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Abstract approved:

Three-dimensional gravity analysis is the process of removing the predictable

components from the free-air gravity anomalies and has proven to be useful for

interpreting the subsurface structures and active processes at mid-ocean ridges. The

three-dimensional effects of the seafloor and Moho topography, assuming a constant

crustal thickness and constant crust and upper mantle densities, are subtracted from the

free-air anomalies, yielding the mantle Bouguer anomalies. Mantle Bouguer anomalies

at mid-ocean ridges are believed to be largely due to the three-dimensional thermal

structure, which can be predicted using a simple passive flow model. When the gravity

contribution from the predicted thermal structure is removed from the mantle Bouguer

anomalies, the residual mantle Bouguer anomalies are created, which represent lateral

variations in the crustal thickness and/or density variations from the assumed model.

Three-dimensional gravity analysis has been carried out over three areas along

the Pacific-Antarctic East Pacific Rise (EPR): (1) the eastern intersection of the Menard

transform with the EPR, (2) the overlapping spreading center (OSC) at 36.5°S and, (3)

the western intersection of the Raitt transform with the EPR. This geophysical analysis

provides an essential tool for understanding the subsurface crustal/upper mantle
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structure of the fast spreading EPR, and more specifically at transform and non-

transform offsets along the EPR.

Several interesting features were observed at the eastern intersection between the

Menard transform and the EPR. The continuous nature of the residual mantle Bouguer

anomalies along the ridge axis suggests that the 60 km of ridge axis surveyed here has a

fairly uniform crustal/upper mantle structure. Significant features are not observed in

the residual mantle Bouguer anomalies at the ridge-transform intersection or along the

eastern 75 kin of the Menard transform. At the ridge-transform intersection, fresh lavas

from the observed overshot ridge have filled in the transform valley and have

subsequently thickened the crust, eliminating any crustal thinning that is occurring there.

The large OSC at 36.5°S has a left-stepping offset of approximately 34 km. The

most significant feature in the gravity data from this study area is the observed low in

the mantle Bouguer anomalies which extends from the northern ridge segment, eastward

to the "inactive" rift and continued along the southern ridge segment. This gravity low

suggests that this region is underlain by thicker crust and/or hotter, less dense material.

No significant features are observed in the residual mantle Bouguer anomalies

associated with the overlap basin or the two smaller basins that border the "inactive" rift.

The western ridge-transform intersection (RTI) between the Raitt transform and

the EPR significantly differs from the Menard transform study area. A transform valley

is not observed at this RYE and neither is an overshot ridge. Instead, a transform-

parallel median ridge is observed east of the RTI, and a fossil transform valley is

observed north of the RTI. A low in the residual mantle Bouguer anomalies is

associated with the fossil transform valley and the median ridge, suggesting that these

areas are underlain by thicker crust and/or less dense material. Positive residual mantle

Bouguer anomalies observed at the inside corner of the RYE suggest that this area is

underlain by thinner crust and/or colder, more dense material; while at the outside corner



of the ridge-transform intersection, a residual anomaly low is observed which suggests

that the outside corner is underlain with thicker crust and/or hotter, less dense material.
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Three-Dimensional Gravity Analysis of the Pacific-Antarctic East Pacific Rise at 36.5°S,
49.8°S, and 54.2°S

1.0 INTRODUCTION

Throughout the past decade, three-dimensional gravity analysis has proven to be

a useful tool in the study of subsurface structures. and active rifling processes at mid-

ocean ridges. Three-dimensional gravity analysis is the process of removing the

predictable components from the free-air gravity anomalies (FAA's). The three-

dimensional effects of the seafloor and Moho topography, assuming a constant crustal

thickness and constant crust and upper mantle densities, are subtracted from the FAA's,

yielding the mantle Bouguer anomalies (MBA's). MBA's are caused by lateral

variations in crustal thickness and/or variations in the density structure from the

assumed constants. Variations in the density structure at mid-ocean ridges are largely

due to the three-dimensional thermal structure, which can be predicted using a simple

passive flow model. When the contribution from the predicted thermal structure is

removed from the MBA's, the residual mantle Bouguer anomalies (RMBA's) are

created. RMBA's represent lateral variations in the crustal thickness and/or density

variations from the assumed model.

Three-dimensional gravity studies have been conducted by Kuo and Forsyth

(1988) and Lin et al. (1990) along the slow spreading south Mid-Atlantic Ridge (MAR)

and north MAR respectively. They found that the MBA's have "Bulls eye"-shaped

gravity lows centered along the ridge segments, which provided evidence for focused

accretion of mantle material along the center of the ridge segments. After removing the

gravity contribution from the ridge axis thermal structure, their resulting residual mantle

Bouguer anomalies (RMBA's) have shown significant along-axis variations along both

the north and south MAR. Arguing that RMBA's are primarily due to lateral variations
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in crustal thickness, these gravity studies have found large crustal thickness variations

along the ridge axis with significant crustal thinning at ridge-transform intersections

(RTI's) as well as non-transform offsets (Kuo and Forsyth, 1988 and Lin et al., 1990).

Comparison of inferred crustal thickness variations with available seismic

refraction data from both the north and south MAR indicate a generally good correlation

between the results from gravity and seismic studies, except at large transforms (Morris

and Detrick, 1991; Tolstoy et aL, 1993; Detrick et al. 1994). Tolstoy et al. (1993)

found that the along-axis variations in crustal thickness, which they attributed to

variations in the thickness of layer 3, are more than adequate to account for the observed

RMBA's. They attributed the discrepancies between gravity-predicted and seismically-

determined crustal thickness to anomalously low crustal densities near the ends of the

ridge segment, as well as a thicker layer 3 at the middle of the ridge segment. Morris

and Detrick (1991) suggested that if the observed low seismic velocities at the Kane

fracture zone corresponded with anomalously low crustal densities, this could explain

why the RMBA's over-estimated the amount of crustal thinning at the Kane fracture

zone.

Madsen et al. (1990) conducted a two-dimensional and three-dimensional

gravity study of the fast-spreading EPR at 9°N and 13°N. They found that a
continuous, broad region of slightly lower density mantle material centered along the

ridge axis could explain their residual gravity anomalies. This region of low density

material could provide the isostatic support for the broad topographic high along the

ridge axis. Compilation of global gravity studies at the EPR and MAR led Lin and

Phipps Morgan (1992) to speculate that there is a transition from a three-dimensional

thermal structure at slow spreading ridges to a more two-dimensional structure at fast

spreading ridges. However, Wang and Cochran (l993a; 1993b) recently reported that

the fast spreading EPR at 9°N-10°N and 7°S-9°S also has a three-dimensional thermal



structure similar to slow-spreading ridges. Rather than varying in axial depth along the

ridge axis, like the MAR, the axial topographic high of the EPR between 7°S and 9°S,

which exhibits nearly uniform axial depth, varies in across axis width, with the widest

areas located centrally along the ridge segment. Assuming a constant crustal thickness

and constant crust/upper mantle densities, Wang and Cochran (1993a 1993b) calculated

the mantle Bouguer anomalies and found that the anomalies varied along-axis, with the

minimum values located centrally along the ridge segment, as well as in across-axis

width, with the broadest lows located centrally. The along-axis variation of Wang and

Cochran's (1993a;1993b) observed mantle Bouguer anomalies are much more subdued

than mantle Bouguer anomalies observed along the MAR (Kuo and Forsyth, 1988; Lin

et al., 1990). Wang and Cochran (1993a; 1993b) believed that the across-axis variance

in topographic width, as well as the mantle Bouguer anomalies, signify the existence of

a 3-dimensional thermal upwelling located centrally along the ridge segment.

Furthermore, they used seismically-determined crustal thickness variations to produce a

"subcrustal anomaly map" by removing the effect of the varying crustal thickness from

the free-air gravity anomalies. Wang and Cochran (1993a) found a distinct gravity low

in their "subcrustal anomaly map" centered near 9°50'N, which they believe lends

further evidence of three-dimensional thennal upwelling at all spreading rates. Wang

and Cochran (1993a, 1993b) suggested that the difference between the gravity

signatures from fast and slow spreading ridges comes from the "plumbing system"

beneath the ridges, where fast spreading ridges have a greater efficiency in "shallow

along-axis magma distribution", which also resulted in a more uniform axial depth along

this section of the EPR. Wang and Cochran (1993a) also suggest that "in the absence of

seismic constraints on the crustal thickness, mantle Bouguer anomalies should be

interpreted with extreme caution."
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In 1991, a 34-day geophysical survey of the Pacific-Antarctic East Pacific Rise

(EPR) was conducted aboard the WV Thomas Washington. During this RAPAO3

cruise, Seabeam and SeaMARC II bathymetry, SeaMARC II side-scan imaging,

magnetic and gravity measurements were collected between 35°S and 56.5°S. This

section of the EPR has a full spreading rate ranging from 100 mm yr1 to 80 mm yr1

with the spreading rate decreasing from north to south. This was the first time that a

detailed marine geophysical survey was carned out along this section of the EPR, which

consists of several transform and non-transform offsets.

In this thesis, geophysical data from the 1991 RAPAO3 cruise will be utilized to

conduct a three-dimensional gravity analysis of three study areas: (1) the eastern

intersection of the Menard transform with the EPR, (2) the overlapping spreading center

(OSC) at 36.5°S, and (3) the western intersection of the Rain transform with the EPR

(Fig. 1). Three-dimensional gravity analysis will allow possible interpretations of the

crustal and density structure beneath these three study areas to be made. Furthermore,

at the Menard transform study area two different techniques of gravity analysis were

performed. Aside from the standard method described by Kuo and Forsyth (1988), a

model assuming an initial crustal structure based on Airy isostatic compensation was

performed on the gravity data. A comparison of the gravity anomalies resulting from

these two models will be made.
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2.0 GEOLOGICAL SEllING

2.1 Ridge Segmentation

The section of the Pacific-Antarctic EPR surveyed in the 1991 RAPAO3 cruise

extends from the 35°S triple junction with the Juan Fernandez microplate to the

intersection of the EPR with the Heezen fracture zone (Fig. 1). This section of the

Pacific-Antarctic EPR consists of several transform and non-transform offsets (NTO's).

The ridge segment between the 35°S triple junction and the left-stepping 36.5°S NTO is

continuous and veers eastward as it approaches the NTO (Lonsdale, 1993a). The next

large offset occurs as a left-stepping, 27 km NTO at 41.5°S. Between the 41.5°S NTO

and the Menard transform, there is a right-stepping staircase of NTO's in the northern

half and two medium-sized, left-stepping NTO's in the southern half (Lonsdale,

1993a). The right-stepping Menard transform is located at 49.5°S and offsets the EPR

by 200 km. Between the Menard and Vacquier transforms, there is a left-stepping NTO

at 50.4°S and a right-stepping NTO at 5 1.0°S. The right-lateral Vacquier transform

offsets the EPR by approximately 60 km (Lonsdale, 1993a). Between the Vacquier

transform and the left-lateral Rain transform, the EPR is continuous in nature. The 146

km offset Raitt transform (Fig. 1) represents the northern boundary of the Eltanin fault

system, the fault system which separates the EPR from the Pacific-Antarctic Ridge

(Lonsdale, 1986b).

2.2 Spreading History

The Pacific-Antarctic Ridge began separating New Zealand from Antarctica

during the Cretaceous period at a fast full-spreading rate of approximately 90 mm yr'.

The spreading of the Pacific-Antarctic EPR changed in direction and decreased in rate



between 40-60 Ma as noted by magnetic lineations, fracture zone trends, and an abrupt

transition into rougher topography in the ocean basins (Molnar et aL, 1975). At

approximately 8-10 Ma the spreading rate along the Pacific-Antarctic EPR increased by

about 50% and then remained relatively constant during the last 8 Ma, except for a 3°

4° clockwise change in direction at approximately 5 Ma (Lonsdale, 1993a). Presently,

the Pacific-Antarctic East Pacific Rise has a full spreading rate ranging from 60 mm yr1

in the southwest to about 100 mm yr' in the northeast (Molnar et al., 1975).

Asymmetric spreading has been observed along the Pacific-Antarctic EPR, with

preferential accretion to the Antarctic plate (Lonsdale, 1993a). Slight asymmetric

spreading is observed between the Raitt and Vacquier transforms, preferentially

spreading to the Antarctic plate by approximately 2%. During the last 8 MY, similar

asymmetric spreading has occurred midway between the Menard transform and the

41.5°S NTO. The asymmetry increases to about 10% between the 41.5°S NTO and the

36.5°S NTO and by 20% north of the 36.5°S NTO (Lonsdale, 1993a). Lonsdale

(1993a) believes that asymmetric spreading is related to the creation and along-axis

migration of risecrest offsets. Furthermore, he suggests that the asymmetric spreading

increasing to the north is possibly due to the lack of large transforms along the northern

Pacific-Antarctic EPR (Lonsdale, 1993a).



Figure 1. Plan pattern and longitudinal profile of the Pacific-Antarctic East Pacific Rise modified from
Lonsdale (1993b, Fig. 5). Arrows along the plan pattern indicate direction of offset migration
interpreted by Lonsdale (1993b).



3.0 METHODS

3.1 Bathymetry

Combined Seabeam and SeaMARC II bathymetry data were obtained along most

of the ship track. SeaMARC II generates a swath width of 10 km with good

resolution, except for the 1-2 km gap directly beneath the ship which is filled in by the

high-resolution Seabeam bathymetiy data. The Seabeam and SeaMARC H bathymetry

data were combined and then interpolated onto an evenly spaced grid using a minimum

curvature technique described by Briggs (1974). This technique involves duplicating

the the smoothness properties of a one-dimensional spline for a two-dimensional

interpolation. By solving the finite difference equations, which are equivalent to a third-

order spline, optimum properties for the spline fit can be obtained for an irregular, two-

dimensional grid. The finite difference equations are solved using a principle of

minimum curvature, which gives a smooth grid point surface (Briggs, 1974)

3.2 Free-Air Anomalies

The gravity data were initially reduced on board the R/V Thomas Washington

during the cruise. This reduction involved estimating the Eötvös corrections to the raw

gravity data using GPS and transit satellite navigation. After the cruise, a final

renavigation of the gravity, bathymetiy and magnetic data was carried out at the Scripps

Institution of Oceanography.

Before constructing a free-air anomaly (FAA) map, the gravity data at sharp

turns were removed due to the inaccuracy of gravity measurements associated with

sharp turns. The free-air gravity was then low-pass filtered along each ship track using

a 2-D fast Fourier transform (FF1') technique. This was done to remove high frequency



noise that corresponded to a wavelength of approximately 2 km along the ship track.

The filtered data were then interpolated onto a grid using an interpolation technique

based on the minimum curvature for the data surface at the grid points (Briggs, 1974).

To further interpret the gravity data, the forward modeling approach of Kuo and

Forsyth (1988) was adopted, that is, the observed FAA is decomposed into the

following components:

FAA = [1] water/crust interface

+ [2] crust/mantle interface (assumed constant crustal thickness and density)

+ [3] 3-D mantle temperature variations

+ [4] crustal thickness variations from assumed constant (6 km)

+ [5] density variations in the crust and mantle (1)

The predictable components [1J - [3] are then removed from the FAA, leaving the

residuals that represent contributions from the unknown components [4] and [5].

3.3 Mantle Bouguer Anomalies

The mantle Bouguer anomaly (MBA) is calculated by removing the gravity

contribution from the water/crust and crust/mantle interfaces, that is subtracting

components [1] and [2] from Equation (1). The gravity contributions from the

water/crust and crust/mantle interfaces were calculated using the program based on a

FF1' technique described by Parker (1973). This program uses the combined Seabeam

and SeaMARC II bathymetry data to accurately define the shape of the seafloor

topography, and assumes a constant crustal thickness of 6 km along with a constant

density contrast of 1.7 g cm3 across the water/crust interface and 0.6 gcm3 across the

crust/mantle interface. Based on numerous seismic observations over the past decades,
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it has been concluded that the oceanic crust has a simple three layer structure and has a

constant average crustal thickness of 6-7 km (Chen, 1992; White et aL, 1992).

Sediment coverage is sparse in this study area, and therefore its contribution to the

gravity signal is ignored in the analysis. During the FF1' calculation the bathymetry data

were mirrored across the x and y axes to minimize possible edge effects. The predicted

components to the gravity signal were then interpolated onto the ship track. The MBA

was then calculated by subtracting the predictable components from the FAA along each

ship track. The resulting along-track MBA's were then interpolated onto an evenly

spaced grid using a minimum curvature technique (Briggs, 1974) and normalized so that

the mean corresponds to 0 mGals over the study area.

3.4 Residual Mantle Bouguer Anomalies

One contribution to the MBA is the variation in mantle density that corresponds

to the age-dependent cooling and thickening of the lithosphere, or component [3] of

Equation (1). This effect is predictable to the first order and can be removed from the

MBA's by using thermal models of lithospheric cooling. This study utilized the thermal

model of Phipps Morgan and Forsyth (1988) which describes the three-dimensional

thermal structure of ridge-transform systems. Their model solves for the temperature

field of a three-dimensional viscous flow field which is induced by the prescribed

surface plate motion. In their model, it is assumed that the ridge-transform-ridge

geometry is orthogonal and the spreading is symmetric about the ridge axis. The

temperature structure is calculated for 13 subsurface layers, with an assumed

temperature of 0°C at the surface and 1350°C at 100 km depth. Assuming a volumetric

thermal expansion coefficient of 3 x l& °C, the density variations for each subsurface

layer were calculated using a FF1' technique described by Parker (1973). The predicted



11

gravity effect of each subsurface layer was added together to attain the total predicted

thermal gravity contribution, or component [3] in Equation (1). Removing the predicted

thermal contribution from the MBA's yields the residual mantle Bouguer anomalies

(RMBA's), which represents the unknown components [4] and [5] in Equation (1).

3.5 Crustal Thickness Variations

The RMBA represents the deviations from our model predictions, resulting from

lateral variations in crustal thickness and/or crustal/upper mantle density. Variations in

crustal thickness needed to explain the observed RMBA's were calculated following the

methods described by Kuo and Forsyth (1988), ignoring component [5] in Equation

(1). This method involves applying a downward continuation of the RMBA's to a

depth of 6 km below the seafloor. Short wavelength noise creates instabilities in the

downward continuation process and, therefore, a cosine taper filter was applied before

the downward continuation to wavelengths between 20 and 35 km. As prescribed by

Blackman and Forsyth (1991), all wavelengths less than 20 km were removed and all

wavelengths greater than 35 kin were passed.



4.0 MENARD TRANSFORM STUDY AREA

4.1 Introduction

12

In this chapter, I will discuss the three-dimensional gravity analysis from the

eastern intersection of the Menard transform with the Pacific-Antarctic EPR (Fig. 2).

The ridge segment to the north is a continuous feature, from the triple junction at 35°S to

the Menard transform, except for two large NTO's at 36.5°S (Ch. 5) and 41.5°S

(Lonsdale, 1993a). The active Menard transform is 200 km in length and has a full slip

rate of approximately 90 mm yr-1 (DeMets et al., 1990). This study encompasses the

eastern 75 km of the active Menard transform and 60 km of ridge axis (Fig. 2).

4.2 Bathymetiy

Detailed SeabeainlSeaMARC II swath mapping and side-scan imaging were

obtained at the eastern intersection of the Menard transform with the EPR. In this study

area, the ship track spacing (Fig. 2) was approximately 10 kin, which was designed to

collect complete bathymetry coverage by the combined Seabeam and SeaMARC II

swath. The combined Seabeam and SeaMARC H bathymetry data were interpolated

onto a grid and machine contoured with a grid spacing of approximately 0.5 km and the

contour interval of 500 m (Fig. 3).

Several interesting features are observed in the bathymetry data (Fig. 3). The

ridge axis north of the Menard transform is typical of the EPR and is defmed by a 500 m

rise in topography over a broad (20 km) cross-section. A rift valley, as observed along

slower spreading ridges and some segments of the medium-spreading Pacific-Antarctic

EPR, is not observed along this ridge segment (Lonsdale, 1993b). The relief of the

transform valley exceeds 1800 m at approximately 50 km west of the ridge-transform
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intersection (RTI). As the transform valley approaches the RTI, relief between the

surrounding seafloor and the valley diminishes. A large seamount is present at the

inside corner of the RTI and has a relief of approximately 1500 m. The relief across the

transform, from younger to older crust, is about 500 m near the intersection.

Side-scan images distinguish between areas with thick and thin sediment

coverage, as well as areas of high relief which generally have thin sediment coverage.

In Figure 4, areas with thin sediment coverage correspond with dark regions and areas

with thick sediment coverage correspond with light regions. Side-scan images observe

fresh lavas at the RTI which appear to have filled in the transform valley (Fig. 4).

Lonsdale (1986b) described this feature as an "overshot ridge" in which axial volcanoes

overshoot the end of the ridge segment, subsequently filling the transform valley

towards the active transform. Fresh lavas are also observed surrounding the seafloor

and between the seamount and the ridge on side-scan images (Fig. 4). Another

interesting feature observed in side-scan images, are the abyssal hill lineations seen as

dark lines which strike parallel to the trend of the ridge axis (Fig. 4). Abyssal hills are

elongated features which rise in topography by up to several hundreds of meters. They

are believed to be created near the spreading axis by inward dipping nonnal faults and

back-tilting of the fault blocks (Macdonald and Luyendyk, 1985).

4.3 Gravity Analysis

4.3.1 Free-Air Anomalies

Continuous gravity measurements were taken along the ship tracks (Fig. 2). In

general, the gravimeter on board had been functioning well, yielding reasonable gravity

data considering the severe pitching of the research vessel during the stormy weather at
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this latitude in the southeast Pacific. Two profiles of gravity data along tracks 4 and 10

(Fig. 2) are shown in Figures 5a and 5b along with the center beam bathymetry. Initial

processing of the gravity data was completed as described in Ch. 3.2. The filtered free-

air gravity data are shown as dashed lines in Figures 5a and 5b.

The filtered gravity data were interpolated onto a grid and machine contoured

with a grid spacing of approximately 0.5 km and a contour interval of 5 mGals (Fig. 6).

The range of the FAA's is from +35 to -35 mGals and predominantly reflects the shape

of the seafloor. Positive FAA's are observed at topographic highs: along the ridge axis,

at the ridge-transform intersection, surrounding the seamount, and along the northern

wall of the transform valley. The largest negative anomalies are observed at the

transform valley. Negative FAA's are also observed south of the transform, over the

older, deeper seafloor as expected.

4.3.2 Mantle Bouguer Anomalies

The mantle Bouguer anomaly (MBA) is calculated by removing the water/crust

and crust/mantle gravity contributions (Fig. 7) from the FAA as described in Ch. 3.3. It

is worth noting that seafloor topography contributes the most (-90%) to the total gravity

correction, and the Moho topography contributes only about 10% to the long

wavelength of the gravity correction with almost zero contribution to the short

wavelength. This is due to the dual effects that the Moho is 6 km deeper, which damps

out the short wavelength signals, and that the density contrast (0.6 g cm-3) is smaller

compared to the density contrast of 1.7 g cm-3 across the seafloor.

For the Menard transform study area, two methods of obtaining the MBA's

were used. The first method was by removing the predictable components (Fig. 7)

from the FAA (Fig. 6) at every point on the evenly spaced grid, and the results of this



process are shown in Figure 8. The MBAs have a range from -30 mGals to +45

mGals (Fig. 8). The largest positive anomalies are observed at the western end of the

active Menard transform. Negative anomalies are observed along the ridge axis and

over the large seamount at the inside corner. The relief across the transform is

approximately 20 mGals, with the positive anomalies over the older crust, south of the

transform. Most importantly, no significant features exist in the MBA's at the RU

Edge effects are observed in the MBA's (Fig. 8) which stem from the calculation

of the gravity contribution from the crust and Moho topography (Fig. 7). Therefore, as

a slight variation from the grid method, the predicted components to the gravity signal

(Fig. 7) were interpolated onto the ship track (as described in Ch. 3.3) where they were

removed from the FAA. The resulting along-track MBA's were then interpolated onto

an evenly spaced grid with a grid spacing of approximately 0.5 km (Fig. 9). The

MBA's using this method have a range from -15 mGals to +20 mGals. The main

differences between the MBA's using the along-track method (Fig. 9) and the MBA's

using the grid method (Fig. 8) are that the edge effect as well as the range of values are

significantly reduced in the along-track method. The large positive MBA observed at

the western end of the transform (Fig. 8) is no longer observed in Figure 9. The 10 km

spacing of the gravity data should preclude the possibility of observing the short

wavelength features seen in Figure 8, which stem from the nearly complete bathymetry

coverage which is not available for the gravity data. Therefore, the along-track MBA's

wifi be used hereafter to further interpret the gravity data.

4.3.3 Residual Mantle Bouguer Anomalies

The predictable thermal component to the gravity data was calculated as

described in Ch. 3.4 using a ridge-transform-ridge model with an offset of 200 km and
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a full spreading rate of 90mm yr1. and only the portion corresponding to the study area

is shown in FIgure 10. The predictable thermal component was removed from the

MBA, resulting in the residual mantle Bouguer anomalies (RMBA's) (Fig. 11). The

RMBA's represent the contribution to the gravity field that is not predicted by our

modeling described in Ch. 3. It reflects variations in crustal tMckness and crustal/upper

mantle density. The RMBA highs indicate a mass excess, such as thinner crust or a

cooler, more dense crust/upper mantle, and the RMBA lows indicate a mass deficiency

such as crustal thickening or a hotter, less dense crust/upper mantle.

The RMBA's range from -10 mGals to 15 mGals for this study area (Fig. 11).

The largest RMBA low is observed at the seamount with a relief of approximately 10

mGals. There is a relief of approximately 10 mGals across the transform, with positive

RMBA's to the south. Along the ridge axis, there is very little variation in the RMBA's,

and no along axis variation is observed in the RMBA near the RTI. It should also be

noted that significant features in the RMBA's are absent from the eastern end of the

Menard transform in the study area (Fig. 11).

4.3.4 Crustal thickness variations

As described previously, the RMBA's (Fig 11) represent the deviations from

our model predictions, resulting from lateral variations in crustal thickness and/or

crustal/upper mantle density. Variations in crustal thickness needed to explain the

observed RMBA's were calculated following the methods described in Ch. 3.5. The

resulting crustal thickness variations required to account for the RMBA's are presented

in Figure 12 with a grid spacing of approximately 0.5 km and contour interval of 0.25

km. Since the gravity data are normalized about the mean, the crustal thickness

variations (Fig. 12) do not represent absolute crustal thickness but rather relative crustal
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thickness variations. The prominent features are a relief of about 1 km between the

large seamount and the surrounding seafloor with the thicker crust underlying the

seamount, and a relief of about 0.4 km across the transform with the thinner crust

underlying the older seafloor. Most importantly, no systematic along-axis variations in

crustal thickness are required along the ridge axis and no significant crustal thinning is

present underneath the RTI or the transform valley.

4.3.5 Arv Isostatic Compensation Model

The above gravity analysis was also carried Out after initially assuming a Moho

topography based on a simple Airy isostatic compensation model. The only difference

here is the contribution to the gravity signal from the isostatically compensated Moho

topography. The Moho topography varies according to the seafloor topography, as in

the case of the 6km constant-crustal-thickness model, but in an opposite sense. For

example, the Moho deepens beneath the seamount, and the crustal root beneath the

seamount results in a negative gravity contribution from the Moho topography in

contrast to a positive contribution from the conventional constant-crustal-thickness

model. Again the mantle Bouguer anomalies (MBA's) for the Airy compensation model

were calculated by subtracting the combined gravity contributions from the seafloor and

Moho topography from the FAA's and are shown in Figure 13a. A pronounced low in

the MBA's is observed at the transform valley, and a MBA low is also observed over

the older, deeper seafloor south of the fracture zone. The MBA's of the Airy model

(Fig. 13a) show an absence of gravity signals from the ridge and seamount, indicating

that they are isostatically compensated by the Moho. After the predictable thermal

contribution (Fig. 10) is removed from the MBA's, the gravity signals along the ridge

axis are more apparent in the residual mantle Bouguer anomalies (RMBA's) (Fig. 13b).



The significant differences between the Airy model RMBA's (Fig. 13b) and the

constant-crustal-thickness model RMBA's (Fig. 11) are the absence of a large gravity

signal from the seamount and the presence of the large relief across the fracture zone

between the older and younger crust. The variations in crustal thickness from the Airy

model RMBA's were created in a similar fashion as described previously (Fig. 13c).

Significantly thicker crust than what is predicted assuming Airy isostatic compensation

is required under the transform valley and under the older, deeper seafloor, south of the

fracture zone. Since direct comparison between the crustal thickness variations of the

Airy model (Fig. 13c) and the constant-crustal-thickness model (Fig. 12) can not be

made, total crustal thicknesses for both models are shown in Figures l4a and l4b,

respectively. It should be remembered that these are not absolute crustal thicknesses,

because the gravity data have been normalized about the mean before calculating the

crustal thickness variations. Except for the short wavelength features which are induced

from the Airy Moho topography (Fig. 14a), both models result in a similar pattern of

long wavelength variations in the total crustal thickness within the study area, which is

to be expected.

4.4 Discussion

Several significant features are observed in the gravity data that allow us to

interpret the substructure near the eastern Menard transform-EPR intersection. As

observed along other sections of the EPR (e.g. Madsen et al. 1990), the residual mantle

Bouguer anomalies (RMBA's) (Fig. 11) in this study area are defmed by a continuous

gravity signature along the ridge axis, which suggests that the ridge axis has a uniform

crustal thickness and/or uniform density structure. The nature of the continuous RMBA

along the EPR axis is distinct from spreading segments surveyed along the MAR in
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which discrete upwelling centers are located along the ridge segments and significant

along-axis variations in RMBA's were observed (e.g., Lin et al., 1990).

The Menard transfonn is 200 km in length and only the eastern 75 km is covered

in this study. Underneath the transform valley, there are no significant features

observed in the RMBA's (Fig. 11), which implies that there is no large change in crustal

thickness underneath the transform valley. More importantly, no significant features are

observed in the RMBA's (Fig. 11) at the ridge-transform intersection (RTI). This is

substantially different from the RTI's surveyed along the MAR, where gravity highs are

often observed in the RMBA's (Kuo and Forsyth, 1988; Lin et al., 1990; Morris and

Detrick 1991). The presence of an "overshot ridge" at the Menard transform-EPR

intersection could explain why no positive RMBA's are observed here. Thinning of the

crust at the ridge-transform intersection, as reported along other segments of the EPR,

could be masked by the fresh lavas added on the seafloor which are observed in side-

scan images (Fig. 4). The fresh lavas result from the "overshot ridge", in which active

volcanism along the ridge axis overshoots the end of the spreading segment and fills in

the transform valley.

The RMBA low observed surrounding the seamount (Fig. 11) indicates that the

crust is thicker and/or the crust/upper mantle density is lower under the seamount where

fresh lava flows surrounding the seamount are observed in side-scan images (Fig. 4).

The absence of a large signal in the Airy model RMBA's from this seamount implies

that it is in near-total local isostatic compensation (Fig. 13b). Several studies have

suggested that seamounts formed on young ocean crust are associated with low geoid

anomalies because the effective elastic thickness of the plate is minimal near mid-ocean

ridges (e.g. Watts and Ribe, 1984). Since the seamount in this study area overlies crust

that is less than one million years of age, it is expected that the low flexural rigidity of

the underlying crust would contribute to the near-total isostatic compensation of this
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seamount. However, a slight gravity low in the Airy model RMBA's (Fig. 13b)

surrounding the seamount, as well as fresh lavas observed in side-scan images (Fig. 4),

suggest the possibility that hotter, less dense material is also underlying this seamount.

As expected, a comparison between the Airy isostatic compensation model and

the constant-crustal-thickness model shows very little disagreement in the resolvable end

results, the long wavelength crustal thickness variations (Figures 14a and 14b).

However, the Airy model induces short wavelength features to the total crustal thickness

map (Fig. 14a) which are not resolvable with the gravity data. These short wavelength

features stem from the direct variance in the Airy model Moho topography with the

seafloor topography. Although the Airy model is useful in predicting the gravity effects

from the seamount, there is a substantial shortcoming to using the Airy model in areas

with fracture zones. The Airy model interprets the increased depth across the fracture

zone as having thinner, isostatically compensated crust. However, the increased depth

across the fracture zone is simply due to thermal subsidence, and therefore, substantially

thicker crust is required to explain the Airy model RMBA's. Since it is computationally

easier to analyze the gravity data when a constant-crustal-thickness model is assumed,

this is the preferred method, which also provides straight-forward interpretation of the

resulting crustal thickness anomaly map.

4.5 Conclusions

The following conclusions have been made based on the three-dimensional

gravity analysis of the eastern Menard transform-EPR intersection:

1. Along the ridge axis, no significant changes are observed in the residual

mantle Bouguer anomalies. This implies that this section of the EPR has a relatively

constant crustal thickness along axis.
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2. There is no significant along-axis variation in both the residual mantle

Bouguer anomaly and the crustal thickness maps near the EPR-Menard transform

intersection. No significant features in residual mantle Bouguer anomalies are present at

the intersection. Fresh lava flows from the overshot ridge which have filled the

transform at this intersection, are thickening the crust from above, which could balance

any crustal thinning at this ridge transform intersection.

3. No significant features are observed in the residual mantle Bouguer anomalies

along the transform in this study area. This implies that no significant changes in crustal

thickness are occurring under the transform valley. Future analysis of the gravity

further to the west will be useful to analyze whether significant crustal thinning is taking

place under the Menard transform further away from the ridge-transform intersection.

4. A large circular low in the residual mantle Bouguer anomalies surround the

seamount at the inside corner of the ridge-transform intersection. Fresh lavas observed

surrounding this seamount suggest that both crustal thickening and hotter, less dense

material are the source of the gravity low. Results from the Airy model gravity analysis

suggest that this seamount is in local isostatic compensation.

5. Assuming an initial crustal model with an Airy isostatically compensated

crust has shortcomings in areas with fracture zones. The increased depth across the

fracture zone over the older, thermally subsided seafloor, is initially predicted to be

isostatically compensated with thin crust. Therefore, the crustal variations needed to

explain the Airy model residual mantle Bouguer anomalies suggest substantially thicker

crust underlying the older, deeper seafloor south of the fracture zone.

6. Since the constant crustal thickness model is computationally faster and

explicitly clearer to interpret than the Airy model, this is the preferred starting model for

three-dimensional gravity analysis at mid-ocean ridges.
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The values represent deviations from the assumed 6 km constant crustal thickness, and the contour
interval is 0.25 km.
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5.0 OVERLAPPING SPREADING CENTER AT 36.5° S

5.1 Introduction

The term overlapping spreading center (OSC) was coined by Macdonald and

Fox (1983) referring to a new class of crustal accretion structure common to fast

spreading ridges, which shortly afterwards drew substantial debate. These structures

are defined by laterally offset neovolcanic zones with overlapping ridges. Also common

to these features is an overlap basin with a relief of up to 600 m which is bounded by

the two ridge segments that symmetrically veer towards each other as they overlap

(Macdonald and Fox, 1983; Macdonald et al. 1984). The area between the ridge

segments was believed to be complex due to shear and rotational deformation, and no

evidence for the existence of a transform fault to accommodate the shear deformation

was encountered. Macdonald et al. (1984) have suggested that OSC's corresponded to

parts of the ridge with a low magmatic budget based on the observed deepening of the

ridge segments towards the ends. Macdonald and Fox (1983) used a wax model,

consisting of paraffin plates atop hot molten wax, to describe how OSC's evolve. They

used two knife cuts in the paraffm plate that were offset by a small distance to represent

the spreading ridges and varied the spreading rate of the paraffm plates. Their wax

model studies suggested that fast spreading ridges would develop OSCts because of the

thin, weak nature of the lithosphere at small offsets. Based on their wax model

experiment, they believed that one ridge would eventually prevail over the other,

possibly leaving a scar in the seafloor. Macdonald et al. (1984) noted that there was a

similarity between OSC's and propagating rifts described by Hey et al. (1980), and

believed that OSCs were to some extent a small-scale version of propagating rifts.

However, they cited several differences between their model of OSC's and propagating
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rifts and suggested that OSC's could turn into large-scale propagators in areas where the

regional stress field was being reoriented.

Lonsdale (1983) also surveyed several features along the EPR which he called

overlapping tift zones. The geometry that he observed differed slightly from Macdonald

and Fox's (1983) observations in that only one of the rift segments veered toward the

other while the other rift segment remained relatively straight. Lonsdale (1983, 1986a)

believed that the overlapping rift segments were areas of increased magmatic budget, fed

by one axial magma chamber, and that the overlap basin resulted from collapse of the

thin crustal lid overlying the magma chamber. This view differed from Macdonald et

al.'s (1984, 1986) in that they believed that only small offset OSC's (< 3 km) could be

underlain by a single magma chamber. Furthermore, Lonsdale (1983, 1986a) believed

that overlapping rift zones were sustained features which migrated along axis. When

the dominant rift zone completely overlapped the deciduous rift, this rift would die off

and migrate away in a repetitive process which would leave traces in the seafloor

(Lonsdale, 1983). This was in opposition to Macdonald et al.'s (1984, 1986) view of

OSC's being transient features. Lonsdale (1983) also believed that overlapping rift

zones were created as a response to changes in plate motion which Macdonald et al.

(1986) also agreed to be a possible cause for large offset OSC's. Lonsdale (1983) also

agreed that the overlapping rift zones were similar to the non-transform propagating

ridges observed on medium-spreading ridges which are described by Hey et al. (1980).

However, he noted that the lateral offsets at propagating rifts can be greater that the

width of a single magma chamber, in which case "there really are actual overlapping

spreading centers" (Lonsdale, 1983).

A third interpretation of OSC's was provided by Schouten and Klitgord (1983),

who believed that the correlation between predicted fracture zone locations and locations

of OSC's suggested that OSC's represented the fast spreading ridge expression of
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"zero-offset" transforms. "Zero offset" transforms observed along the MAR, were

suggested as a feature that would explain fracture zone type features in the seafloor

which corresponded to ocean ridges that were offset by very small amounts (Schouten

and White, 1980).

Chen and Morgan (1990) applied their mechanical model, which accounts for

the rift valley/no rift valley transition at mid-ocean ridges, to the case of an OSC. They

believe that the overlap basin is associated with the rifting between the two overlapping

ridges and reflects the diminishing width of the decoupling zones towards the ends of

the ridge segments. As the decoupling zones beneath the ridge axes diminish, an

overlap basin will occur in the region where the zone of potential failure coincides with

the zones that are not decoupled (see Fig. 12, Chen and Morgan, 1990).

Recently, Kent et al. (1993) reprocessed several seismic reflection profiles from

the OSC at 9° N on the EPR which has a right-stepping offset of approximately 9 km.

They found that the axial magma chamber (AMC) reflector for this OSC was

asymmetric across-axis and varied in width along-axis. Kent et al. (1993) attributed the

asymmetry to a decoupling between the melt supply and the upper crust, in which the

melt ascends upward until it reaches the impermeable sheeted dike layer and then

migrates updip, towards the neovolcanic zone. Their seismic evidence lent some

support to Lonsdale's (1983) model. However, instead of the OSC being underlain by

a single AMC they believed that the overlap basin was underlain by a low-velocity zone

of partial melt. This zone could lead to the development of the basin by subsidence of

the mechanically weak crustal lid (Kent et aL, 1993).

The 1991 RAPAO3 cruise surveyed a large OSC at 36.5°S providing

bathymetry, gravity and magnetic data from this region. Lonsdale (1993a) has made

several initial observations regarding this OSC. First, he describes the geometry as

having a northern ridge segment that veers eastward into the OSC which has a left offset
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of 45 km. There is a topographic high that is bounded by two elongate basins at the

northern end of the southern ridge segment. Lonsdale (Fig. 3, 1993a) has labeled this

topographic high as an inactive spreading axis, and he describes this feature as a "50

km-long, 4 km-wide rift valley, floored with sediment-free lava flows, that is identified

as a recently failed rift zone being swept off the plate boundary and down the east flank

of the rise in the trail of the 36.5°S offset". Using off-axis magnetic data primarily from

Molnar et al. (1975), Lonsdale (1993a) interprets the OSC at 36.5° S to be migrating

southward at a rate of approximately 20 km/m.y.

5.2 Bathymetry

Detailed Seabeam/SeaMARC II swath mapping were obtained at the overlapping

spreading center (OSC) located at 36.5°S along the EPR during the southbound portion

of the 1991 RAPAO3 cruise. In this study area, the ship track spacing was

approximately 10 km. which is nearly complete in bathymetry coverage by the

combined Seabeam and SeaMARC II swath, except for along tracks 24 and 25 where

only Seabeam bathymetry data were obtained during the northbound portion of the 1991

RAPAO3 cruise (Fig. 15). The combined Seabeam and SeaMARC II bathymetry data

were interpolated onto a grid using a minimum curvature technique described by Briggs

(1974). The gridded bathymetry data were then low-pass filtered to remove high

frequency "noise" with wavelengths less than 4 km. The grid spacing is approximately

0.5 km and the contour interval is 250 m (Fig. 16).

Several interesting features are observed in the bathymetry data at the 36.5°S

OSC (Fig. 16). The northern ridge segment is observed as a continuous feature with an

axial high which is about 500 m above the surrounding seafloor, while the width of the

axial high narrows towards the end of the ridge segment, ranging from 20 km to 5 km
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width. In contrast, the southern ridge segment is much less continuous near the OSC,

and has a 250 m rise in topography across the ridge axis. The inactive rift (shown as a

dashed line in Fig. 16) described by Lonsdale (Fig. 3 1993a) is observed north of the

southern ridge segment and is surrounded by two elongate basins. These basins have a

500 m relief relative to the surrounding seafloor and a width of approximately 5 km.

Just west of the inactive rift segment, there is a large topographic feature which will be

referred to as ridge A. Ridge A rises 500 m above the surrounding seafloor and has a

width of approximately 25 km. Side-scan images show that ridge A is not comprised of

fresh lavas, and therefore, it is uncertain whether this feature represents the northern

extension of the southern ridge segment or just a relict volcanic feature (Lonsdale,

personal communication). Between the two ridge segments, an overlap basin is

observed with a relief of approximately 500 m relative to the seafloor and a width of

approximately 15 km (Fig. 16).

5.3 Gravity Analysis

5.3.1 Free-Air Anomalies

Continuous gravity measurements were taken along the ship tracks (Fig. 15),

and initial processing of the gravity data was completed as described in Ch. 3.2. The

free-air anomaly (FAA) map is shown in Figure 17 and has a contour interval of 5

mGals. The range of the FAA's are from +15 to -15 mGals and predominantly reflects

the shape of the seafloor. Positive FAA's correspond to topographic highs along the

northern ridge segment, the inactive rift, and ridge A. Negative FAA's correspond to

the overlap basin and the two smaller basins to the east. It is also worth noting that the
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northern ridge segment is traceable in the FAA's, while the southern ridge segment does

not produce noticeable FAA's extending into the overlap zone.

5.3.2 Mantle Bouguer Anomalies

The contributions to the gravity anomalies from the water/crust and crust/mantle

interfaces were calculated using the methods described in Ch. 3.3 and are shown in

Figure 18. The predicted gravity anomalies from the seafloor and Moho topography

resemble the large wavelength seafloor topography. Note that both the northern and

southern ridge segments are recognizable in Figure 18, although the extension of the

southern ridge segment into the overlap zone is quite diffuse just as it is in the seafloor

bathymetry and FAA maps (Figs. 16, 17). The mantle Bouguer anomalies (MBA's)

were obtained by removing the predictable contribution from seafloor and Moho

undulations from the FAA's (Fig. 19). The range of MBA's is from -10 to +7.5

mGals. Large negative MBA's are observed along both the southern and northern ridge

axes, outside the overlapping region, and along ridge A and the inactive rift at the

northern extension of the southern ridge segment. The large negative MBA of the

northern ridge segment does not extend into the overlapping zone, in contrast to. the

pattern observed in the bathymetry (Fig. 16) and FAA (Fig. 17) where the extension of

this northern ridge segment is well documented. The MBA low of the northern ridge

segment is well connected to the MBA low of ridge A and the inactive rift, which in

turn, seems connected to the MBA low of the southern ridge segment. However, there

is a 5.0 mGal discontinuity between 36.0°S and 36.4°S along the southern ridge

segment. No significant features in the MBA's are associated with the overlap basin or

the two smaller basins to the northeast.
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5.3.3 Residual Mantle Bouguer Anomalies

Residual mantle Bouguer anomaly (RMBA) maps are created by removing a

predictable thermal contribution from the mantle Bouguer anomalies as described in Ch.

3.4. Because of the complex nature of OSC's, no thermal models for these features

have been established. Therefore, I decided to approximate the thermal structure of this

OSC by using the thermal model of Phipps Morgan and Forsyth (1988) described in Ch

3.4 and assuming a transform offset of 34 km and a full spreading rate of 98.6 mm yr-1.

Since it is not preciseiy known how far the active ridge segments extend into the overlap

zone, I used three different thermal models placing the "transform" at different locations

along the OSC (Figs. 20a,b,c). For the first thermal model (Fig. 20a) I chose the

location of the "transform" to be central to the overlap zone. The second thermal model

(Fig. 20b) places the "transform" at the north end of the overlap zone. Since Lonsdale

(1993a) believes that the southern ridge segment only extends to 36.5°S, I placed the

"transform" for the third thermal model at the southern end of the overlap zone (Fig.

20c).

RMBA's were calculated using all three thermal models (Figs. 20a,b,c), and are

shown in Figures 21a,b,c at a contour interval of 2.5 mGals. All three RMBA maps

have a range from +7.5 to -7.5 mGals. Large negative RMBA's surrounding ridge A

are not observed in Figure 21b, while large negative RMBA's are observed surrounding

ridge A in Figures 21a and 21c. In all three RMBA maps, no significant features are

observed from the overlap basin,. However, in Figures 21a and 21c an increase of 2.5

mGals is associated with the small basin that separates ridge A from the inactive rift.

The RMBA associated with the ridge segments show significant variations between the

three thermal models (Figs. 21a,b,c). The second thermal model predicts a large

positive RMBA associated with the southern ridge segment between 36.1 °S and 36.6°S

and a discontinuous gravity low along the northern ridge segment (Fig. 21b). Large
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positive RMBA's are observed along the northern ridge segment between 35.8°S and

36.2°S and along the southern ridge segment between 36.2°S and 36.6°S in Figure 21a.

In Figure 21c, there is a large positive RMBA along the northern ridge segment between

35.8°S and 36.4°S and a discontinuous negative RMBA along the southern ridge

segment extending north to ridge A.

5.3.4 Crustal Thickness Variations

Residual mantle Bouguer anomalies represent contributions to the gravity from

the unknown components [4] and [5] from Equation (1). Crustal thickness variations

needed to explain the RMBA's were calculated as described in Ch. 3.5 (Figs. 22a,b,c).

All three models predict thicker crust under ridge A, with the second thermal model

(Fig. 20b) requiring 0.25 km less thicker crust (Fig. 22b) than the other two models

(Figs. 22a and 22c). The main difference between the three models is in the crustal

structure underneath the ridge segments. The first thermal model requires 0.75 1cm of

crustal thinning beneath the midsections of both the northern and southern ridge

segments (Fig. 22a) to account for the RMBA's. Crustal thinning beneath the southern

ridge segment between 36.1 °S and 36.4°S is required to explain the RMBA's from the

second thermal model (Fig. 22b), while the third thermal model requires crustal thinning

along the northern ridge segment between 35.8°S and 36.4°S (Fig. 22c).

5.4 Discussion

Lonsdale (1993a) uses SeaMARC II side-scan imaging and sparse magnetic data

to suggest that the topographic high which is bounded by two basins and lies north of

the southern ridge segment is inactive, and furthermore, he interprets the OSC to be
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migrating southward with the active southern rift segment extending to approximately

36.5°S. The large topographic feature (ridge A) which lies just west of the inactive rift

was not discussed by Lonsdale (1993a). It seems possible that ridge A could represent

the northern extension of the southern rift segment (Fig. 16), except that no fresh lavas

were observed in side-scan images surrounding this anomalous feature (Lonsdale,

personal communication).

The mantle Bouguer anomalies (MBA's) (Fig. 19) represent the gravity

contribution from crustal thickness and/or crust/upper mantle density variations which

are largely from the thermal structure. Gravity lows are observed along the northern

ridge segment at 35.9°S, extending eastward to the inactive rift, and following the

"active" southern ridge segment. The gravity lows along the ridge segments are

discontinuous by 2.5 mGals between the "active" and "inactive" portions of the

southern ridge segment and only extend to 36.1°S along the northern ridge segment

(Fig. 19). Assuming that the MBA's are largely due to the thermal structure, the second

thermal model (Fig. 20b) used in calculating the residual mantle Bouguer anomalies

(RMBA's) would be preferable. However, the thermal model is based on a ridge-

transform system geometry and must be used with some caution. Furthermore, the

precise location of the active southern ridge segment's northern extent is not known,

which makes it difficult to choose the proper location of the "transform" of the thermal

model. If the MBA's are largely due to a thermal contribution, it would seem likely that

the active southern ridge segment extends further north than what is interpreted by

Lonsdale (1993a) using seafloor observations of bathymetry and side-scan imaging.

However, the MBA's (Fig. 19) could also be reflective of changes in crustal thickness,

and thus, the negative MB A's could be due to thicker crust.

The residual mantle Bouguer anomalies (RMBA's) (Figs. 21a,b,c), calculated

by removing the predicted thermal contribution from the MBA's, represent lateral



variations in crustal thickness and/or changes in crustal/upper mantle densities from the

assumed models. In all three RMBA maps, a gravity low is observed at ridge A which

lies north of the southern ridge segment. This implies that this feature is either underlain

by thicker crust and/or lower density material. If it is assumed that the RMBA's are

solely due to variations in crustal thickness, the gravity low underneath ridge A requires

an increase in crustal thickness from 0.5 km to 0.75 km depending on the assumed

thermal model (Figs. 22a,b,c). The second thermal model (Fig. 20b) results in the least

amount (0.5 km) of crustal thickness variation (Fig. 22b) required to explain the

RMBA's underneath ridge A (Fig. 21b). Significant crustal thinning relative to the

surrounding seafloor is not observed underneath the overlap basin or the smaller basins

to the east (Figs. 22a,b,c). All three thermal models have some difficulty in interpreting

the RMBA's along the "active" ridge segments. The first thermal model (Figs. 20a)

results in crustal thinning underlying the mid-sections of both the southern and northern

ridge segments (Figs. 22a). The second thermal model (Fig. 20b) results in crustal

thinning under the southern ridge segment between 36.O°S and 36.4°S (Fig. 22b), while

the third thermal model (Fig. 20c) results in crustal thinning underlying the northern

ridge segment between 35.8°S and 36.5°S (Fig. 22c). Therefore, it seems that the

thermal structure underneath this OSC is more complex than what can be approximated

by the thermal models based on a single ridge-transform-ridge system. A realistic

thermal model is needed for overlapping spreading centers in order to resolve the crustal

thickness variations underneath these features.

5.5 Conclusions

The following conclusions have been made based on the three-dimensional

gravity analysis of the 36.5°S overlapping spreading center:



1. Gravity lows are observed in the mantle Bouguer anomalies along the

northern ridge segment, extending eastward to the "inactive" rift and continuing with a

5.0 mGaI discontinuity between 36.0°S and 36.4°S along the "active" southern ridge

segment. These gravity lows could be due to an increased crustal thickness and/or

hotter, less dense material underlying this region.

2. If the mantle Bouguer anomalies are largely due to a thermal gravity

contribution, the second thermal model would seem to be the most accurate, which

would imply that the active southern ridge segment extends to approximately 35.9°S

rather than 36.5°S as suggested by Lonsdale (1993a).

3. Gravity lows are observed in the residual mantle Bouguer anomalies

surrounding ridge A, north of the southern ridge segment. These lows imply that there

is an increased crustal thickness (0.5 km - 0.75 km depending on the thermal model)

and/or hotter, less dense material underneath this feature.

4. No significant crustal thinning is observed underneath the overlap basin or

the two smaller basins which border the "inactive" rift.

5. Thermal models based on ridge-transform-ridge geometries do not accurately

predict the thermal gravity contribution along the ridge segments of this overlapping

spreading center, and the development of a realistic thermal model from overlapping

spreading centers is needed.
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Figure 19. The mantle Bouguer anomalies were created by subtracting the along-track
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Figure 20a. Since no thermal models for OSC's are presently available, the thermal
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transform system by Phipps Morgan and Forsyth (1988). A constant volumetric
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length. The first model (20a) places the "transform" at a central location to the overlap
region.
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Crustal Thickness (km)
35.6

.:.

35.8
,SSS 7 '..

S.';

Cl)
o 36.0

362
vS.

I36.4 ... ..

:S. :'

36.6 .,
"

.... ' U1......................

111.2 110.8 110.4

Longitude (°W)

62

1.25

1

0.75

0.5

0.25

-0.25

-0.5

-0.75

-1

-1.25

Figure 22b. The variations in crustal thickness required to explain the residual gravity
anomalies (Fig. 21b) assuming a constant density contrast of 0.6 g cm3 at the
crust/mantle interface. The values represent deviations from the assumed 6 km
constant crustal thickness, and the contour interval is 0.25 km. The crustal thickness
variations have been normalized about a zero mean.



Crustal Thickness (km)
35.6

0
35.8 ': "

36.0

'S

ci)

36.2

36.4

S\" S

SS \

,"
SSS S

36.6
''

i
S . ti..

111.2 110.8 110.4

Longitude (°W)

63

1.25

1

0.75

0.5

0.25

0

-0.25

-0.5

-0.75

-1

-1.25

Figure 22c. The variations in crustal thickness required to explain the residual gravity
anomalies (Fig. 21c) assuming a constant density contrast of 0.6 g cm3 at the
crust/mantle interface. The values represent deviations from the assumed 6 km
constant crustal thickness, and the contour interval is 0.25 km. The crustal thickness
variations have been normalized about a zero mean.



6.0 RAflT TRANSFORM STUDY AREA

6.1 Introduction

In this chapter, I will discuss the three-dimensional gravity analysis from the

western intersection of the Raitt transform with the EPR. The left lateral Raitt transform

has a total offset of 145 km, divided into two strike-slip zones of 60 km and 85 km in

length respectively, which are offset 8 km by an intermediate spreading center. The

intennediate spreading center is 10 km in length and is oblique to the spreading direction

by 25° (Lonsdale, 1993a,1993c). The Raitt transform originated approximately 66 Ma,

forming the boundary between the EPR and what became the Pacific-Antarctic Ridge.

The intennediate spreading center formed at approximately 2 Ma as a delayed response

to a 3°-4° clockwise change in spreading direction that occurred 5 Ma (Lonsdale,

1993a). The present full spreading rate for this area is approximately 86 mm yr1

(DeMets et al. 1990). This study area encompasses the western 85 km length

transform, 45 km of ridge axis, and the intermediate spreading center (Fig. 23).

6.2 Bathymetry

Continuous Seabeam and SeaMARC II bathymetry data were obtained along

most of the ship tracks (Fig. 23). After the southbound leg of this cruise (Fig. 23, line

19), SeaMARC II was lost at sea and, therefore, only Seabeam data were available for

the northbound lines. Due to the loss of SeaMARC II, the ship tracks became more

closely spaced in order to obtain good coverage of the area (Fig. 23). The combined

Seabeam and SeaMARC II bathymetry data were interpolated onto an evenly spaced

grid and machine contoured at an interval of 250 m (Fig. 24).
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Several interesting features are observed in the bathymetry data (Fig. 24). The

relief of the ridge axis becomes discontinuous as it approaches the ridge-transform

intersection (RTI) from the south. A large overshot ridge is not observed at this RTI,

but a small portion of the ridge does wrap around into the transform (Lonsdale, 1993c).

A deep transform valley is not observed in this area, however, a 500 m 750 m relief

median ridge is observed along the transform and extending west of the RTL Lonsdale

(1993c, Fig. 11) observes a fossil transform valley just north of the RTI, which

includes the deepest section of seafloor (> 4000 m) observed in this survey area. Just

north of the fossil transform valley, several seamounts are observed. The intermediate

spreading ridge is observed at the eastern boundary of this study area with a relief of

approximately 500 m. Just north of the intermediate spreading axis, a transform parallel

median ridge is observed with a relief of approximately 1000 m relative to the seafloor

(Fig. 24).

6.3 Gravity Analysis

6.3.1 Free-Air Anomalies

Continuous gravity measurements were taken along the ship tracks (Fig. 23).

Although the gravity data were generally good, some lines contained noise and were

therefore removed from the data set . Initial processing of the gravity data was

completed as described in Ch. 3.2. The filtered gravity data were then interpolated onto

an evenly spaced grid and machine contoured at an interval of 5 mGals (Fig. 25). The

shape of the FAA's generally reflects that of the seafloor topography with a range of

values from 0 to +35 mGals. Positive FAA's are observed along the ridge axis, along

the median ridge west of the RTI, and along the median ridge north of the intermediate



spreading center. The lowest FAA's are observed underneath the relict transform

valley, north of the ridge axis (Fig. 25).

6.3.2 Mantle Bouguer Anomalies

Mantle Bouguer anomalies (MBA's) were calculated by removing the gravity

contribution from the water/crust and crust/mantle interfaces (Fig. 26) from the FAA's

as described in Ch. 3.3. The MBA's were machine contoured at an interval of 5 mGals

and have a range from -20 mGals to +20 mOals (Fig. 27). MBA lows are located just

west of the RTI, along the ridge axis south of the RTI, along the transform-parallel

median ridge, and at the transform intersection with the intermediate spreading center.

The MBA's have a relief of approximately 10 mGals across the fossil transform valley

with the MB A's increasing towards the north. At the inside corner of the RTI, the

MBA's increase towards the inside corner with a relief of 10 mGals (Fig. 27). Large

gravity lows observed along several of the edges on the MBA map are the results of

edge effects from the interpolation program in areas which lack gravity data.

6.3.3 Residual Mantle Bouguer Anomalies

The predictable thermal contribution to the gravity data was calculated as

discussed in Ch. 3.4 assuming a full spreading rate of 86 mm yr1 (Fig. 28). The

thermal model used a transform length of 85 km and an intermediate spreading axis

length of 10 km, assumed to be orthogonal to the transform. The predictable thermal

component was removed from the MBA's as described in Ch. 3.4 resulting in the

residual mantle Bouguer anomalies (RMBA's) which were machine contoured at an

interval of 5 mGals (Fig. 29). The RMBA's represent the contribution to the gravity
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field from lateral variations in crustal thickness and/or crust/upper mantle densities from

the assumed models. Highs in the RMBA's represent a mass excess, such as thinner

crust or colder, more dense crust/upper mantle, while lows in the RMBA's represent a

mass deficiency such as crustal thickening or hotter, less dense crust/upper mantle.

In this study area, the RMBA's range from -10 mGals to +10 mGals (Fig. 29).

Lows in the RMBA's are observed just west of the RTI, along the transform parallel

median ridge east of the RTI, and at the western intersection between the intermediate

spreading axis and the transform. There is a relief of approximately 10 mGals between

the fossil transform valley and the surrounding seafloor with the RMBA increasing

towards the north. Lack of gravity data along the southern section of the ridge axis

makes it difficult to interpret the RMBA, however there appears to be a positive RMBA

south of the RTI and at the inside corner of the RU

If it is assumed that the RMBA's (Fig. 29) are due solely to lateral variations in

crustal thickness, these variations can be calculated as described in Ch. 3.5. The crustal

thickness variations needed to explain the RMBA's are shown in Figure 30 with a

contour interval of 0.5 km. The prominent features are: an increase in crustal thickness

underneath the fossil transform valley and underneath the transform parallel median

ridge, decreasing crustal thickness just north of the fossil transform valley, and a

decrease in crustal thickness at the inside corner of the RTI (Fig. 30).



6.4 Discussion

Several interesting features are observed in the gravity data from the western

intersection of the Rain transform with the EPR. The high in the residual mantle

Bouguer anomalies (RMBA's) (Fig. 29) observed at the inside corner of the RTI

suggests that the crustal thickness decreases or that it is underlain by colder, more dense

material. The amount of crustal thickness variation necessary to account for the residual

anomalies suggest that a relief of 1.0 km occurs between the inside corner of the RTI

and the surrounding seafloor with the thinner crust underlying the inside corner (Fig.

30).

There is a RMBA low observed at the intersection between the western

transform and the intermediate spreading center, which suggests that thicker crust and/or

hotter, less dense material is underlying this intersection. Along the intermediate

spreading center and the southern section of the EPR axis, there is a lack of gravity data

(Fig. 23), and therefore, no conclusions about the RMBA's can be made about these

ridge axes.

A large transform valley is not apparent in the bathymetry data (Fig. 24), and no

significant features in the RMBA's are observed along the transform. However,

underneath the transform parallel median ridge just east of the RTI, a RMBA low is

observed, suggesting that the median ridge is underlain by hotter, more dense material

or thicker crust (Fig. 29). Lonsdale (l993b) observed a fossil transform valley to the

north of the RU A low in the RMBA's is observed along much of this fossil transform

valley, which suggests that this area is underlain by thicker crust and/or hotter, less

dense material. Furthermore, the increase in RMBA's just north of the fossil transform

valley suggest that there is either thinner crust or colder, more dense material to the

north.



6.5 Conclusions

The following conclusions have been made based on the three-dimensional

gravity analysis of the western intersection between the EPR and the Raitt transform:

1. Just west of the RTI, a negative residual mantle Bouguer anomaly is

observed suggesting that this region is underlain by thicker crust and/or colder, more

dense material.

2. The inside corner of the RTI corresponds with a high in the residual mantle

Bouguer anomalies which suggests that the crust is thinner and/or there is cooler, more

dense material underneath this area.

3. If the residual mantle Bouguer anomalies solely reflected variations in crustal

thickness, the relief between the inside corner of the RTI and the surrounding seafloor

would be approximately 1.0 km.

4. The residual mantle Bouguer anomalies increase north of the fossil transform

valley by approximately 15 mGals, suggesting that the crust is thinner and/or it is

underlain by colder, more dense crust to the north.

5. A large transform valley is not observed in this region, and no positive

residual mantle Bouguer anomalies are observed along the transform. Instead, a

transform parallel median ridge is observed east of the RTI with a relief of up to 750 m

relative to the seafloor. A residual mantle Bouguer anomaly low observed along this

feature suggests that the median ridge is underlain with thicker crust and/or less dense
materiaL
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7.0 SUMMARY

Three-dimensional gravity analysis has been carried out over three areas along

the Pacific-Antarctic East Pacific Rise: (1) the eastern intersection of the Menard

transform with the EPR, (2) the overlapping spreading center (OSC) at 36.5°S, and (3)

the western intersection of the EPR with the Raitt transform. This gravity analysis has

provided several useful insights regarding the subsurface structure and active processes

at this fast-spreading ridge, which has further expanded our understanding of this

oceanic spreading center obtained from seafloor observations made by Seabeam and

SeaMARC II data.

Several interesting features were observed in the gravity data at the eastern

intersection between the Menard transform and EPR. The along-axis residual mantle

Bouguer anomalies (RMBAs) suggest that significant variations in the crustal thickness

or crust/upper mantle density structure do not occur along this section of the ridge. This

observation is different from observations made along the MAR (e.g. Kuo and Forsyth

1988 and Lin et al, 1990) and along the EPR at 9°N-10°N (Wang and Cochran 1993a,

1993b) which suggested that the crust is thicker and/or underlain by hotter, lower

density material centrally along the ridge segment. Significant features in the RMBA's

were not observed at the ridge transform intersection or underneath the transform valley.

This is significantly different from observations at slow-spreading ridges, where crustal

thinning is observed at ridge transform intersections (Kuo an Forsyth, 1988; Lin et aL,

1990). Fresh lavas from the overshot ridge observed at the eastern intersection between

the Menard transform and the EPR could be masking any crustal thinning occurring

there. Analysis of the gravity data along the transform valley further to the west of this

study area would be helpful to see if crustal thinning is observed anywhere along the

valley.
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The most significant feature in the gravity data from the 36.5°S OSC was the

observed low in the mantle Bouguer anomalies along the northern ridge segment,

extending eastward to the "inactive" ridge and continuing along the "active" southern

ridge segment. These gravity lows could be due to an increase in crustal thickness

and/or hotter, less dense material underlying this region. No significant features were

observed in the residual mantle Bouguer anomalies associated with the overlap basin or

the two smaller basins which bound the "inactive" rift. Thermal models based on ridge-

transform systems proved to be somewhat inadequate for predicting the thermal gravity

contribution for this OSC. This inadequacy was compounded by the lack of knowledge

regarding the northern extent of the active southern ridge segment.

The western ridge-transform intersection between the Rain transform and the

EPR significantly differs from the Menard transform study area. A transform valley is

not observed at this intersection and neither is an overshot ridge. Instead, a transform-

parallel median ridge is observed east of the ridge-transform intersection, and a fossil

transform valley is observed north of the intersection. A residual mantle Bouguer

anomaly low is observed along the transfonu-parallel median ridge, suggesting that this

feature is underlain by thicker crust and/or less dense material. There is a 10 mGal

residual anomaly relief across the fossil transform valley, which suggests that this valley

is also underlain with thicker crust and/or less dense material relative to the northern

seafloor. A residual mantle Bouguer anomaly low is observed at the outside corner of

the ridge-transform intersection, suggesting that this area is underlain by thicker crust

and/or hotter, less dense material; while at the inside corner of the ridge-transform

intersection, a residual anomaly high is observed which suggests that the inside corner

is underlain with thinner crust and/or colder, more dense material.
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APPENDIX 1. LIST OF ACRONYMS

EPR = East Pacific Rise

FAA = Free-Air Anomaly

MAR = Mid-Atlantic Rise

MBA = Mantle Bouguer Anomaly

NTO = Non-Transform Offset

OSC = Overlapping Spreading Center

RMBA = Residual Mantle Bouguer Anomaly

RTI = Ridge-Transform Intersection



APPENDIX 2. THERMAL MODEL PARAMETERS

Menard transform study axea:

gridsize: x=ll2Okm;y=ll2Okm;z=lOOkm
grid divisions: xnumber = 68; ynumber = 40; znwnber = 14

transfonn offset length = 200 km

half spreading rate = 4.5 cm yr1

OSC transform study area:

gridsize: x=256km;y=256km;z=lOOkm
grid divisions: xnumber = 50; ynumber = 50; znumber = 14

transform offset length =34 km

half spreading rate = 4.93 cm yr1

Raitt transform study area:

gridsize: x=320km;y=320km;z=lOOkm

grid divisions: xnumber = 50; ynumber = 50; znumber = 14

western transform offset length =85 km

eastern transform offset length =60 km

intermediate spreading center length =10 km

spreading rate = 4.3 cm yr1



APPENDIX 3 THERMAL MODEL GRID FOR THE MENARD STUDY AREA
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Northern ridge segment is located from (200.0, 0.0) to (200.0, 555.0).

Southern ridge segment is located from (0.0, -565.0) to (0.0, 0.0).

Transform is located from (0.0, 0.0) to (200.0, 0.0).

Box indicates the region corresponding to the Menard transform study area in which the

predictable thermal contribution to the gravity will be calculated.




