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ISOSTATIC COMPENSATION AND CONDUIT STRUCTURES OF WESTERN PACIFIC SEAMOUNTS:
RESULTS OF TEREE-DIMENSIONAL GRAVITY MODELING

1. N. Kellogg!, B. 5. Wedgeworth?, and J. Freymueller*

Hawaii Institute of Geophysics, Honolulu, Hawaii 96822

Absiract. Detailed three-dimensional polygonal prism models of
two large western Pacific seamounts show that the 135 mgal difference
in the observed sea surface gravity over the two can be best explained
by similar mean densities (2.6 g/cm®) and crustal thickening under
one seamount (Airy isostatic compensation). Observed - calculated
residuals are further reduced by including dense (2.9 g/cm®) verti-
cal feeder pipes or volcanic conduits in the models. Dense conduits
or fracture zones 5 to 17 km in diameter are located under many, if
not all, craters on volcanic islands and seamounts. Results from the
detailed seamount studies can be generalized using exact expressions
for the on-axis vertical component of gravity for cones or frustrums
of cones, Seamount isostatic compensation levels can then be rapidly
estimated by iteratively inverting the on-axis gravity. The estima-
tion algorithm is independent of mechanical assumptions regarding
oceanic lithosphere and is particularly useful for the rapid evaluation
of large data sets. The resulis and associated uncertainties are compa-
rable to those of the detailed three-dimensional models and frequency
domain studies. As predicted by cooling plate models, the estimated
Airy {local) compensation levels y for seamounts are inversely pro-
portional to the root of the seafloor age at the time of loading t: (%)
= 68 - 5.6t1/2, A map of depth-corrected on-axis gravity values for
western Pacific seamounts indicates thal seamounts with similar z
values tend to form clusters.

Introduction

The marine gravitational field provides important information re-
garding bathymetry and the structure of the oceanic crust and upper
mantle. The Seasat radar altimeter generated a considerable amount
of new information about the short-wavelength (30-400 km) charac-
ter of the oceanic geoid. A major contribution to the marine geoid is
made by seafloor bathymetry, because of the large density contrast at
the rock-water interface. Attempts have therefore been made to use
satellite altimeter data to predict bathymetry {e.g., Lazarewicz and
Schwank, 1982; Dixon et al,, 1983). Such a tool would be especially
useful in the South and West Pacific where ship crossings are rare.
Large areas are known to no betier than 100-km resolution, and many
first-order features such as seamount chains and fracture zones may
be undetecied. At the present time, however, successful bathymetric
predictions from the Seasat altimeter data have been prevented by
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{1) uncertainties regarding the disiances between the satellite tracks
and the axes of bathymetric features and (2) large observed variations
in the short- wavelength gravity-depth function.

The first obstacle, estimating off-track distance to a bathymetric
feature, can be diminished as the GEOSAT, NROSS, TOPEX, ERS-
1, and GRM satellites become operational, thereby substantially in-
creasing the spatial density of sea-surface observations.

Our paper addresses the second obstacle to successful bathymei-
ric predictions from altimeter data: the large variation in the short-
wavelength gravity-depth function, that relates maximum sea-surface
gravity anomalies and minimum depth to bathymetric features (30-
400 km}) in wavelength. For example, sea surface free-air gravity
anomalies over seamounts of the same size and depth may vary by
up to 200 mgal or over 4 meters on the geoid. Vogt et al. (1984)
showed that the Seasat radar altimetry and seafloor topography over
Bermuda and Gregg Seamount could not be described adequately by
& single transfer function. Dixon et al (1983) and Watts and Ribe
(1984) related the variations in amplitude of marine geoid anomalies
over seamounts to different effective elastic thicknesses of the flexed
lithosphere beneath the seamounts. The effective elastic thicknesses
are related to the tectonic setiings of the seamounts, that is, whether
they formed on or near a mid-oceanic ridge crest or off-ridge. Bathy-
metric prediction from altimeter data directly is therefore difficult
unless a priori constraints on the tectonic seitings of the seamounts
are available. In this paper we will present gravity data from the
Mid-Pacific Mountains and the Marshall Island Group indicating that
seamounts in lines or spatial clusters have similar gravity-depth rela-
tionships and presumably similar tectonic origins.

The gravitational field is the vertical gradient of the potential, and
is therefore even more sensitive to nearby shallow mass anomalies than
the geoid. The sea surface gravity field over well surveyed seamounts
is known better and contains more short wavelength information than
the Seasat derived geoid. Previous studies have been limited to grav-
ity anomalies over a relatively few seamounts and oceanic islands
(e.g., Watts and Ribe, 1984; Kellogg and Ogujiofor, 1985; Freedman
and Parsons, 1986). In this paper, pertinent gravity and bathymetric
data are presented together for most of the well-surveyed seamounts
and islands in the western Pacific, permitting evaluation of the varia-
tions in the short wavelength (30-400 km) gravity-depth function for
the western Pacific. We show with three dimensional models that the
observed variations in the gravity-depth function can be explained by
varying degrees of local Airy isostatic compensation. High resolution
surface gravity data permit the gquantification of small wavelength
(< 30 km) seamount features such as conduit zones. In this paper
we estimate the densities and geometries of seamount conduits from
gravity and seismic reflraction studies and infer their compositions
from published petrologic studies. We present a simple iterative in-
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Fig. 1. Maximum free-air gravity anomalies as a function of mini-
mum depths to the tops of 59 seamounts in the western Pacific. For 38
islands and atolls in the western Pacific, maximum Bouguer anoma-
lies (density = 2.3 g/em3) are plotted at sea level. The Mid-Pacific
Mountains are shown as triangles, the Marshall Islands Group and
East Mariana Basin Seamounts as squares, the Musicians Seamounts
as hexagons, and the Magellan Seamounts, Hawaiian-Emperor Ridge,
and Kiribati and Caroline Islands as circles.

verse method to rapidly estimate the degree of isostatic compensation
for large numbers of well-surveyed seamounts. Finally, we discuss the
implications of the regional clustering of seamounts with similar iso-
static compensation levels for bathymetric prediction from satellite
altimetry data.

Observed Gravity-Depth Function

The short wavelength (< 400 ki) mazine gravity field is a function
of seafloor topography and lateral density variations in the crust and
upper mantle. Sea surface gravity ficlds observed over seamounts
are related to their sizes, shapes, minimum depths, sesfloor depths,
edifice densities, and density variations in the lithosphere beneath
the seamounts. Understanding the relationship between the gravity
field and the minimum depths to the tops of seamounts is needed
to accurately predict seamount depths from satellite altimetry and is
therefore a matter of great importance for submarine navigation and
mineral exploration in the many parts of the world’s oceans where
bathymetric coverage by surface ships is inadequate.,

Maximum free-air gravity anomalies are plotied in Figure 1 as a
function of minimum depths to the tops of 59 seamounts in the West-
ern Pacific. For 38 islands and atolls in the Western Pacific, maxirnum
Bouguer anomalies (p = 2.3 g/cm®) are plotted at sea level. Only well
surveyed edifices are included to ensure that the gravity anomalies are
not underestimated.

Not surprisingly, the data indicate a general inverse correlation
between depth and gravity anomalies. A linear estimate for the mean
gravity-depth relation is z = —16g, + 3800 m where z is the minimam
depth (m) to the top of the seamount and g, is the maximum gravity
anomaly {mgal} observed at the sea surface. There is considerable
scatter abont the mean however, thus permitting an estimate of the

uncertainties in predicting bathymetry directly from gravity or geoid
data alone in the Western Pacific. For example, although Sio Guyot,
a large seamount in the western Mid-Pacific Mountains (Kellogg and
Ogujiofor, 1985), is larger and shallower {(z = 1130 m) than Ita Mai
Tai in the East Mariana Basin (z = 1402 m) (Wedgeworth, 1985;
Wedgeworth and Kellogg, this volume), it has a maximum free-air
gravity anomaly (120 mgal) that is 135 mgal lower than that of lia
Mai Tai (2565 mgalj (Figure 2). If we had attempted to predict the
minimum depth to Sio Guyot from gravity data alone using our mean
gravity depth relation for the western Pacific, z = —16(120} + 3800 =
1880 m, or 750 m too deep. Inserting the gravity data for Ita Mai
Tai in the same formula gives a value of z = —16(255) 4 3800 = 280
m, or 280 m above sea level, or 1682 m too high. From Figure 1 we
see that gravity values for edifices at the same depth in the Western
Pacific vary up to 200 mgal (or over 4 m on the geoid). Thus, with
no other constraints, the uncertainties involved in depth predictions
for Western Pacific seamounts from gravity data alone are as great as
4 1600 m. This large uncertainty range is unsatisfactory, so we will
offer an explanation based on three-dimensional gravity modeling and
present possible constraints for depth predictions caused by clustering
of seamounts with similar gravity-depth ratios.

Three-Dimensional Models of Sio and Ita Mai Tai Guyots

To better understand the wide variations in gravity fields over
seamounts, we modeled the gravity fields of Sio Guyot and Ita Mai
Tai Guyot. Sio Guyot consists of two flat-topped summits among
a cluster of six large guyots surmounting a broad basement swell or
plateau (Nemoio and Kroenke, 1985). The Mid-Pacific Mountains
extend over 2000 km eastward almost to the midpoint of the Hawai-
ian Ridge. The northern summit area of Sio Guyot (2820 km?}, lying
between 1130 and 1500 m below sea level, is much greater than the
exposed summit area of the island of Oahu, Hawaii (1650 km?). At
a depth of about 3400 m the 8° slopes of the guyot merge with the
broad platean that slopes gradually to 5500 m abyssal depths. Ita
Mai Tai Guyot is smaller, subconical in shape, and has no underlying
plateau. The flat-iopped summit lies between 1400 and 2200 m and
covers an area of about 1500 km?2.

We found empirically that to limit model density uncertainties to &
0.1g/cm?®, the gravity field must be calculated with less than 8% error.
A three-dimensional method was used because the two-dimensional
method (assuming that polygonal prisms extend infinitely perpen-
dicular to the profile} overcorrects the gravity effect by 18% over the
apex of a conical seamount with a 10° slope (Rose and Bowman, 1974).
The relatively few published three-dimensional models for seamounts
include Harrison and Brisbin (1959}, Le Pichon and Talwani (1964),
Watts et al. (1975), and Sager et al, {1982). The bathymetry for Sio
and Ita Mai Tai guyots was approximated with 33 and 11 vertical-
sided polygonal prisms respectively (Figures 3 and 4). The observed
gravity fields were digitized for 980 grid points each at 9 and 5 km
intervals.

Linear least-squares inversion of observed gravity anomalies can
sometimes be used to help determine the average density of sea-
mounts. This technique is fundamentally the same as the density-
profiling method (Nettleton, 1939). The main assumption is that the
wavelength of any subsurface anomalous distribution of mass must be
much shorter or much longer than the dimensions of the bathymetric
feature being studied. Lewis and Dorman (1970) pointed out that
this method is successful only for topography with wavelengths much
shorter than those of gravity anomalies produced by regional isostatic
compensation. This technique is not valid for a seamount if it has a
local gravity “root” or a large magma chamber (Le Pichon and Tal-
wani, 1864). Inversion of the gravity field over Ita Mai Tai produced
a calculated mean density of 2.59 g/cm®, but inversion of the field
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Fig. 2. Free-air gravity anomalies over Sio and Ita Mai Tai Guyots. Although Sio Guyot, a large seamount in the western
Mid-Pacific Mountains, is larger and shallower than Ita Mai Tai Guyot in the East Mariana Basin, it has a maximum
gravity anomaly 135 mgal lower than that of Ita Mai Tai. Seamount locations are shown in Figure 15.

over Sio Guyot resulted in an impossible low value of 1.95 g/em3. Le
Pichon and Talwani (1964) obtained a similar density of 1.9 g/cm® for
a seamount near the Mid-Atlantic Ridge, which they also rejected as
erroncous. The fact that the positive gravity anomaly over Sio Guyot
has a low amplitude and is flanked by negative anomalies suggests
that there may be a broad zone of low density below the plateau with
about the same wavelength as the plateau itself. Therefore, for re-
alistic models we must rely on direct measurements of rock densities
and seismic refraction velocities from other seamounts.

Measurements of seamount and oceanic island rock densities by
Harrison and Brisbin (1959), Nayudu (1962}, Kinoshita et al. (1963),
Strange et al. (1965), and Manghrani and Woollard (1965) are sum-
marized by Kellogg and Ogujiofor (1985). The measurements sug-
gest that the mean densities of all seamounts lie between 2.3 and 2.9
gfem®.

Seismic compressional (P-wave) velocities can also be used to es-
timate density (Nafe and Drake, 1963). Seismic velocities have been
measured for a seamount north of Madeira and two peaks in the Mid-
Atlantic Rift Valley (Laughton et al., 1960), Cruiser Seamount (Le
Pichon and Talwani, 1964}, Bermuda (Officer et al., 1952), Bikini
and Kwajalein (Raitt, 1954), the flanks of the Hawaiian Ridge north
of Maui (Shor and Pollard, 1964), Oahu (Furumoto and Woollard,
1965; Furumoto et al., 1965; Watts et al., 1985}, Tahiti and Rangiroa
{Talandier and Okal, in press). The refraction data support the oc-
cmrrence of a layer of 3.6 to 4.6 km/sec material over basaltic rock of a
welocity 5.2 to 6.2 km/sec within the seamount. From the Nafe-Drake
carve, these velocities correspond to densities of about 2.30 to 2.50
gfem® and 2.60 to 2.75 g/cm?, respectively.

The density obtained by inverting the gravity field for Ita Mai Tai
{2.59 g/cm®) is well within the range both of directly measured val-
ues and inferred values from seismic compressional velocities for the
other seamounts. The density obtained by inverting the data for Sio
Guyot (1.95 g/cm®), however, is too low. We therefore, used realistic
densities of 2.5 to 2.7 g/cm? for the basal swell or platean, 2.9 g/cm®
for the oceanic crust, and 3.4 g/cm® for the upper mantle (Figure 5,
Kellogg and Ogujiofor, 1985). The first model was “uncompensated”
(i.e., the excess mass of the guyot was not balanced by a mass deficit
or local “root” directly beneath the guyot} and a uniform crystalline
crustal thickness of 6.3 kin was assumed (Woollard, 1875). The grav-
ity anomalies of the polygonal prisms were calculated according to
the method of Plouff (1976}. Correlation between observed and cal-
culated values was poor, along-track residual anomalies were as high
as 100 mgal over the abyssal sea floor and as low as -80 mgal over Sio
Guyot (Figure 5). From seismic refraction and wide-angle reflection
surveys the crust is known to bend and thicken under the Hawai-
ian Ridge (Shor and Pollard, 1964; Furumoto et al., 1968; Suyenaga,
1979; Zucea et al,, 1982; Watis et al., 1985) and under Rangiroa in
the Tuamotu Islands ( Talandier and Okal, in press), so to account
for the apparent mass deficiency beneath Sio Guyot, “compensated”
models with a thicker crust were tested. A cross section of the best
fitting (minimum along-track residual anomalies) model is shown in
Figure 5. In this model, the excess mass of the seamount is 70%
“compensated locally” (i.e., balanced by a mass deficit directly be-
neath the seamount). If we assume that regional compensation is
100%, then 70% is the fraction of the compensation that is purely
local. The residual gravity values (observed minus calculated) were
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Fig. 3. Plan view of polygonal prisms used to approximate the
bathymetry of Sio Guyot (after Kellogg and Ogujiofor, 1985).

low, less than 10 mgal along most of the ship track. The low den-
sity root in the compensated model accounts for the low amplitnde of
the positive gravity anomalies over the guyot as well as the negative
anomalies flanking the plateau. In the best-fitting model, the erust
underlying the guyot is 16 km thick and extends to a depth of 22 km.
An uncertainty in the density contrast at the crust-mantle boundary
of £ 0.1 g/cm® would result in a Moho depth uncertainty of £ 2 km.

Calculated gravity anomalies assuming a homogeneous edifice den-
sity of 2.59 g/cm® fit the observed gravity field over Ita Mai Tai fairly
well. To explain the gravity lows flanking the seamount, however,
the model was corrected for the low density clays and volcaniclastic
debris in the basins to the north and east of the seamount {Figure 6;
Wedgeworth, 1985; Wedgeworth and Kellogg, this volume). Sediment
densities and thicknesses were derived from velocity measurements in
the drilling record of DSDP Site 585 (Scientific Party, Leg 89, 1983) as
well as HIG and DSDP Leg 89 seismic reflection records. To further
reduce residual gravity anomalies, the crust was thickened just 1.5 km
in the model. The large difference in the amplitudes of the observed
gravity fields over the two seamounts (135 mgal) can be explained by
varying levels of local isostatic compensation, with Sio Guyot 70%
compensated and Ita Mai Tai only 8% compensated.

Eruptive Centers or Conduits

Although different depths to the crust-mantle boundary can explain
the longer wavelength gravity anomalies over Sio and Ita Mai Tai guy-

ots, they do not account for two short wavelength positive anomalies
over Sio Guyot and one over Ita Mai Tai. To explain these anomalies,
quadrilateral prisms of densities 2.8 to 3.0 g/cm® o1 0.3 {0 0.5 g/cm®
higher than the surrounding layers were added to the models (Figures
6 and 7). The crustal structure shown along the cross-section B-B’
{Figure 7} has a negligible effect on the short-wavelength anomalies.

The density models shown in Figures 6 and 7 could be explained
by dense eruptive centers or conduits. Kroenke et al. {1966) mod-
eled the positive gravity anomaly observed over Midway Atoll as the
result of a volcanic conduit with a density of 3.2 g/em® at a depth
of 2 km. A similar volcanic center has been studied in the Koolau
caldera on the island of Oahu (Strange et al., 1965), where nephelinite
had a measured density of 3.0 g/cm® and seismic velocities were 6.1
km/sec within 1 km of the surface and 7.7 km/sec at a depth of 4 km
(Furumoto et al., 1965). The observed positive gravity anomaly over
the Koolau Volcano was matched by a calculated anomaly for a wide
volcanic pipe with a density of 2.9 g/cm® within 2 km of the surface
and 3.2 g/cm® at greater depths (Strange et al., 1965). The pres-
ence of abundant dunite xenocliths in olivine nephelinite vents of the
Koolaun crater led Sen (1983) to speculate that the dense Koolau plug
represents deformed cumulate dunites and Fe-rich spinel pyroxenites
frozen in the conduit. Primary CO, fluid inclusions in the dunite
olivines suggest a maximum pressure of about 5 kbar (15 km depth)
for the formation of these dunites {Roedder, 1965).

Conduit diameters estimated from gravily data are approximately
4 to 10 km for seven seamounts along the Bonin Axc (Ishihara, this
volume}, 5 km for Midway Atoll (Kroenke et al., 1966), 9 and 14 km
for Sio Guyot (Figure 7), 17 km for Ita Mai Tai Guyot {Figure 6),
and 7 to 17 km for Koolau Volcano on Oahu (Strange et al., 1965).
Dense volcanic cores have also been recognized from gravity surveys
of Manahiki Atoll, and Mangaia, Maunke, Mitiaro, Rarotonga, Atiu,
Manuae, and Nassau Islands in the Cook Group (Robertson, 1967;
1970}, Tutuila, Ofu, Olosega, and Tau Islands in American Samoa
and Moorea Island in French Polynesia {Machesky, 1965). In Tahiti,
positive gravily anomalies are centered over two exposed caldera
cores of nepheline monzonites, theralites, and essexites (Williams,
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Fig. 4. Polygonal prism model of lta Mai Tai Guyot (after Wedge-
worth and Kellogg, this volume).




R

KELLOGG ET AL. 89

MGAL
300 — — 300
. e e
200 4 A ,—'_iu?oupensa‘ril’)./ \\\“,_.\ A L 200
- / " — \ -
: COMPENSATED _ _ .
100 — 7 A= = F NG ~ 100
h— /u/ \\\ ’\.\- n
0 ; o e 0
. I W
- —~ OBSERVED ~ L
-100 — L-100
S
KM 4 100 25025°F’°200 300
a i L 4 | ! L L
SL 103 210 e 03 210 st
10 " 10
20 T 20
- : 340 -
30 - 2 X VERTICAL EXAGGERATION L 30

Fig. 5. Cross-section of the compensated density model for Sio Guyot showing observed and calculated free-air gravity
anomalies for compensated and uncompensated models (Kellogg and Ogujiofor, 1985). Location shown in Figure 3.

1933; Machesky, 1965). These studies suggest that dense feeder pipes
or volcanic conduits may be more common on volcanic islands and
seamounts than previously thought, and may in fact be the norm.

Large positive gravity anomalies are located over active Kilauea
and Mauna Loa craters on the island of Hawaii. On the basis of seis-
mic activity and tilt data, Eaton {1962) has estimated that magma
originates at a depth of 60 km below sea level and rises through a con-
duit to a magma chamber a few kilometers below the surface, where
it remains until sufficient pressure is built up to cause an eruption.
Hypocenters of earthquakes induced by the movement of magma de-
fine the fracture zone or conduit beneath Kilauea as elliptical in hori-
zontal section with axial dimensions of 1 to 6 km (Ryan et al., 1981).
Magma is then intruded from shallow magma chambers through dikes
into the summit and east rift zone. P-wave traveltimes, positive grav-
ity anomalies, and triangulation surveys suggest that the rift zone
is spreading in response to magma intrusion (Swanson et al., 1976)
forming a dense wedge of dikes and submarine pillow basalis covered
by hyaloclastic products and subareal basalt flows (Hill and Zucea,
1987).

Generalized Three Dimensional Seamount Gravity Models

To determine whether varying local isostatic compensation levels
could also explain the scatter in the gravity-depth function forother
seamounts and islands in the western Pacific, we developed three-
dimensional models for general cases.

The shapes of seamounts and islands were approximated with
vertical-sided polygonal prisms in the form of right circular cones
(conical seamounts) and frustrums of cones {guyots and islands} (Fig-
ures 8 and 9). The height to basal radius ratios £ = h/a,, (Figure
10) and the flatness ratios f = as/a) were estimated from wide-
beam and side-scan bathymetric surveys of 63 seamounts and is-
lands in the western Pacific. The mean height to basal radius ratio
¢ = 0.187% 0.056 was obtained by equally weighting the 28 estimates
for seamounts with basal radius a; < 25 km. Jordan et al. (1983)
calculated a similar mean £ of 0.213 £ 0.011 from multibeam and

wide-beam surveys of eastern Pacific seamounts. For 35 large west-
ern Pacific seamounts with a; > 25 km, £ = 0.007a; + 4254 488 m.
The decrease in k/a, for large seamounts does not reflect a decrease
in slope but rather the predominance of flat-topped guyots and atolls.
The average slope # = 11+ 3° is independent of seamount size. There
is considerable scatter in the flatnesses f = az/a, for the guyots and
atolls. The 42-point sample has a mean of 0.40 + 0.177.

Seafloor depth was assumed to be 6 km for the modeled seamounts.
The edifices were given densities of 2.6 g/cm® and gravity anoma-
lies were calculated for all five “ancompensated” models (Figure 8).
The excess mass of the five model edifices was then assumed to be
completely isostatically compensated by thickening of the crust (2.9
g/cm®) beneath them, i.e. Airy isostasy, and gravity anomalies were
calculated {Figure 8). Note that the model for the completely locally
compensated atoll predicts that the crust mantle boundary lies at a
depth of 31 km beneath the atoll. The calculated gravity field for the
largest compensated model has negative anomalies flanking the edifice
and the maximum amplitude (170 mgal) is 200 mgal lower than that
calculated for the uncompensated model (370 mgal). This is approx-
imately the range of gravily anomalies observed on western Pacific
islands. In Figure 11 the maximum calculated gravity anomalies are
plotied as a function of minimum depth to the tops of the models. As
the depths to the seamounts increase, the predicted values converge.

We have also modeled seamounts using exact expressions for the
on-axis vertical component of the gravity anomaly for a cone or a frus-
trum of a cone. This problem is one that has been considered before
although this derivation was done independently. Previous efforts in
this area include the derivation of the anomaly at points off-axis for a
circular disk or vertical cylinder (Parasnis, 1961), for a right circular
cone {Schwank and Lazarewicz, 1982), and the work of Moon (1981}
and Jenkins et al. (1983) which have focused on deriving analyti-
cal expressions for more complex cases where the density is laterally
varying. Our derivation assumes constant density for the structure,
although more complex density distributions may be constructed by
superposition.
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Pig. 6. Cross-section of the density model for Ita Mai Tai Guyot showing observed (solid line] and calculated (dashed
line} gravity anomalies { Wedgeworth, 1985; Wedgeworth and Kellogg, this volume). Location shown in Figure 4.

We calculate the anomaly by stacking thin disks of varying radii disk becomes infinitesimal, the sum becomes an integral. The on-axis
atop each other and summing the anomaly due to each disk. If the vertical gravitational attraction dg, of a thin horizontal circular disk
radius of each disk varies linearly with the depth, then the structure of thickness dz and radius a is
obtained is either a cone or a frustrum of a cone. All disks are assumed —
to have the same density p. In the limit that the thickness of each dy: = 250G (p — py )dz(1 — 2/+/2% + a?) (1)
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Fig. 7. Cross-section of Sio Guyot with two dense vertical prisms (Kellogg and Ogujiofor, 1985). Location shown in
Figure 3.
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left and uncompensated seamounts (p = 0) on the right. A thick-

ened crustal root is shown for a completely locally compensated atoll.

where G is the gravitational constant, p, is the density of water
and z is the depth (e.g. Rose and Bowman, 1974). If a(z) = bz + ¢
in the interval [z, 21], then

[o

zy z
27Gp — 1 - — | d
/;a nG{p Pm)[ z2+(bz+c)2] z

9:(%0,21)

I

The evaluation of this integral is straightforward. Writing
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Fig. 9. Cross-section of a flat-topped seamount and thickened crustal
root with cylindrical symmetry. Adopting the terminology of Jordan
et al. (1983), its shape is described by the flatness f = az/a; and
the height-to-radius ratio £ = h/a;.
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Fig. 10. Summit height h versus basal radius ay for 63 seamounts
and islands in the western Pacific. For 28 small seamounts (a; < 25
km), the mean height-to-basal radius ration £ = 0.187 = 0.056. For
35 large seamounts (ay > 25 km), b = 0.007a; + 4254 4 488 m.

I{z,b,c) = 20G(p - pw) [z—%\/zz—{»%cz/ﬁz—kcz/ﬂ’
be
2

+ In(z + i%; + /2% + 2bez/B? + 2/ B7) (3)

where 8% = 1+ b2, then

9:(20, 21) = I(z1,b,¢) — I(z0,b,¢) (9)

If the slope of the seamount is 8, then b = cotf and 8 = 1/siné.
If the radius ¢ at some depth is known, then ¢ can be determined:
¢ = a{z) — bz. The calculated gravity-depth functions are plotted in
Figure 11 for uncompensated conical seamounts of density 2.6 g/em?,
slope = 10°, and seafloor depth = 6 km. Values are also shown for
Airy compensated seamounts where the excess mass of the seamount
edifice is locally compensated by a low density crustal root beneath
the seamount (Figure 9). The gravity effect of the root is

97(33;32'*‘}31-)———](22 +hr>bnc-r)_1(z2ybr:cr) (5)

where 23 — z; = normal oceanic crustal thickness = 6 km, h, =
thickness of root, a.(z} = b,z + ¢, gives the radius of the root and
Ap = pr—ppm = —0.5 g/em®. Gravity values are also plotted for shal-
low (0-2km}, flat-topped seamounts {guyots and atolls) with constant
flatness ratios f = as/a; = 0.37 (Figure 9).

Figure 12 illustrates the seafloor depth dependence of the on-axis
gravity anomalies. Sea surface gravity ancomalies are calculated for
uncompensated conical seamounts of density 2.3 g/cm® , slope = 10°
for seafloor depths of 1 to 6 km.

Free-air gravity-depth curves calculated from Equations (4) and
(5) are superimposed on the observed data for 97 western Pacific
seamounts in Figure 13, The curves were calculated for shallow (0-
1.75 km) flat-topped seamounts, f = 0.37, and deeper (1.5-4.0 km)
conical seamounts, § = 10°, p = 2.6 g/em®. The uncompensated
curves shown are for a seafloor depth of 6 kim; the compensated curves
shown are for a seafloor depth of 4.5 km. The observed data for all 38
islands and atolls and for 55 of the 59 seamounts lies within the range
of predicted values. In other words, about 96% of the wide varia-
tions in observed gravity signatures for western Pacific seamounts can
be explained by different levels of Airy isostatic compensation. The
three seamounts to the right of the predicted field (Suiko, Nintoku,
and Unnamed) are all part of the Emperor chain and appear to have
anomalously high mean densities (2.7 - 2.9 g/cm®). The seamount
to the left of the field (Chatauqua) is located on the Hawaiian arch.
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PFig. 11. Maximum calculated gravity anomalies versus minimum
depth to seamount models. The squares and circles are for uncom-
pensated (s = 0) and compensated (4 = 100%) polygonal prism
models respectively (Figure 8). The solid lines are calculated from
Equations (4) and (5) for deep conical seamounts (8 = 10°, 2; = 6
km, z; = 12 km) and shallow flat-topped seamounts (f = 0.37).

The abrupt increase in maximum gravity anomalies observed over
seamounts shallower than 1.7 km (Figure 13) corresponds approxi-
mately to the depth range of guyots in the western Pacific.

Lithospheric Flexure and Crustal Intrusion

Isostatic compensation for seamounts and islands is probably
achieved by lithospheric flexure and phase changes or sill intrusions
in the lower crust. The gravity signatures that would be produced by
lithospheric flexure or crustal intrusion are indistinguishable, so seis-
mic data must be used to determine the compensation mechanism.
Many investigations (See for example, Walcott, 1970; Waits et al.,
1975) have been undertaken to study the deformation of the oceanic
lithosphere by the weight of seamounts. The response of the oceanic
lithosphere to long-term surface loads is modeled as that of an elastic
plate overlying a weak fluid. Flexure of the lithosphere can explain
much of the gravity signature of seamounts. However, a two-ship
multichannel seismic experiment around Oahu (Watts et al., 1985)
showed that much of the crustal thickening could not be explained by
the simple flexural model. The wide-angle seismic profiles obtained
by HIG and Lamonti-Doherty Geological Observatory in August and
September of 1982 show the M-discontinuity dipping 8 km to a depth
of 19 km under the Hawaiian Ridge. Reflectors near the top of the
crust, however, dip only 2 or 3 kin to a depth of 7 or 8 km under the
ridge. The remaining 5 or 6 km of crustal thickness may be tholeiitic
{Watts et al., 1985) and plagioclase- bearing pyroxene (Sen, 1983)
magma intruded into the crust under Oahu.

Isostatic Compensation and Age of Loading

As the oceanic lithosphere moves away from the ridge crest, it cools
and thickens so that its effective elastic thickness is increased. Watts

and Ribe (1984) noted that seamounts formed on young seafloor near
ridge crests are often associated with short wavelength, low amplitude
gravity anomalies, and thin effective elastic lithosphere thicknesses.
It follows that seamounts formed on young seafloor near ridge crests
should also be in local isostatic equilibrium.

We define the degree of local compensation u as the ratio of the
mass deficiency below the normal crast to the excess mass above the
normal crust. Since the volume of a right circular cone is proportional
to its height, it follows that the thickness of the low-density crustal
root ., (Figure 9) will be proportional to i, k, = phairy, where hgiry
is the root thickness for a 100% compensated seamount. The free-air
gravity anomaly due to the seamount plus the root is

Gobserved — 9:(50' zl) + g (22, 2+ .“hAiry) (6)

Equation (6) can be inverted by an iierative process to determine
the degree of compensation g from the free air anomaly and the shape
and depth of the seamount. The expression for g, includes a term
linear in p and two terms non-linear in 4. We take the first approxi-
mation by ignoring the non-linear terms,

Gobserved — Qz(zo, zl)
B 7
Ho 21"G(pm - pc)hAiry ( )

where p. is the density of the crustal root and p,, is the mantle
density. We can then solve for z by an iterative process using the
equation

Y Ty - WY

1
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Fig. 12. On-axis gravity versus depth to seamount top for uncom-
pensated conical seamounts of density 2.3 g/cm®, slope = 10°, and
seafloor depths of 1 to 6 ki,
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Fig. 13. Free-air gravity/depth curves calculated from Equations
{4) and (5} superimposed on the observed data from Figure 1. The
curves are calculated for shallow flat-topped seamounts, f = 0.37,
and deeper conical seamounts, § = 10°, p = 2.6g/cm®. For uncom-
pensated (u = 0) curves z; = 6 km; for compensated (u = 1006%)
curves, z; = 4.5 km. About 96% of the observed data lies within this
range of calculated values.

The algorithm converges more slowly for small structures because
there is a smaller difference between the gravity signatures of small
uncompensated seamounts and small compensated seamounts than
for the corresponding difference for larger seamounts.

Table 1 shows estimates of 4 and the age of the oceanic lithosphere
at the time of loading ¢ for five well-dated islands and one seamount.
The estimated errors in u are based on the following uncertainties:
maximum FAA + 10 mgal, zg+ 150 m, 2 300 m, ay+ 20%, and
az+ 20%. The uncertainty in the compensation estimate increases
with increasing depth zp, increasing u, and with decreasing ay, a3,
and z; — zp.

Volcanic edifices erupted on young seafloor, such as Iceland or Gala-
pagos {Isabela Island) are much closer to local isostatic equilibrinm
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than edifices formed on old lithosphere, such as Hawaii and Pohnpei
(Figure 14). The curve shown in Figure 14 is a least squares fit to
the p and £1/2 values,

u(%) = 68 — 5.611/2 (9)

The standard deviation is & 0.8 for the slope and £ 6.5 for the
intercept. The curve is similar in shape to oceanic isotherms based
on the cooling plate model (Parsons and Sclater, 1977} and elastic
thickness of the lithosphere at the time of loading {Waits and Ribe,
1984). The similarity in shape suggests that the results of the iso-
static compensation algorithm used in this study are quantitatively
consistent with the predictions of the lithospheric flexure method and
that some of the isostatic compensation is caused by flexure of the
lithosphere. Several advantages of the method used here are that it
does not rely on a particular mechanical model and it can be rapidly
applied to large data sets (Kellogg and Freymueller, 1986).

Potassium-argon ages for 16 rock samples from Kusaie and Pohnpei
range from 1.2 == 0.1 to 8.6 & 0.6 m.y, (Keating et al., 1984). Epp
(1984) estimates the ages of loading t as approximately 152 and 160
m.y. rtespectively for Kusaie and Pohnpei. If correct, these ages
double the duration of the window of vulnerability of the lithosphere
to seamount formation proposed by Watts and Ribe (1984).

The results in Figure 14 have important implications for studies of
the geological evolution of seamounts, oceanic islands, and the ocean
basins. By determining the relative isostatic compensation level of
a volcanic edifice, it should be possible to estimate the age of the
seafloor ¢ at the time the edifice was emplaced. Because of the slope
of the curve in Figure 14, these estimates should be most reliable for
t < 30 m.y. Por example, Sio Guyot in the Mid-Pacific Mountains
has a maximum FAA of 120 mgal, a minimum depth of 1130 m and
average seafloor depth of 5550 m. Using Equation (8), g = 71% =+
15%, and &, = 9.9 km. The maximum calculated depth to the crust-
mantle boundary is 21.5 km. This depth estimate compares well with
the 22 + 2 km estimate derived from detdiled 3-dimensional modeling
of Sio Guyot (Kellogg and Ogujiofor, 1985). From Equation {8) the
age of loading £ is 0-5 m.y., i.e. a ridge-crest origin. Tholeiites of
the Mid-Pacific Mountains resemble lavas of Iceland and the Galapa-
gos Islands. Kroenke et al. (1985) interpreted the orthogonal fault
system, low gravity anomalies, and lava chemistry of the Mid-Pacific
Mountains as the result of plateau eruption along an Early Cretaceous
rift system followed by the formation of the upper edifices, including
those of Sio Guyot 10 to 20 m.y. later.

Regional Clustering of Compensation Levels

Although variations in isostatic compensation levels can explain
the observed range of gravity and geoid anomalies associated with

TABLE 1. Age of Loading and Parameters for Calculating Seamount Compensation

Seamount Observed  Seafloor Compensation Age of Age of Age of Lithosphere
or Island Gravity Depth f £ u Edifice Lithosphere ai Time of Loading
gobs (mgal) z; (km) {%)* t, (myBP) % {myBP) t =t — 1, {my)**
Teeland 60 2.5 0.56 0.01 65 + 10 0.0 5 545
Galapagos*** 129 3.0 0.63 0.03 44+ 11 0.0 10 10+ 2
Tahiti 230 4.4 0.33 0.07 23+ 13 1.0 66 65+ 5
Great Meteor 250 4.8 0.40 0.08 15 4 17 11.0 84 73+ 2
Hawaii 307 5.4 0.55 0.05 13 + 09 0.0 92 92+ 5
Pohnpei 280 4.75 0.27 0.07 34 14 5.4 165 160 + 10

*Computied assuming z, = 0 (except Great Meteor 0.25}, 22 = z; + 6 km, py,

= 1.03 g/em?,

p = 2.6 g/fem®, p. = 2.9 g/em?, and g, = 3.4 g/cm® from Equation (10).

f = as/a1 (Figuze 9). £ = hjay (Figure 10).

**Reference for ages: Epp (1984} except Great Meteor from Verhoef (1984).

*¥*¥Parameters for Isabela Island.
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Fig. 14. Plot of degree of isostatic compensation u against age of the
lithosphere at the time of loading ¢ from Table 1. The curve shown
is (%) = 68 — 5.6¢1/2.

seamounts and islands, it would be impossible to predict bathymetry
directly from satellite altimetry unless compensation levels are con-
sistent and known for a region of the ocean.

In Figure 15 depth-corrected free-air gravity anomalies are con-
toured for seamounts in the western Pacific to see if there are sys-
tematic spatial variations in the seamount gravity-depth relation-

ship. The gravity values were corrected for depth by subtracting
(3800 — 25)/16 from the observed maximum anomalies.

Seamounts in the East Mariana Basin have positive gravity anoma-
lies, over 100 mgal, in sharp contrast to the negative anomalies, as
low as -78 mgal, in the Marshall Island Group and in the Mid-Pacific
Mountains. As discussed in this paper, detailed three-dimensional
forward modeling of the gravity field for Sio Guyot in the Mid-Pacific
Mountains shows that the negative residual may be accounted for by
isostatic compensation. Inversion of the gravity field for Ita Mai Tai
Guyot indicates that the positive residual may be explained by a lack
of compensation, Such systematic spatial variations in compensation
levels may be used to infer the tectonic origins (ridge crest versus
mid-plate) and ages of seamount clusters.

Discussion

Detailed modeling of two large seamounts in the western Pacific,
Sio and Ita Mai Tai Guyots, shows that the large contrast in their sea
surface gravity fields is probably not a function of density differences
in the two seamounts but rather a function of different depths io the
crust-mantle boundary. The depths to the Moho are proportional to
the Airy isostatic compensation levels for seamounts and, as predicted
by elastic cooling plate models, are inversely proportional to the root
of the seafloor age at the time of loading. However, a two-ship multi-
channel seismic experiment around Oahu (Watts et al., 1985) showed
that much of the crustal thickening may not be explained by the sim-
ple flexural model. The crust may be thickened by the intrusion of
large volumes of tholeiitic (Watts et al., 1985) and plagioclase-bearing

20°N

o

150° E 160°

170° 180°

Fig- 15. Depth-corrected on-axis free-air gravity anomalies for seamounts in the western Pacific. The on-axis gravity
values were corrected for depth by subtracting (3800 - z,)/16 from the observed maximum anomalies. The discrete point
gravity values were contoured to facilitate pattern recognition. Note the clustering of seamounts with positive gravity

residuals in the East Mariana Basin.



pyroxene magma {Sen, 1983). Bending and thickening of the crust
can explain the anomalously low gravily fields observed over many
seamounis and islands that were previously interpreted as caused by
magma chambers or thermal anomalies (e.g., Le Pichon and Talwani,
1964; Case et al., 1973).

It is impossible to completely explain the variability in seamount
gravity signatures by different edifice densities. In fact, direct mea-
surements of seamount and oceanic island rock densities, seismic com-
pressional velocities, and inversion of the gravity fields over uncom-
pensated seamounts suggest & mean density of 2.6 g/cm® with an
uncertainty of only about - 0.2 g/cm®. From the gravity fields and
bathymetry, Ishihara (this volume) determined the mean density of
19 seamounts in the Bonin Arc to be 2.66 + 0.13 g/cm3. These mean
values are lower than the 2.8 g/cm® value common in the geophysical
literature. Of the 97 seamounts included in this study, only three
seamounts in the Emperor chain have anomalously high mean densi-
ties (2.7 - 2.9 g/cm®),

Precise models of Ita Mai Tai {Figures 4 and 6) and Sio Guyots
{Figures 3 and 7) and Oahu and Hawaii Islands show that dense con-
duits contribute substantially to the small wavelength observed sea
surface gravity fields. The conduits are fracture zones 5 to 17 km in di-
ameter containing dunites, spinel pyroxenites, nepheline monzonites,
theralites, and essexites extending into the lower crust.

A simple method has been presented in this paper for the rapid
estimation of seamount isostatic compensation levels. Seamounts are
approximated as cones or frustrums of cones, and the observed on-
axis vertical gravitational attraction is inverted by an iterative process
{Equation 8) to determine the degree of Airy compensation. The al-
gorithm is independent of mechanical assumptions regarding oceanic
Yithosphere, involves low computational costs, and is particularly use-
ful for the rapid evaluation of large data sets. The results and associ-
ated uncertainties are comparable to those of detailed 3-dimensional
models and frequency domain studies. The generalized forward prob-
lem can also be addressed using exact expressions for the on-axis
vertical component of gravity for a cone or a frustrum of a cone. The
predicted anomalies for compensated and uncompensated seamounts
(Figure 11) converge rapidly at depths of 2 km or greater, making
the inversion of the gravity values to estimate compensation levels or
fiexural parameters much more difficult for small deep edifices snch
as the Musicians Seamounts (Schwank and Lazarewicz, 1982; Dixon
et al., 1983; Freedman and Parsons, 1986).

Because of the wide variation in observed geoid signatures of
seamounts, a successful short-wavelength bathymetric transfer func-
tion for satellite altimeter data must be based on a statistically rep-
resentative sample. The data presented in this paper shows the range
of gravity/depth values for 97 well-surveyed seamounts in the west-
em Pacific. A depth-corrected maximum free-air gravity anomaly
map for seamounts in the western Pacific (Figure 15) suggests re-
gional variations in isostatic compensation levels, Observed gravity
and bathymetry can be readily inverted using the algorithm presented
in this paper to estimate the compensation levels of well-surveyed
seamounts. If the systematic spatial variations observed in the west-
ern Pacific are representative, then we can infer the tectonic origin
of seamounts elsewhere and develop regional bathymetric-satellite al-
timetry transfer functions.
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