths
about which perturbations are referenced, respectively, for the seafloor
topography, the base of the crust below the seafloor, and the depth of the
compensating density contrast below the seafloor. Such a model assumes that
the -ompensating mass anomalias in the mantle are concentrated at the assumed
depth (the actual mass anomalies may be distributed over an extensive vertical
region). The model demonstrates (Fig. 9) that the deeper the averaged depth
of the compensating excess mass, the greater will be the magnitude of the
observed negative gravity anomaly over the center of the tasidual depth
anomaly feature.

From Figure 9, we can see that if the compenéating mass excess is in the

uppermost mantle (that is, separations of 5 to 10 km below the sea floor: i.e.
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tc = 5 to 10 km) then only very small (less than -2 wyal) free-air gravity
anomalies would be expected over 1 km residual depth anomalies having wave-
lengths greater than 1000 km. [f the region of high upperimost mantle density
extends over most of the east-west widlh of tne Philippine Sea (i.e. has a
larger equivalent wavelengch than 4000 km), then the expected frce-air gravity
anomaly would be less than a milligal. If the cause of the regional -10 myal
anomaly coincides with the source of the compensation for the residual depth
anomaly, then that source should lie at a depth between 25 and 100 kim depending
upon the appropriate wavelength (assumed to be betwaen about 2000 and 4000 km,
Fig. 9).

A geoid admittance function, Z, has been obtained by transforming the
gravity admittance function {equation 1) using the filter function given by
Chapman (1979). Figure 10 shows that one kilometer of residual depth anomaly
would yield a residual geoid anomaly of less than one meter. [If the 7 meters
of the residual geoid anomaly is due to the separation between the mass defi-
ciency of tne 1 km residual depth anomaly and that of the compensating mass
excess at depth, then that mass excess must lie about 60 kilometers beneath
the seafloor.

DISCUSS ION

A comparison of Figure 10 with Figure 9 shows that the residual geoid anom-
aly of -7 meters and the regional gravity anomaly of -10 mgal are only compati-
ole with each other for a mass excess at about 60 kilometers depth that has a
wavelength of about 4000 km or 2000 km half wavelength (Medel A in Fig. 8).
Excess mass at 60 km depth would imply colder upper mantle near that depth.
Colder upper mantle material should result in faster surface wave velocity
structure. However, slow surface wave velocities are found by Seekins and

Teng (1977) for the Philippine Sea, and normal surface wave velocities for the
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asthenosphere in the west Philippine Basin are found by Sacks and Shione
(1981). For tne east Philippine Sea (Parece Vela Basin and Mariana Trough)
Sacks and Shione (1981) found slow surface wave velocity structure, but this
region is not the site of the residuil geoid low (Fig. 7).

The disparate group velocities determined by Seekins and Teng (1977) and
by Sacks and Snione (1981) for the Philippine Sea hopefully will encouraye
study of other surface wave paths. Because of the large negative residual
depth anomalies, and the occurrance of significant negative regional gravity
and residual geoid anomalies, the Philippine Sea is an important site to
investigate the structure of the upper mantle. The regional free-air gravity
negative anomaly and the negative residual geoid anomaly have good spatial
coincidence, but the degree of their spatial correlation with the depth
anomaly remains to be clarified.

The first two possibilities presume that the negative gravity and geoid
anomalies are the result of deep compensation (about 60 km) for the residual
depth anomaly (Model A in Fig. 8), but attempt to explain the differing inter-
pretations of surface wave velocity structure. One, if the surface wave
velocity structure is anomalously slow, is that for reasons presently uncertain
there is a paradoxical relation of younger and hotter thermal structure with
negative residual depth anomalies (Louden, 1980). The second, if the surface
wave velocity structure is normal, is that the compensating mass excess at
depth may involve a large enough volume that its density anomaly does not
significantly effect the surface wave velocity structure. The third possi-
bility is that the depth anomaly and the gravity/geoid anomalies have inde-
pendent origins. This third possivility is iilustrated as Model B in Fiyure 8
which assumes a mass-deficiency at depth. In Figure 8B tne mass deficiency at

deptn lies directly below the negative residual depth anomaly, but that need



not ve the case. Both the negative depth anomaly and the compensating mass
excess in tne uppermost mantle may have developed in the Eocene as the lithe
sphere of tine west Philippire basin formed. Heating of the deeper upper mantle
wnich could cause slow surface wave velocities and the negative gravity and
geoid anomalies may be a much younger phenomonon and presently be in progress.
Assuming tnat the source of the regional gravity and residual geoid
anoimalies is unrelated to the depth anomaly, what might its depth be? Because
of the approximately equidimensional shape of the residual geoid anomaly
pattern (Figure 8), we can estinate the depth to the mass deficiency source by
assuning it occurs as a thin horizontal disc. Bowin (in prep.) presents sets
of curves for gravity and geoid anomalies computed apove horizontal discs witn
different diameters and lying at different depths. From these curves the
family of verious diameter and depth combinations that will produce particular
gravity to geoid ratios can be easily determined. In tne Philippine Sea tne
ratio ot the regional gravity to gecid anomaly is 1.43 (1? mgals divided by ;16
meters; Figures 48 and 4A). Figure 11 illustrates the range of disc diameter
and depth values chat will produce that ratio value. From Figure 7, we infer
a disc diameter of 1400 «m (about 12.5°), and this diameter suggests a depth
to the mass deficiency of about 200 km: that is, considerably below the base
of the lithosphere. Density anomalies at this depth, however, are probably
not readily resolvable by surface wave velocity studies from paths limited to
the dimensions of the Philippine Basin. Other modelling techniques presently
under development (for example, Smith and Bowin, 19381) may provide more
refined constraints on the depth and dimensions of the upper mantle anomolous

mass through the use of profile and areal geoid and gravity anomaly data.
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FIGURE CAPTIONS

1)

2)

3)

4)

5)

6)

7)

8)

Philippine Sea region. osathymetry from Mammerickx, et al. (1979) and
Chase and Menard, 1969. Contour interval is 2000 uncorrected meters.
Bold line indicates location of profiles shown in Figures 7-9.

Profiles of geoid anomaly, free-air gravity anomaly, and bathymetry across
the Philippine Sea along latitude 20N. Distance scale begins at 120 E.
Data obtained by interpolation from GEOS-3 radar altimeter measurements
(geoid), from surface gravity measurements (free-air gravity anomaly).
Bathymetric data obtained from the Synthetic Bathymetric Profiling System
prepared by the Naval Ocean Research and Development Activity.

Profiles or regional geoid and gravity computed from GEM-9 spherical
hamonic coefficients through degree 10. Same location as for Figure 2.

Profiles of residual geoid anomaly, residual free-air gravity anomaly, and
bathymetry, obtained by subtracting regional fields (Fig. 3) from observed
data (Fig. 2).

Geoid field measured by radar altimeter observations from GEQS-3. From
Brace, 1977. Contour interval is ! meter. Excludes contribution from
earth's flattening (1/298.247).

Geoid cumulative degrec contribution curves for selected locations in the
Philippine Sea. The cumulative degree value is plotted as a function of
the wavelength associated with the zonal hamonic for each individual
degree. The location of the degree 10 cumuletive value is labeled in
each curve. Procedure follows that in Bowin (in prep.).

Residual geoid anomalies of the Philippine Sea region. Obtained by
removing a GEM-9 spherical harmonic degree 10 field from GEOS-3
observations. Contour interval is 1 meter.

Two mass anomaly models that can account for the residual depth anomaly
and negative gravity and geoid anomalies. RDA is the magnitude of the
negative residual depth anomaly. d, t, and tc are, respectively, the
nominal depths for the seafloor topography, the base of the crust below
the seafloor, and the depth of the compensating density contrast below
the seafloor. Pw, Pc, Pm, Pdm and densities, respectively, of the water,
crust, uppermost mantle, and deeper mantle. A.) Model described by
adnittance function given as equation 1. See text. B.) Model in which
negative residual depth anomaly is compensated by higher density
uppermost mantle, and negative gravity and geoid anomalies are caused by
a mass deficiency beneath the higher density uppemmost mantle. (+)
indicates higher density than nomal, (-) lower density than nomal.

Thin horizontal disk approximation used in gravity/geoid ratio estimation
of depth to mass deficienty.



9) Gravity-topography admittance function curves. Computed from equation 1.
Curves are for different depths (t¢) to compensating mass excess, labeled
in kilometers. Dashed line at 10mgal/km is expected admittance to yield

E -10ngal amplitude for the 1 km relief to the negative residual depth

anomaly in the west Philippine basin.

in the west Philippine basin.

3

F.\

E 10) Geoid-topography admittance function curves. Transformed from the gravity-
E topography functions of Fig. 9 using filter function from Chepman (1979).
$ Curves are for different depths (tc? to compensating mass excess, labeled
R\ in kilometers. Dashed line at 7 meters is expected admittance to yield
E -7m amplitude for the lkm relief to the negative residual depth anomaly

11) Depth versus diameter of horizontal disks that yield gravity to geoid ra-
tion values of 1.43 at the surface above the center of the buried disks.
Circle indicates location along the g/N ratio line that corresponds with
a disk diameter of 1400 km inferred from Fig. 8.
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