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ABSTRACT 

A two dimensional gravity model of the lithosphere 

was constructed along a seismic refraction line, 800 km 

in length, across the Mariana arc near l8°N latitude. 

Included in the model are crustal layers constrained by 

seismic refraction results, an estimate of the gravity 

anomaly due to the subducting slab, and a model of the 

low density mantle beneath the Mariana Trough (an active, 

extensional, back-arc basin)o 

Several notable anomalies are found in the crustal 

layers. East of the trench, the crust is thinned slightly 

to account for an outer gravity high. Behind the landward 

wall of the trench, a small low density wedge is modeled. 

Also, an unusual configuration for the sub-arc root is 

required to fit the observed gravity anomaly. 

The gravity anomaly due to the low density mantle in 

the trough is a -i7o mgal negative centered approximately 

iv 

on the axial bathymetric high of the trough. Different 

depths to the bottom of the low density mantle are modeled. 

The best fits are obtained using depths between 100-400 km 

with corresponding density anomalies between -0.057 to 

-0.024 g/cc . (relative to 3.35 g/cc). The anomaly associated 

with the low density mantle is concentrated in the center 

of the trough by assuming the lithosphere to thicken with 

distance away from the axial high. 
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INTRODUCTION 

The gravitational signatures . of island arc complexes 

have been of considerable interest to geophysicists during 

the last two decades. The first gravity models of trench 

arc systems tended to emphasize the role of crustal struc

tures. Often any structure deeper than the Moho was ig

nored (Talwani et al., 1959b, 1961). As seismology of-

fered compelling evidence for deeper structure in the form 

of Benioff zone earthquakes (Isacks et al., 1968), invest

igators modeled the gravity effect of the subducting slab 

(Hatherton, 1969, 1970, Oxburgh and Turcotte, 1970). The 

complexity of the slab models has increased in recent years 

(Grow, 1973, Toksoz et al., 1973, Grow and Bowin, 1975). 

The crust of the marginal sea is thin and shallow, 

and thus the mantle is near the surface. This situation 

should lead to a large positive gravity anomaly over the 

basin • . However, it has been noted that the gravity anom

alies associated with actively extensional back-arc basins 

are smaller than expected (Talwani et al., 1961). Even 

so, few investigators have attempted to model the anoma~ 

lously low density mantle which apparently causes the dis

crepancy. These models are notable in their diversity. 

Much of the difference is due to the lack of constraining 

data on the back-arc mantle. In light of plate tectonics 

most of these models are unreasonable · or incomplete. 

The model in this study was constructed with both the cur

rent knowledge of island arcs and the good and bad points 

of these models in mind. 

Perhaps the most critical parameter of any study of 

the mantle is the thermal field within that layer. Cer

tainly, the thermal state of the mantle will greatly 

affect its density. Thus in this study it is necessary 

to consider the current knowledge of the thermal regime 

of the mantle. 

Quite a number of authors have modeled the thermal 
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field of the subjecting slab (McKenzie, 1970, Oxburgh and 

Turcotte, 1970, Minear and Toksoz, 1970, Toksoz et al., 

1971, 1973, Griggs, 1972, Turcotte and Schubert, 1973, 

Schubert et al., 1975). These models may be distinguished 

by the extent to which they account for beating of the 
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slab due to radioactivity, thermal conduction, friction, 

adiabatic compression, phase changes, and the angle and 

rate of descent of the slab. Despite their differences, 

the various models have produced very similar results (e.g. 

Anderson et al., 1976, Figure 2, Delany and Helgeson, 1978, 

Figure 15). 

A few investigators have attempted to model the tem

peratures in the mantle above the slab (McKenzie, 1970, 

Hasebe et al., 1970, Andrews and Sleep, 1974, Schubert et 

al., 1975, Toksoz and Bird, 1977, Sydora et al., 1978). 

These models translate the mantle isotherms upward by 

either calling upon the diapiric rise of heated magma from 

the Benioff zone or convection in the mantle due to the 

drag of the downgoing slab. The results are not very 

similar, but it is unclear whether this is due to a fun

damental difference in the mechanisms involved or just 

differences in the initial assumptions of the models. 

The Mariana Arc 

The Mariana arc marks the site of the Pacific plate's 

plunge beneath the Pbillipine plate. Nearly a score of 

active volcanic islands, composed largely of basaltic 

andesite (Karig, 197la), comprise the Mariana arc. Convex 

towards the east, the arc stretches from 12N to 25N at 

approximately 145E, as shown in Figure 1. 
The Mariana trench connects the Bonin trench, on the 

north, with the Yap trench, to the south. Estimates of 

the rate of subduction vary widely. A median estimate, 

approximately 90 mm/yr (Toksoz and Bird, 1977), is reason

ab,le at the latitude of this study. 

The subducting slab begins its descent at a low angle, 
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Because the trackline trends east-west and near the 

equator, the change to the new reference system adds only 

a small, constant number of milligals to the anomaly. 

The change is ignored here. 



but it bends downward sharply at about 200 km behind the 

trench (Isacks and Baranzangi, 1977). Deep earthquakes 

show that it extends to a depth of at least 680 km 

(Katsumata and Sykes, 1969). 

To the west of the volcanic arc lies the Mariana 
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Trough, an active extensional, back-arc basin (Karig, 197lb). 

It is a region of high heat flow (Anderson, 1975) and 

anomalously thin lithosphere (Seekins and Teng, 1977). 

The trough began opening in the Late Miocene (Hussong and 

Uyeda et al., 1978). The extension occurred as spreading 

localized about the axial high which runs through the mid-

dle of the trough, roughly parallel to the arc (Karig, 197la). 

Although the spreading may be similar to that at mid-ocean 

ridges, it produces no correlatable magnetic anomalies 

(Karig et al., 1978). Consequently, the total spreading 

rate is not well known; although, estimates vary from 

40 mm/yr (Hussong, Uyeda, et al., 1978) to 80 mm/yr (Karig 

et al., 1978) on the basis of topography and sediment ages. 



DATA 

All the data used in this study were collected in 

February 1976 by the R/V Kall.a Keoki as a part of the Inter

national Phase of Ocean Drilling (IPOD) Mariana site sur

vey. The line A-A, shown in Figure 1, was selected be

cause it is perpendicular to the arc and coincident with 
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the seismic refraction shotline analyzed by LaTraille (1978). 
The bathymetry was obtained using conventional echo 

sounding techniques, with a 3.5 kHz acoustical source, and 

corrected using Mathhews' (1939) tables • . Sediment thick

nesses were determined from reflection records obtained 

with airgun and sparker sources. 

The seismic refraction data consist of 29 single

ship, non-reversed profiles. Twenty sonobouy stations 

were located along a 500 km line west of the trench, and 

nine were locat~d on a 235 km line east of the trench. 

Maximum shot-to-receiver distance on each profile was 

approximately 40 km. 

The gravity data were digitized along the seismic 

refraction line at an interval of 6 km. The data were 

obtained with a LaCoste-Romberg stable platform gravimeter 

whose accuracy is ~1 mgal assuming no navigational errors 

(LaCoste, 1967). Satellite Doppler positions were used 

throughout. The methods of Rose and Norris (1971) and Rose 

(1974) were used to obtain adjusted dead reckoning tracks. 

The mean crossing error of tracklines in this survey is 

approximately ±4 to 5 mgal. 

The gravity observations were reduced to free-air 

anomalies with reference to the International Reference 

. Ellipsoid (Garland, 1965, Heiskanen and Moritz, 1967) with 

a flattening of 1/297.0. All gravity values were ref

erenced to the harbor bases tied to the International 

Gravity Base Network of Woollard and Rose (1963). Anom

alies based on this Older reference ellipsoid may be up

dated to the new Geodetic Reference Syste~ (Woollard, 1979). 
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THE MODEL 

Due to the large number of elements which must be 

treated in a model of this magnitude, some simplifications 

were made to facilitate computation. The model was 

broken into three parts: the crustal layers, the down

going slab, and the low density, back-arc mantle. All 

of these elements were treated as density anomalies con

trasted to a mantle of density 3.35 g/cc. The use of den

sity anomalies not only makes it easier to modify the 

model, but also allows the model to be independent of any 

assumed dimensions of the lithosphere and low velocity zone 

and of the density gradient within the mantle. Thus, 

the increase of density with depth and the asthenospheric 

low velocity zone were not modeled, but are implicitly 

assumed in the density anomalies. 

The Crustal Layers 

The seismic refraction results of LaTraille (1978) 

were used to constrain a density model of the crust. 

Density values were derived by grouping compressional 

wave velocities, averaging, and converting to density 

using the velocity-density systematics of Ludwig et al., 

(1970). The seismic results were jumbled, particularly 

behind the arc, suggesting broken, non-continuous layers. 

However, for ease in the computation of the gravity model 

the crustal layers were smoothed as much as possible without 

alteration of broad geological relationships. 

Though the upper crustal layers are seismically well 

determined, the Moho is not; Seaward of the trench this 

presented little problem as the depth to the Moho was 

found to be consistant. Behind the arc, however, the 

depth to the Moho was determined only beneath the middle 

of the Mariana Trough; yet it is likely to vary greatly 

on either side of this basin due to the roots of the frontal 

and .remnant volcanic arcs. 
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Other · investigators have concluded that a root exists 

beneath the Mariana arc (Murauchi et al., l968)o Since 

no Moho velocities were deteeted beneath the crust of 

the frontal and remnant arcs at the latitude of this 

study (LaTraille, 1978), the dimensions of any roots 

beneath these arcs are uncertaino To be objective, this 

study first assumed no crustal roots behind the trench. 

In order to fit the observed gravity anomaly, it was 

later nee .essary to assume roots beneath both the Mariana 

arc and West Mariana Ridge. The result, shown in Figure 

2 was similar to previous work (Murauchi et alo, 1968), 

however, it was necessary to add an additional prot~usion 

at the apex of the broad root beneath the frontal arc. 

Starting at the eastern end of the transect, the 

oceanic crust was modeled with a slight compensating 

Moho depression beneath the seamount and a slight thinning 

just seaward of the trench prior to its plunging beneath 

the arc. The subducted crust was assumed to follow the 

Benioff zone as determined from earthquake hypocenters 

(Isacks and Barazangi, 1977) and to maintain a constant 

thickness equal to its pre-subduction thickness. 

The layers found east of the trench were modeled 

separately down the subducting slab to a depth of 30km. 

From 30-80 km an average density of 2.8 g/cc was assumed. 

This value was derived from a crustal average of 2.7 g/cc 

(Hussong, 1972) corrected for ther.mal expansion and 

adiabatic compression. The coefficients of expansion and 

compression used in this approximation correspond to a 

peridotite composition. The values used were dV/VdT= 

3.6 x 10-~ 0 c-l (Skinner, 1966), and dV/VdP=7.0 x lo-.4 

Kbar-l (Birch, 1966). 

The Downgoing Slab 

To estimate the gravity anomaly due to the dense 

slab a thermal model for the slab was constructed from a 

published model (Turcotte and Schubert, 1973) as shown 



in Figure 3. This model was selected because it stays 

relatively cool with depth, consistant with a steeply 

dipping, fast subducting slab (Minear and Toksoz, 1970) 

such as is found at the Mariana arc. This model also in

cludes the effect of the olivine-spinel phase change. 

From the thermal model a density anomaly model was 

constructed using the previously mentioned thermal ex

pansion coefficient. Although this coefficient should 

be reduced with depth (Birch, 1952), its value is not 

accurately known, so it was considered constant in this 

study. Compression was not considered in the derivation 

of the slab model since the pressure is assumed to be 

hydrostatic. 

8 

Figure 3b shows the density anomaly model calculated 

using the above model. Other investigators have modeled 

downgoing slabs without resorting to such complicated 

density models. Often, the slab is modeled with a constant · 

density contrast throughout. Usually, the contrast is 

about +0.04 to +0.05 g/cc (Hatherton, 1970, Grow, 1973, 

Getts and Rose 1978). A spatial average of the density 

anomalies in Figure 3b is almost exactly +0.05 g/cc. A 

simpler model, Figure 3c, assumes this constant density 

constast. As suspected, the gravity anomalies calculated 

from the density models of Figures 3b and 3c are identical 

to within the crossing error of the tracks in this study. 

Consequently the simpler constant density model was used 

in the construction of the calculated gravity model. 

The top of the slab was delineated using earthquake 

hypoeenter results (Katsumata and Sykes, 1969, Isacks and 

Barazangi, 1977), and a constant slab thickness of 80 km 

was assumed. This thickness was chosen because it is the 

value most .used in thermal models, including the one used 

in this study. The exact thickness is uncertain, but is 

likely to be between 75-100 km (Sclater and Francheteau, 

1970). Since there have been no earthquakes detected 



below 680 km beneath the arc (Katsumata and Sykes, 1969), 

the slab was assumed to end at that depth. Should there 

be any slab below 680 km its great depth would cause its 

gravity effect to be small at the surface. 

9 

In a complex set of dehydration reactions, most of 

the subducted oceanic crust turns into eclogite at a depth 

of about 60-80 km (Anderson et al., 1976, Delany and 

Helgeson, 1978). The eclogite has a density, in situ, of 

3.56 g/cc (Grow and Bowin, 1975). In this study the 

oceanic crust is assumed to change to eclogite at 80 km 

as shown in Figure 3. For simplicity, the crust below 

150 km is assumed to have the same density contrast as the 

rest of the slab. ,If the eclogi te were continued all the 

way down the slab, it would add no more than 15 mgal to 

the gravity anomaly of the slab. 

The Low Density Mantle: 

Figure 2 shows the consequences of assuming that the 

mantle beneath the Mariana Trough is of the same density 

(3.35 g/cc) as the mantle beneath the Pacific plate. 

The calculated anomaly is too high by 170 mgal. A rea

sonable cause of this discrepancy, may be the occurance of 

low density ·mantle beneath the center of the Mariana Trough. 

Figure 2 also shows that the ~aximum anomaly due to 

the low density mantle must be approximately centered on 

the axial high. That this is also the center of spread

ing in the trough is not a coincidence, for this should 

also be where melt is shallowest beneath the basin. There 

has been slight disagreement as to the exact place-

ment of the locus of spreading. Karig (197la) puts it 

at the axial high, while Hussong, Uyeda, e.t al., (1978) 

place it at a graben about 30 km to the east. 

However, the lack of information on the back-arc Moho 

makes the position of the anomaly too dependent on the 

assumed Moho to be diagnostic as to the position of the 

center of the anomaly. Consequently, in the model 
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the low density mantle anomaly is arbitrarily centered on 

the axial high. 

There are few constraints on the shape and density 

contrast of the anomalous mantleo The back-arc lithosphere 

is known to be thin (Seekins and Teng, 1978) and spreading 

occurs in the center of the trough (Karig et al., 1978)0 

In an effort to make the simplest reasonable approx

imation, the anomalous body is assumed to have the same 

density contrast throughout. The lithosphere is modeled 

thickening away from the center of the basin, much like the 

lithosphere at a mid-ocean ridge. Since the mechanism of 

spreading in the Mariana Trough is unknown, this may not 

be a good analogy (Karig et al., 1978). The· base of the 

lithosphere is assumed to approximate the 110o0 c isotherm 

of Andrews and Sleep's (1974) thermal model. This temp

erature should be the wet solidus of the lithospheric mat

erial (Yoshii et al., 1976). 

Two other configurations of the low density mantle 

were tried as well. In one of these models, the low density 

mantle was extended to the corner between the sub-arc root 

and the descending slab. This configuration roughly cor

responds to .the tectonic model of Kanamori (1977). The 

other model asuumed that the eastern side of the low den

sity mantle is vertical and located at the volcanic axis. 

This configuration might be the result of an island arc, 

lithospheric block being carried seaward by the spreading 

in the Mariana trough as suggested ~y Karig's (197la) model. 

Either of these models can be made to work as well as the 

one shown in Figure 4. The former necessitates a slight 

shallowing of the Moho beneath the arc, and the latter, 

a slight deepening of the Moho. Due to the lack of infor

mation on the placement of the sub-arc Moho, gravity alone 

cannot be used to determine which of these models is best. 

A variety of depths to the bottom of the low density 

mantle have been used in the literature, so a number of 
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different depths were also tried in this study. The 

density consrast was adjusted to fit the observed anomaly 

once the depth to the bottom of the low density mantle 

was chosen. Table 1 lists the density contrasts which 

correspond to different assumed depths. Figure 6 shows 

the anomalies calculated using these values. The 100 km 

anomaly decreases rapidly away from the trough's axial high. 

In order to use this depth, the roots beneath the frontal 

and remnant arcs must be significantly deepened. Converse

ly, the 400-500 km depths provide such a broad anomaly that 

these roots must be made significantly shallower. Thus, 

the models using.these depths to the bottom of the low 

density mantle were rejected. If the depth of the back-arc 

Moho were accurately known, perhaps the depth of the 

lower bound of the anomalous mantle cculd be more accurately 

determined. The model presented in the figures assumes 

an arbitrary depth of 200 km to the bottom of the anomalous 

mantle with a density contrast of -0.033 g/cc. 

In Figure 2, the calculated anomaly asuuming a mantle 

of 3.35 g/cc beneath the trough falls off rapidly with 

distance west of the axial high. It is assumed that this 

effect is due both to the root beneath the West Mariana 

Ridge and due to the western edge of the low density mantle. 

Thus, the low density mantle is arbitrarily assumed to end 

beneath the West Mariana Ridge, as shown in Figure 4. 
To arrive at a calculated gravity anomaly, the con

tribution from the crust and downgoing slab are added • . 

The density of the back-arc mantle is adjusted to make the 

calculated anomaly match the observed anomaly over the trough. 

In a similar manner, the shape of the sub-arc root is adjust

ed to fit the anomaly over the arc and fore-arc regions. 

The calculated anomaly is shown in Figure 2. In Fig~re 5 

the major, calculated positive and negative anomalies 

are shown. The downgoing slab contributes +140 mgal in a 

broad positive anomaly. This anomaly increases the gravi-
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tational attraction over the arc and trough. The -170 

mgal negative due to the low density mantle compensates 

for the positive slab anomaly and for the positive anomaly 

due to the shallow mantle beneath the trough. 

In order to compare the observed am. calculated 

gravity anomalies, the two must be registered at some 

point along the traverse. Often, this is accomplished 

by matching the anomalies at the seaward end of the line. 

However, in this study, that point is over one of the Mag

ellan seamounts. This problem proved to be ~mall, for the 

anomaly calculated from the crustal model, east of the 

trench, fit the observed anomaly with little adjustment. 
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TABLE 1: Depths and densities of the low density mantle. 

If one of the following depths is chosen as the 

bottom of the low density mantle, then the corresponding 

density anomaly is required for the model to fit the ob

served gravity. 

depth (km) Density Anomaly 

100 -0.057 

200 -0.033 

300 -0.028 

400 -0.024 

500 -0.022 
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DISCUSSION 

The observed free air anomaly (FAA) is shown in 

Figure 2. As expected, it follows the bathymetry closely. 

A broad bulge is to be seen in the FAA between the trench 

and the seamount. It is probably due largely to an edge 

effect from the thick crust beneath the seamount. How

ever, it may also be partially due to an outer gravity 

high caused by lithospheric flexure (Watts and Talwani, 

1974). 
Behind the trench, the FAA rises slowly from the 

trench-slope break to the axial high of the trough. Land

ward of the axial high, the FAA decreases. At the location 

of the volcanic axis, approximately 220 km behind the 

t~ench, the FAA rises about 50 mgal. West of that point 

over the trough, the FAA is rough and somewhat elevated 

above the level set by the fore-arc region. 

Figure 2 also shows that the calculated anomaly 

matches the FAA well east of the trench. Except for one 

large (40-50 mgal) bump about 100 km behind the trench, 

the model anomaly fits the observed anomaly well over the 

fore-arc region. The large amplitude and short wavelength 

of the bump suggest a shallow, dense causative body which 

is unaccounted for by the crustal model. In a plan view 

this bump is circular and thus cannot be treated by two 

dimensional modeling. Since it bas no apparent bearing 

on the regional structure, this anomaly will be discussed 

no further in this study. Over the Mariana Trough the 

observed and calculated anomalies do not always match, 

probably due to the rough bathymetry of the trough which 

violates the two dimensional assumption of the gravity 

modeling. 

An interesting structure is inferred in the crust 

behind the trench. Because the gravity low at the trench 

is offset Slightly landward from the bathymetric low, a 
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low density wedge is inferred in the crust behind the 

west wall of the trench. The assumed density is 2.4 g/cc 

similar to that of accreted sediments found in other arcs 

(Grow, 1973)0 The dimensions of this wedge are arbitrary 

and it is somewhat smaller than other such wedges. Un

fortunately, there is no other geophysical or geologic 

evidence to determine the nature of this low density wedge. 

It might be a sedimentary accretionary prism, a zone of 

highly sheared crystalline rock, or some other geologic 

feature. 

The shape of the sub-arc root is also of interest. 

It is notably asymmetric about the volcanic axis of the 

arc. The slope of the west side is . approximately 14 de

grees while the slope of the east side is only 4 degrees. 

Figure 2 shows an odd protrusion at the apex of the root. 

It is 4 km deep and 36 km in length. Although the shape 

of this feature is poorly defined by the modeling technique, 

its general dimensions are similar to the magma chambers 

found at moderate depth beneath the Katmai range of the 

Aleutian arc (Kubota and Berg, 1967) and beneath the vol

canoes of Kamchatka (Utnasin et al., 1976). The transect 

of this study passes between two volcanic islands, Ala

magan and Pagan, which are nearly 50 km apart. One might 

not expect to find a magma chamber beneath the saddle be

tween two volcanoes; however, the seismic results from the 

Katmai Range suggest that the deeper magma bodies may be 

elongated parallel to the arc (Kubota and Berg, 1967). 

Perhaps this sub-root structure is an expression of a 

moderatley deep magma chamber beneath the Mariana arc. 

Few investigators have attempted t.o model the low 

density mantle beneath active, extensional back-arc basins 

{Soloman and Biehler, 1969, Karig, 197lb, Segawa and 

Tomoda, 1976-). The diversity amongst these models refelcts 

a lack of constraining data. Solomon and Biehler's (1969) 

model of the New Hebrides arc (which will be referred to as 

model 1) extends the low density mantle, with a density 
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contrast of -0.03 g/cc, from the Moho to a depth of 100 

km. Laterally, the anomalous mantle stretches indefinately 

landward from a nearly vertical line beneath the trench. 

This model ignores the gravity anomalies associated with 

the downgoing slab and the subducted oceanic crust. 

The Karig model (197lb) (model 2), designed with the 

Mariana Trough in mind, used a body of anamalous mantle 

with vertical sides located at the edges of the trough. 

The low density mantle, with a density anomaly of -0.02 

g/cc, extends from the Moho to a depth of 300-400 km. This 

model does not attempt to match the observed gravity anomaly 

exactly, so it also ignores the slab and subducted crust 

anomalies. The Japan Sea models of Segawa and Tomoda (1976) 

(generalized as model 3) do include the gravity anomaly 

associated with the downgoing slab, however, they also 

fail to account for the effect of the subducted crust. 

These models assume a back-arc lithosphere with a constant 

thickness of 30 km. The anomalous mantle, with a density 

contrast of -O.Ol5 to -0.02 g/cc, is beneath the litho

sphere extending to a depth of 150 km. These models have 

no landward limit to the low density mantle, which is also 

extended seaward into the corner between the sub-arc root 

and the descending slab. 

The model used in this study was designed with the good 

and bad points of models 1-3 in mind. Although this model 

is not unique, every effort has been made to make it 

reasonable in the light of current geophysical knowledge. 

Figure 2 shows that the anomaly due to the low density 

mantle should be maximum over the center of the trough. 

Even though Karig (197lb) first suspected this type of 

anomaly, no model has yet been constructed in this manner. 

Models 1-3 all have a flat top to the anomalous mantle 

which does not concentrate the anomaly in the center of 

the basin. Also, these models have incorrectly represented 

the mantle and crust laterally. Models 1 and 3 have made 

the unlikely assumption that the anemalous mantle Extends 
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indefinately westward. Also, model 3 extends the marginal 

sea crust . indefinately westward. Because of these fea

tures, the anomaly due to the low density mantle in these 

models does not fall off behind the basin. Beneath the arc, 

models 1 and 2 show no subducting slab. Consequently, the 

amplitude of the anomaly over the basin i s not high enough. 

None of these models account for the subducted oceanic 

crust, hence, the anomaly does not fall off towards the 

trench. Probably, this incorrect modeling of the de

scending oceanic crust has caused the authors of models 

1 and 3 to extend the low density mantle as far towards 

the trench as they have. The model used in this study con

tain.s_ the subducting crust and slab, and it has the thinnest 

back~arc lithosphere beneath the locus of spreading, also 

it bounds the low density mantle westward beneath the West 

Mariana Ridge. 
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CONCLUSIONS: 

The results of this study tend to substantiate the 

work of other investigaoors who have suggested the exist

anc e of large amplitude, large wavelength gravity anom

alies associated with the downgoing slab and low density 

mantle beneath the Mariana trough. Also, the character 

of the gravity anomaly over the Pacific plate supports the 

existence of an outer gravity high between the trench and 

the Magellan seamounts. The exact cause of the outer 

gravity high is still uncertain, but it is modeled here as 

a slight thinning of the crust. The gravity data also 

require roots beneath the remannt arc and frontal volcanic 

arc, even though these were not detected by s~ismic re

fraction in the area. 

Several interesting anomalies were noted in the crust 

west of the trench. A low density wedge is postulated 

behind the landward wall of the trench. The root beneath 

the frontal arc is asymmetric with respect to the volcanic 

axis of the arc. The sides of the sub-arc root have dif

ferent slo~es and the center of the root is offset toward 

the trench from the axis of the volcanoes. Also, it is 

necessary to add a sub-root at the apex of the sub-arc 

root. Its dimensions suggest that it might be a magma 

chamber of moderate depth. 

The anomaly due to the low density back-arc mantle 

was found to fall off away from the axial high of the 

Mariana Trough. Consequently, the back-arc lithosphere 

was modeled thickening away from the axial high. As well, 

the low density mantle was bounded on the west beneath 

the west Mariana Ridge. It was impossible to determine 

the exact depth to which the low density mantle stretches 

ho~ever, it was judged to be between 100-400 km. 



APPENDIX 

LOW DENSITY, BACK ARC MANTLE ANOMALIES CALCULATED FROM 
MODELS 

l9 

A number of investigators have constructed thermal 

models which claim to reproduce the elevated isotherms 

beneath an active, extensional back-arc basin. To my 

knowledge, no one has calculated the gravity anomalies 

associated with the anomalous back-arc basin. Just such 

a test should be able to distinguish which thermal models 

are most reasonable in terms of their gravity effecto 

Several thermal models were tested by adapting them 

for use in a two dimensional gravity model of the Mariana 

Trough. One model assumes that the back-arc isotherms are 

displaced towards the surface by a cell of convective coun

ter-flow in the upper mantle due to the drag of the down

going slab (Andrews and Sleep, 1974). Another model assumes 
.,_ 

the cause of the termperature anomaly to be the effect of 

magma rising from the Benioff zone (Sydora et alo, 1978). 

Yet another model is an estimate of the elevation of the 

back-arc isotherms and it assumes no specific mechanism 

for raising the isotherms (Schubert et al., 1975). All 

of these models assume a slab dipping at 45 degrees, but 
' 

each assumes a different subduction velocity. The slab 

of Andrews and Sleep's (1974) model has a velocity of 

100 mm/yr; Schubert et al.'s (1975) model, 80 mm/yr; 

and Sydora et al.'s (1978) model, 10 mm/yr. 

Figures Al, A2 and A3 show the density anomalies 

derived from these thermal models. The density anomalies 

were calculated using the temperature anomalies caused 

by the elevated isotherms
0
with a thermal expansion 

coefficient of 3.6 x 10-5 c-1 (Skinner, 1966). The gravity 

anomaly associated with each of these density anomalies 

was substituted for the block of low density mantle used 

in previous calculations. The anomaly was centered on 

the axial high of the trough. 
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These density models are different from the pre

viously used low density mantle model in that these con

centrate the largest density anomaly beneath the center 

of the basin. The lesser density anomalies form shells 

around the larger density anomaly. In the model used 

previously, a uniform density was assumed throughout the 

low density mantle body. 

Figure A4 compares the gravity anomalies calculated 

for the Mariana Trough, using no low density mantle and 

using these three density models, to the observed gravity. 

When no low densitY mantle is used in the model, the 

gravity anomaly is too high over the trough by 170 mgal. 

Using the model of Schubert et al. (1975), the calculated 

gravity is too high by 100 mgal; and with the model of 

Andrews and Sleep (1974), it is too high by 50 mgal. 

Thus both of these models have too little elevation of 

the isotherms beneath the Mariana Trough. With the 

Andrews and Sleep (1974) model, this problem can be easily 

fixed by extending the -0.01 g/cc body of the density model 

to a depth of 200 km. On the other hand, the gravity 

anomaly due to the Sydora et al. (1978) model is much too 

large and broad. With this model, the calculated gravity 

over the trough is too low by 40 mgal. Also, the anomaly 

reduces the calculated gravity too much over the West 

Mariana Ridge and over the arc-trench gap. If the density 

anomalies are not substantially reduced in size, then 

major modifications of the crustal layers would be.needed 

in these areas to make this model work. 

An obvious question to ask is whether the gravity 

can be used to distinguish which mechanism causes the 

elevation of the isotherm beneath the Mariana Trough. 

This question assumes that there is a fundamental dif

ference between the anomalies caused by the counter-flow 

model and the rising magma model. It is not certain that 

there . is any such fundamental difference. In the published 

models, the counter-flow anomaly (Andrews and Sleep, 1974) 
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is much smaller than the massive anomaly due to the rising 

magma model (Sydora et al., 1978) It is quite .possible that 

the difference between these two models is merely due to 

the different initial conditions and dimensions of the 

models. The gravity results are certainly inconclusive 

in determining the superiority of either model, for the 

Andrews and Sleep (1974) model gives an anomaly which is 

too small, and the Sydora et al. (1978) model gives an 

anomaly which is too large. 
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Fig. 1. Map of the study area. The line A-A 

is the transect analyzed in this re

port. The contours are at 3000m in

tervals. The hatched areas are deep

er than 6ooom. The map is modified 

from Karig (197la}. 
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Fig. 2. The observed and calculated gravity 

anomalies and the crustal model. 

top: The solid curve is the observed 

free air anomaly. The dots represent 

the anomaly calculated from the crustal 

slab, and low density mantle models. 

The x's represent the same model without 

the low density mantle beneath the 

Mariana Trough. 

bottom: The solid lines are crustal 

layers determined from seismic re

fraction results (LaTraille, 1978) 

and the dashed lines represent inferred 

surfaces. The densities are in grams 

per cubic centimeter. The apparent thin

ning of the subducted crust is an ar

tifact of the 12:1 vertical exaggeration. 



:J 
<( 
<.!> 
~ -

200 

100 

~ 0 
<( 
~ 
0 z 
<( 

~ 
~ -
:I: ..... 
a.. 
w 
0 

-100 

0 

5 

10 

15 

20 

25 

30 

DISTANCE FROM TRENCH (KM) 
400 200 0 200 

•• 
I II 1•1 

I I l J 
I I.I Jl X 

• • 
•• • 

XI Ill 

• • 
x•it• • ... 

•• l • 

',~ 
10 20 90 

true dip 

144 145 

/ 

I 
I I 
I I 
I I 
I I 

'--- -' 

146 

/ 
I 

147 

/ 

,, ,, 
--, 

a WEST MARIANA RIDGE 

b MARIANA TROUGH AXIAL HIGH 

C ISLAND ARC 

d MARIANA TRENCH 

e MAGELLAN SEAMOUNT PROVINCE 

vertical exaggeration = 12: I 

148 149 150 

LONGITUDE (E 0
) 

100 

0 

-100 

0 

5 

10 

15 

20 

25 

30 

I\) 

\Jl 



32 

Fig. 6. The gravity anomalies which correspond to 

the low density mantle model of Table lo 

The numbers 100-500 correspond to the 

assumed depth of the bottom of the anomalous 

mantle used in the calculation of that 

curve. 
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Fig. 5. Gravity anomalies from major bodies in the 

model. Curve a is the anomaly due to the 

downgoing slab. Curves b,c, and d are from 

the low density mantle, sub-arc root, and 

the · subducted oceanic crust. The sum of 

b,c, and d are plotted in curve f. Curve 

e is the sum of curves a and f. 
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Fig. 4. The low density mantle model. The anom

alous mantle is assumed to be the same 

density contrast throughout. The upper 

surface roughly follows the ll00°C isotherm 

of the back-arc thermal model of Andrews 

and Sleep (1974). The depth to the bottom 

of the body is 200 km and the density anom

aly is -0.033 grams per cubic centimeter; 

although, other depths and density contrasts, 

as listed in table 1, were tried as well. 
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Fig. 3. The downgoing slab model. The slab follows 

the earthquake hypocenters determined by 

Isacks and Barazangi (1977) and Katsumata 

and Sykes (1969). 
a: The slab isotherms are derived from the 

the model of Turcotte and Schubert (1973) 
The units are in thousands of degrees centi

grade. 

b: The density model was derived from the 

thermal model using thermal contraction as 

described in the text. The density anom

alies are in units of grams per cubic centi

meter. The hatched areas are density anom

alies due to the subducted crust before and 

after it changes to eclogite. 
c: . This density anomaly model gives results 

virtually identical to that of the model in b. 
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Fig. Al: The density anomaly model derived from the 

thermal model of Andrews and Sleep (1974). 
The shaded areas represent the crust and 

downgoing slab. The solid lines are iso

therms, and are labelled in thousands of 

degrees centigrade. The dashed are the 

borders of the density anomalies, which are 

labelled in grams per cubic centimeter. 
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Fig. A2: The density anomaly model derived from 

the thermal model of Schubert et alo (1975)0 

The above figure is labelled as in figure 

Alo 
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Fig. A3: The density anomaly model derived from the 

thermal model of Sydora at al. (1978). 
The above figure is labelled as in figure 

Al. 
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Fig. A4: A comparison of the gravity calculated 

over the Mariana trough using several 

different thermal models. The solid line 

represents the observed free air anomaly 

and the open circles represent the gravity 

anomaly calculated using no low density 

mantle beneath the trough. The x's show 

the calculated gravity using the model of 

Schubert at al. (1975) (figure A2) and 

the +'s are the calculated gravity using 

Andrews and Sleep (1974) {figure Al). The 

dots represent the gravity anomaly calcu

lated using the model of Sydora et alo (1978) 
(figure A3)o 
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Fig. A4: A comparison of the gravity calculated 

over the Mariana trough using several 

different thermal models. The solid line 

represents the observed free air anomaly 

and the open circles represent the gravity 

anomaly calculated using no low density 

mantle beneath the trough. The x's show 

the calculated gravity using the model of 

Schubert at al. (1975) (figure A2) and 

the +'s are the calculated gravity using 

Andrews and Sleep (1974) (figure Al). The 

dots represent the gravity anomaly calcu

lated using the model of Sydora et alo (1978) 
(figure A3)o 


