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Three seismic refraction profiles obtained between 42°N and

43°N along the median valley of the Gorda Ridge, an active spreading

center, allow the computation of the velocity structure underlying the

valley. Wide angle reflections which appear on the seismic records

suggest the existence of a velocity inversion underlying layer 3 and

were analyzed in combination with refraction arrivals. The result-

ing velocity model has a low velocity zone with a directly-determined

velocity of 5. 72 km/sec, between crust of velocity 6.48 km/sec and

Moho of velocity 7. 54 km/sec. The velocity inversion is 0. 7 km

thick and lies 3 km below acoustic basement.

Consideration of the velocity structure of the Gorda Ridge,

together with other information on processes involved in oceanic

crustal formation, suggests a model which is consistent with current

knowledge on oceanic spreading centers.
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In the proposed model, the rise of asthenospheric material on

the ascending limb of a convection cell causes the generation of a

small percentage of partial melt. The molten fraction tends to

coalesce near the top of the ascending limb, forming a region of

significant partial melt under the ridge crest. This molten material

is the immediate source reservoir for mid-ocean ridge magnias.

The geophysical expression of the reservoir is a region of low

seismic velocity and low density. As the magma cools from the

upper surface, heavy minerals tend to work their way downward,

forming a layer of cumulate ultramafic rocks at the base of the

crust, while the lighter constituents work upward to form the

cumulate gabbros of oceanic layer 3. The injection and extrusion

of magmatic material upward leads to the formation of layer Z. The

crust under the median valley is in isostatic equilibrium with the

partial melt during formation, but as it is displaced laterally from

the magmatic center, the entire lithosphere becomes competent and

the isostatic depth of compensation moves downward into the mantle.

This is thought to cause the familiar ridge crest topography of a

median valley and adjacent axial mountains observed at slowly

spreading ridges.

The features of this general model in the specific case of the

northern Gorda Ridge between 42°N and 43°N have been tested by

the comparison of theoretical and observed gravity and magnetic



anomalies. The computation of the theoretical gravity anomaly for

this model gives values which match the observed anomaly. The

magnetic data show only the pattern of anomalies expected from sea

floor spreading and magnetic field reversals.
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MEDIAN VALLEY CRUSTAL STRUCTURE AND SEA
FLOOR SPREADING AT THE GORDA RIDGE, 42°N LATITUDE

INTRODUCTION

Plate tectonics has, in the last decade and a half, brought about

a revolution in thinking in the geosciences. The concept that la-rge

horizontal movements of massive portions of the Earth's crust are

taking place has gone from often scoffed at speculation to almost

entirely accepted fact. The theory of continental drift has the

potential to supply answers to the large scale question concerning

the geographical, geological, and geophysical properties of the

Earth's outermost layer. Many of the finer details of these processes

are not completely understood however.

One of the mechanisms of plate tectonics which is not entirely

understood is that by which new oceanic crust is formed at active

spreading centers. The research described below adds to the study

of oceanic crustal genesis by presenting and interpreting geophysical

measurements related to the internal structure of the Gorda Ridge,

an active spreading center located in the Northeast Pacific Ocean.

The Gorda Ridge is located 200 to 250 kilometers west of the

coast of southern Oregon and northern California. It is bounded on

the south by the Mendocino Fracture Zone and on the north by the

Blanco Fracture Zone (Figure 1).
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Figure 1. Bathymetric map of the Gorda Ridge region. GR-2, GR-3 and GR-4 are
seismic refraction li'ies. Line .AA' is the location of reflection profile

and crustal cross section. Hatchured region is the median valley.
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The School of Oceanography of Oregon State University conducts

an active research program in the Northeast Pacific region, because

of the proximity and scientific problems of the area. During July of

1975, the geophysics group of Oregon State conducted three ship-to-

sonobuoy explosion refraction experiments along the median valley

of the Gorda Ridge between 42°N and 43°N. The data gathered in

this refraction program and the information obtained from its inter-

pretation form the foundation of this research.

The crustal structure of the median valley determined from the

seismic data, when compared with other median valley seismic

studies, and published studies of ophiolites, oceanic samples, and

other observed features of spreading centers, suggests a model for

the formation of oceanic crust.

The last section of the study tests the consistency of the model

of crustal formation by comparing computed with observed gravity

and magnetic anomalies over the study area.
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PREVIOUS WORK

Since the early 1960ts, a number of significant scientific in-

vestigations of the Gorda Ridge region have been published. These

geophysical and geological studies have added considerably to an

understanding of the Gorda Ridge and other oceanic ridges. Mag;-

netic, seismic, gravity and geologic investigations have contributed

meaningful data on the structure of the region. While these topics

are presented below in separate sections, their inter-relationship

in developing the current body of knowledge should not be forgotten.

Magnetic Studies

The magnetic anomaly patterns of the northeast Pacific have

been instrumental in the development of ideas on sea floor spreading.

Raff and Mason (1961) published the first magnetic map of the region,

one of the first detailed magnetic surveys of a marine region. Their

map 5howed the now familiar pattern of linear magnetic anomalies.

More recent measurements have contributed additional data (e.g.

Atwater and Menard, 1970; Elvers et al.,, 1972).

J. Tuzo Wilson (1965) used the magnetic map of Raff and Mason

(1961) to identify faults and ridge crests off the Pacific Northwest

coast. As a part of his investigation, he postulated that a spreading

center, to which he gave the name Gorda Ridge, might lie between
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the Mendocino Fracture Zone and the Juan de Fuca Ridge.

Magnetic data have been analyzed by several investigators who

published estimates of the spreading rate (Atwater, 1970; Elvers

et al., 1973; Atwater and Mudie, 1973). By assuming spreading

to be symmetrical about and perpendicular to the ridge crest,

Atwater and Mudie (1973) used the magnetic anomaly patterns to

arrive at the spreading history of the Gorda Ridge, as well as

current spreading rates. According to their computations, the

spreading rate for the entire length of the ridge was 3.7 cm/yr

until about 2. 1 million years ago, when there was a change in

spreading rate and direction. Since this change, the section north

of 41. 5°N has rotated to its present position and slowed to 3.0

cm/yr, while the southern section has slowed drastically to

1.2 cm/yr. These spreading rate estimates are used in this study,

although Elvers et al. (1973) indicate that spreading may be

asymmetrical across the Gorda Ridge.

Seismic Studies

Earthquake epicenters in the Gorda Ridge region give evidence.

that the area is tectonically active (Tobin and Sykes, 1968; Bolt

et al., 1968; Northrup, 1970). A microearthquake study over the

northern section of the ridge using sonobuoy arrays indicated

activity on the median valley floor, valley walls and tops of the



crestal hills (Jones, 1975). Fault plane solutions have generally

indicated normal faulting (Tobin and Sykes, 1968; Bolt et al.,

1968; Chandra, 1974), with a few strike slip motions (Chand.ra,

1974) and one high angle reverse solution (Jones, 1975).

Seismic velocity structure in the area has been investigated

by Shor et al. (1968) and more recently by Wroistad and Johnson

(1976). Shor et al. (1968) used explosion refraction techniques to

obtain crustal structure as deep as the Moho. Their results.- show

low mantle velocities and shallow Moho depths in the vicinity of the

ridge. Wroistad and Johnson (1976) used airgun-sonobuoy wide

angle reflection techniques to determine the velocity structure of

the upper sea floor, as deep as sub-basement layer ZC, on the

flanks of the ridge and nearby ocean floor.

Gravity Studies

Free air gravity anomaly maps of the study area (e. g. Dehlinger

et al., 1971; Elvers et al., 1973) show a linear negative anomaly

along the median valley, with parallel postive anomalies over the

axial mountains. Dehlinger (1969) noted that the average anomaly

over the Gorda Ridge is near zero and concluded that the ridge must

therefore be approximately in isostatic equilibrium.

In 1970, R. Couch (personal communication) constructed a

gravity model across the southern Gorda Ridge at 41° N. This model
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explains the observed anomalies by a large zone of low density

mantle (10 3. 15) underlying the ridge, and axial mountains of

massive basalt ( = 2.57), without sediment cover.

Geologic Studies

In interpreting landforms observed from a towed sea sle4,

Atwater and Mudie (1968) noted that the walls of the median valley

of the southern Gorda Ridge had a tilted, steplike profile. These

steps, which are tilted toward the rift walls, often have perched

planar sediments on their tops. Topography indicates that block

faulting is responsible for these features and Atwater and Mudie

suggest that they are uplifted segments of the median valley floor.

D. F. Heinrichs (1970) also identifiel these benches and used a

detailed bathymetric survey to show they are continuous for tens of

kilometers. Fowler and Kuim (1970) used foraminiferal and sedi-

mentological evidence from bottom samples to show that the sedi-

merits observed by Atwater and Mudie (1968) are turbidites whose

original source area is the Kiarnath Mountains. They indicate that

these sediments entered the median valley from the south, were

deposited on the rift floor and then were uplifted onto the sides of

the rift with the benches on which they rest.

The presence of turbidites in the median valley has been yen-

fied by the Deep Sea Drilling Project, which drilled into the floor of



the valley at 40°40. 42'N in May of 1969 (McManus et al., 1970,

Site 35). This hole was drilled in 3273 meters of water and perie-

trated 390 meters of sediments without reaching basement. Acoustic

velocities ranging from 1. 6 to 1. 7 km/sec were measured in the

retrieved cores.

Dredged volcanic rock samples and ash samples obtained from

cores were used by Scheidegger (1973) to obtain estimates of the

composition and temperature of the magma ascending at the .Gorda

Ridge and other ridge systems. He classified magmas at the Gorda

Ridge as olivine tholeiites and identified plagioclase as the main

phenocryst phase in the glass. A plagioclase geothermometer was

used to obtain an average temperature of about 1300° C for the Gorda

Ridge magmas.



SEISMOLOGICAL INVESTIGATIONS

Seismic reflection and refraction techniques are the most un-

ambiguous methods for determining crustal and sabcrustal structure

in marine regions. Within the limitations of present data collection

and reduction techniques, the internal structure of such features as

mid-ocean ridges can be studied in detail. This study of the Gorda

Ridge will examine several types of geophysical data but will be

concerned primarily with reflection and refraction data from the

study area.

Seismic Reflection Profiles

A reflection profile taken during the 1971 Northeast Pacific

cruise of the R/V SURVEYOR crosses the study area. This single

channel airgun profile was taken along an east-west line at 42. 5°N

(along AA' in Figure 1), crossing the northern portion of the Gorda

Ridge. Although the vertical exaggeration is large (V.E. = 29X),

the record has been interpreted and is presented here as Figure 2.

The well-developed median valley of the Gorda Ridge is at

100 km from the east end of the profile. Other outstanding features

include President Jackson Seamount at 135 km and a thick sediment

wedge at the base of the continental slope between 25 and 40 km.

The sediments in this wedge are at least 1. 6 km thick, based on an
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assumed sediment velocity of 2. 1 km/sec (Shor et al., 1968). There

is a thin layer of sediments over the elevated portion of the ridge,

from about 40 km to about 160 km. West of the seamount the sea-

floor becomes an abyssal plain covered by thick sediments. Due to

the high vertical exaggeration and the steep topography, the benches

on the inner walls of the rift show up only as diffractions.

In 1975, the R/V YAQUINA also crossed the Gorda Ridge study

area, at 42. 3°N, with a seismic reflection profiler. The vertical

exaggeration is not as great (6X), so more detail is visible within

the median valley. The R/V YAQUINA profile indicates at least a

few hundred meters of sediment fill on the floor of the median valley.

These sediments are believed to be the same turbidites described in

the southern portion of the median valley (e. g. Fowler and Kuim,

1970).

Seismic Refraction Profiles

In order to determine the crustal and subcrustal structure

underlying the median valley of the Gorda Ridge, a ship-to-sonobuoy

explosion refraction survey was conducted along the median valley

by personnel of Oregon State University from the R/V YAQUINA

during July of 1975. Three refraction profiles, GR-2, GR-3, and.

GR-4, each about 25 km in length, were made (see Figure 1).

Lines GR-2 and GR 3 form a reversed pair, but GR-4 must be
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treated as an unreversed profile. All of the shots were detected by

sonobuoys which were dropped at the start of each line and which

radioed the arrivals back to the ship. A towed streamer cable was

used to record the shot break for each charge. High frequency, low

frequency and unfiltered sonobuoy signals, and clock and streamer

outputs were simultaneously recorded on board the ship with an

oscillographic camera.

The use of small charge sizes (see Table 1) permits clear obser-

vation of later phases. Since secondary arrivals are distinct, wide

angle reflections may be used to supplement refracted arrivals.

Before analysis, each record was corrected for the depth of the

charge at the time of detonation, and the bottom topography. Offset

depths, based on simultaneously acquired bathymetry, were computed

for each shot and all records were then corrected to a horizontal

datum of 3.0 km below sea level. Because the topographic irregular-

ity was assumed to originate in seismic layer 2, not the sediment

layer, the apparent velocity of this layer was used to make the topo-

graphic corrections for each line.

The unreversed line, GR-4, contains the most complete and

best quality records, so it is discussed first. Figure 3 is a record

section of the unfiltered, corrected data from the refraction line.

All of the seismograms have been traced versus reduced time,

formed by subtracting the shot distance divided by 7. 0 km/sec from



TABLE 1. Shot Data for Gorda Ridge Refraction Profiles.

GR-2 GR-3 GR-4
Shot Size Type Shot Size Type Shot Size Type

(lbs.) (lbs.) (lbs.)

37 0.33
38 0.33
39 0.33
40 0.33
41 1.0
42 0.33
43 0.33
44 2.3
45 2.3
46 5.0
48 5.0
49 5.0
50 5.0
51 5.0

Primer 52 0.33
Primer 53 0.33
Primer 54 0.33
Primer 55 0.33
Primer 56 0. 33
Primer 57 0.33
Primer 58 0. 33
TOVEX 59 0.33
TOVEX 60 0.33
TOVEX 61 1.0
TOVEX 62 1.0
TOVEX 63 1.0
TOVEX 64 1.0
TOVEX 65 1.0

66 1.0
67 2.3
68 2.3
69 2.3
70 2.3
71 2.3
72 2.3

Primer = Dupont HDP-3

Primer 76 0.33 Primer
Primer 77 0. 33 Primer
Primer 78 0.33 Primer
Primer 79 0.33 Primer
Primer 80 0.33 Primer
Primer 81 0.33 Primer
Primer 82 0.33 Primer
Primer 83 0.33 Primer
Primer 84 0.33 Primer
Primer 85 0.33 Primer
Primer 86 0.33 Primer
Primer 87 0.33 Primer
Primer 88 0.33 Primer
Primer 89 0.33 Primer
Primer 90 0.33 Primer
TOVEX 91 1.0 Primer
TOVEX 92 3.3 TOVEX
TOVEX 93 5.6 TOVEX
TOVEX 94 7.9 TOVEX
TOVEX
TOVEX
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each of the records. This type of plot is constructed so that the

seismograms can be displayed in less area and with less distortion

in the higher velocities. A velocity of 7. 0 km/sec would plot as a

horizontal line on this particular reduced record station. The

distance scale is the direct water wave travel time in seconds for

each shot and can be converted to kilometers by multiplying the time

by the seismic velocity of water. The velocity of sound in the water

column was assumed constant at 1.49 km/sec (Matthews, 1939).

On the record section shown in Figure 3, refraction arrivals

are fairly well defined for layers with apparent velocities of 3. 71,

6. 49 and 7. 54 km/sec. As usual with the explosion-sonobuoy

technique, the refracted arrivals from the sediment layer are not

observed because of the relatively large shot spacing. A seismic

refraction study on the northern Juan de Fuca Ridge, reported by

Davis, Lister and Lewis (1976), found the average velocity of the

turbidites on the ridge and in the median valley there to be 1. 7 km/

sec. This number is in good agreement with that found by McManus

et al. (1970) for samples retrieved from DSDP hole 35 in the southern

Gorda Ridge median valley. A velocity of 1. 7 km/sec is therefore

assumed for the turbidites which cover the median valley floor.

Under careful examination, it is possible to identify arrivals

corresponding to reflections from the top of the 7.54 km/sec layer.

There are also anomalous reflection arrivals visible, not associated
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with any apparent velocity layer, earlier in the records.

Since all but the last four shots on this line were the same shot

size (see Table 1) it is possible to qualitatively examine the relative

amplitudes of the arrivals through most of the records. Arrivals

from the 6. 48 km/sec layer, ocearic layer 3, show a rapid drop in

amplitude at 8 to 9 seconds. This drop in signal strength is long

before the layer 3 - - mantle cross over distance, while the 6.48

km/sec apparent velocity is still the first arrival. Similar shadow

zones associated with high attneuation have been observed on the

crest of the East Pacific Rise by Rosendahl et al. (1976) and Orcu.tt

et al. (1976). Both sets of investigators interpreted the cause of

this phenomenon as a velocity inversion underlying oceanic layer 3.

The presence of a velocity inversion in the lower crust could

explain the anomalous reflection hyperbolas observed in the record

section. Reflections from the top and bottom of a low velocity layer

could occur because of differences in acoustic impedence. The

earlier hyperbola is due to the reflection from the top of the velocity

inversion and the later one is associated with the reflection from the

top of the mantle.

From arrivals on the travel time curve of Figure 3, a solution

was obtained for the seismic structure underlying this refraction

line. Figure 4 illustrates the procedure followed to obtain the

structure. Starting with the travel time curve (Figure 4a), the upper
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layers of the structure (4b) can be solved for directly using standard

refraction techniques. The recursive relation method of Adachi

(1954) was used in this study.

The velocities indicated by the reflection hyperbolas were ob-

tamed by subtracting the effect of traveling through the upper layers

from the arrival times and distances, and then plotting the remain-

ing times and distances on a T2 versus X2 plot (Figure 4c). The

velocity of the layer responsible for the reflection is equal to

1//Tope on the T2-X2 plot. This is the technique of Le Pichon,

Ewing and Houtz (1968), used to interpret wide angle reflection data.

The method fits a least squares straight line to the T2-X2 plot. The

thickness of the layer is calculated using the intercept time at the

origin and the velocity. Using this method the velocity of the low

velocity zone and the depth to its top and bottom are determined if

two reflection hyperbolas are known. The mantle velocity (the

bottom layer of Figure 4b) is simply the inverse of the slope of the

remaining refraction arrivals on the travel time curve.

The final computed structure, shown in Figure 5 and listed in

Table 2, includes the assumed water and sediment velocities. By

assuming a velocity of 1. 70 km/sec for the turbidite layer, a

thickness of 240 meters is calculated. Oceanic layer 2 is 0. 9 km

thick with a seismic velocity of 3. 7 km/sec. Based on head waves,

layer 3 has a velocity of 6.5 km/sec and a thickness of 2. 1 km.
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TABLE 2. Refraction Line GR-4, Final Computed Structure.

LAYER VELOCITY THICKNESS DEPTH
km/sec km km

Water (1.49) (3.00)

1 (1.70) 0.24 (3.00)

2 3.71 ±0.05 0.92 3.24

3 6.48±0.10 2.14 4.16

6.22 ± 0. 12*

LVZ 5.72±0.28 0.69 6.30

M 7.54±0.43 7.00

* Lid velocity based on reflection hyperbola

All errors are 95% confidence limits based on least squares fit to
the travel time or T2-X2 curve.

Velocities and thicknesses in brackets ( ) indicate assumed values.

LVZ = Low Velocity Zone
M = Mohorovicic discontinuity

Unreversed profile, all layers assumed horizontal.
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A low velocity zone underlies layer 3. Analysis of the earlier re-

flection hyperbola leads to a lid velocity of 6.2 km/sec for this zone.

This is the average velocity of layer 3, based on seismic energy that

has travelled through the layer and been reflected off the top of the

velocity inversion. The second reflection hyperbola indicates a

velocity of 5. 7 km/sec for the low velocity zone and the two hyper-

bolas together indicate a thickness of 0. 7 kilometers. The mantle

velocity is 7. 5 km/sec. It should be remembered that because this

refraction line is unreversed, these results are based on the

assumption that all of the layers are horizontal.

Since GR-2 and GR-3 form a reversed pair, layer dip, in addi-

tion to velocity and depth, was computed using these two lines. The

unfiltered reduced record sections for both lines are shown in

Figure 6. The bathymetry under the lines and the computed structure

are also shown. Line GR-2 was the first line shot. Due to misfires

and equipment failures this line does not contain any information

close to the origin. There are, however, apparent velocities of

3.75, 6.16, and 7.45 km/sec. Line GR-3 has apparent velocities

of 3. 74, 6. 43 and 7. 88 km/sec, as well as one readily-identifiable

hyperbola. This hyperbola is due to reflections from the top of the

velocity inversion.

The errors indicated on the record section are the 95% confi-

dence limits obtained using the method of Steinhart and Meyer (1961).
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This method fits least squares lines to the refraction arrivals of

both profiles simultaneously while restraining the endpoints to

guarantee reciprocity.

The computed structural profile for this line is listed in Table 3,

and shown in Figure 6. The dip of the 6.29 km/sec layer computed

by the Adachi (1954) method is 1.0 degree and the presence of the

hyperbola permitted the computation of its thickness, as well as the

lid velocity. For these profiles, reflection arrivals from the bottom

of the low velocity zone were not observed so the previously obtained

velocity of 5.72 km/sec was assumed for the low velocity layer.

The mantle velocity was then computed to be 7. 65 km/sec and the

Moho depth as 7. 64 and 7. 18 km for the north and south ends,

respectively. Layer 3 was assumed constant in thickness, making

the dip of the low velocity layer the same as that computed for

layer 3, i.e. 1.00. The dip of the Moho was calculated also to be

1.00.

The computed structure for this linecompares well with that

computed for GR-4. This line shows the structure dipping slightly

to the north due to an increase in the thickness of oceanic layer 2.

Although the seismic refraction method detects the velocity structure

in a very gross sense (the actual structure is probably composed of

several thinner layers and velocity gradients), it does result in a

directly obttained model of the internal structure of the crust.



TABLE 3. Reversed Refraction Line GR-2 - - GR-3, Final Computed Structure.

LAYER VELOCITY THICKNESS THICKNESS DEPH DEPTH DIP
km/sec NORTH SOUTH NORTH SOUTH

km km km km

Water (1.49) (3.00) (3.00)
1 (1.70) 0.26 0.28 (3.00) (3.00) (O.0)°
2 3.75+0.03 1.28 0.77 3.26 3.28 -0.05°
3 6.29±0.07 2.29 (2.29) 4.54 4.06 1.00

6. 15 ±. 0. 13*
LVZ (5.72) 0.81 0.83 6.83 6.35 (1.0)°

M 7. 65 7. 64 7. 18 1. 00

All abbreviations and notations same as Table 2, except profile is reversed.
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DEVELOPMENT OF A MODEL FOR RIDGE
CREST PROCESSES

The seismic structure obtained through the interpretation of the

Gorda Ridge median valley refraction lines has important implications

in explaining the formation of oceanic crust at active spreading

centers. Now that the velocity structure under the median valley is

known, a model for the internal structure of the ridge and the

crustal forming processes active there can be formulated. In order

to formulate a model, it is necessary to examine and to evaluate

information from other spreading centers and from other fields of

study.

Structure of Ridge Crests Based on Seismic Studies

Seismic studies on other active spreading centers have also pro-

duced results which are useful. The number of median valley re-

fraction lines for direct comparison, however, is small. Figure 7

shows a comparison of the most recent median valley studies from

the FAMOUS area of the Mid-Atlantic Ridge (Whitmarsh, 1973;

Poehls, 1974; Fowler and Matthews, 1974). These three studies,

all from the same area, show the extreme variability and difficulty

in interpretation which characterizes mid-ocean ridge -crests.

Whitmarsh (1973) computed fairly normal crust under the median

valley, with a lower than normal assumed layer 2 velocity of
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2. 80 km/sec. In a latter paper Whitmarsh (1975) reexamined his

results and indicated they may be due to a velocity inversion below

the median valley. In the second model the floor consists of an

'intrusion regionu of 3.2 km/sec material, specific details on the

proposed crustal structure under the median valley were not given,

however. In the other studies shown in Figure 7, Poehls (1974)

obtained a thin crust but fairly normal velocities, with the exception

of layer 2, under the median valley. Fowler and Matthews (1974)

computed both thin crust and low velocities.

Seismic investigations of other rifted spreading centers have

also revealed seismic structures under ridge axes. Observation of

earthquake arrivals at the bottom of the Central Basin Fault in the

Philippine Sea using an ocean bottom seismograph were used by

Shimamura, Tomoda and Asada (1975) to detect a zone of high shear

wave attenuation. They interpreted this as being possibly a zone of

partial melting in the upper mantle under a proposed extinct mid-

ocean ridge.

In another study on a rifted ridge crest, Davis, Lister and

Lewis (1976) investigated the structure of the Juan de Fuca Ridge

with explosions recorded by an ocean bottom seismograph. They

obtained very late mantle arrivals in the region of the crest, which

were attributed to localized low-velocity material under the median

valley. The authors suggest that the mantle delays are due to



elevated temperatures or even to partial melting associated with the

spreading process. Their data were not sufficient to precisely

determine the velocity structure below the axial valley sediment

fill, which is considerable in this area.

A few refraction studies have also been conducted along the

non-rifted crest of the East Pacific Rise. The East Pacific Rise is

a fast spreading center (about 6 cm/yr) and does not display a

median valley as do slower spreading systems. It instead has a

prominent uplifted axial block. The results detailed below indicate

the presence of a velocity inversion beneath the axial block but the

dimension and velocity of this zone have not been directly determined.

The parameters of the low velocity zone have been determined in

some of these studies by the comparison of synthetic seismograms

with observed records, which is an indirect modeling technique.

Orcutt et al. (1975) reported a recent ocean bottom seismograph

refraction line along the axial block of the East Pacific Rise. The

refraction line has been interpreted by the authors as indicating a

low velocity - - high attenuation zone beneath the axial block. The

lid of this zone has a velocity of about 6. 7 km/sec and the velocity

inversion is underlain by mantle of velocity 7. 7 km/sec. By corn-

puting synthetic seismograms and comparing them with the bserved

records, the authors estimated the velocity of the inversion to be

about 5.0 km/sec and its thickness to be on the order of one
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kilometer.

As a part of the same refraction program, several sonobuoy

refraction lines were also run along the axial block of the East

Pacific Rise. The results from these lines as well as a physical

model of the East Pacific Rise were presented by Rosendahl et al.

(1976). The data from this survey indicate a layer 2 thickness of

1.2 to 3.3 kilometers, the presence of layer 3 under the axial

block and a slow (7. 8 km/sec) mantle velocity. The abrupt termina-

tion of layer 3 arrivals and the unusually late mantle arrivals have

been interpreted to indicate the presence of a velocity inversion in

the lower crust below layer 3. This velocity inversion is exactly

that suggested by Orcutt et al. (1975). Rosendahl et al. (1976)

also suggest this to be a zone of partial melting.

In another refraction survey with ocean bottom seismometers

on the East Pacific Rise, Reid et al. (1977) also obtained evidence

for a low velocity zone near the mouth of the Gulf of California at

21°N. The rise at this point is spreading at about 3 cm/yr and is

topographically smooth. The investigators used the same techniques

as Orcutt et al. (1975) and arrived at very similar results. They

determined a crustal thickness of about 2. 5 kilometers, underlain

by a low velocity zone estimated to be about 2 kilometers thick. The

velocity of the inversion was estimated to be 5.0 km/sec and thelid

is composed of normal layer 3 material.
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From the seismic results detailed above, we can now make a

few generalizations concerning the seismic structure of ridge crests

spreading at all velocities; fast (East Pacific Rise), slow (Mid-

Atlantic Ridge) and intermediate (Gorda Ridge). In all of the studies

layer 2 was identified, although usually thinner and slower than the

oceanic average (for oceanic average see Figure 8). It is also

apparent that layer 3 is present even under very young crust and

that it is underlain by a localized region of low velocity and high

attenuation. The portion of layer 3 that is seen is much thinner than

in older oceanic crust and has slightly lower than normal to normal

seismic velocities. The mantle velocities observe1 in most cases

are lower than normal and the depth to the mantle, including the

velocity inversion, is shallower than the oceanic average. Anomalous

mantle velocities and crustal thickness in the vicinity of the ridge is

a common observation (e. g. Christensen and Salisbury, 1975).

Based on seismic evidence alone, it appears as if the chamber

for magma being intruded and extruded along the ridge crest lies

below a partially developed layer 3. Many of the proposed models

for ridge crest processes do not acknowledge the presence of layer 3

between the basaltic dikes of layer 2 and the magma chamber (e. g.

Lister, 1977; Sleep, 1975; Bryan and Moore, 1977).

By examining the refraction results from median valley studies

only (Whitmarsh, 1973, 1975; Poehis, 1974; Fowler and Matthews,
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1974; Shimamura et al., 1975; Davis, Lister and Lewis, 1976; and

the Gorda Ridge results of this study) a generalized crustal structure

under the median valley can be obtained (see Figure 8, colunin 4).

In this generalized structure oceanic layer 2 is about one kilometer

thick and ranges from 2. 8 to 3. 8 km/sec in velocity. Oceanic layer

3 is about 2.3 km in thickness and ranges from 5.2 to 6.5 km/sec

in velocity. Underlying layer 3 is a velocity inversion. The only

direct seismic measurement we have of this inversion (this study)

gives its thickness as about 0. 7 kilometers and its velocity as

5. 7 km/sec. The last observed refractor is the mantle, which has

a velocity ranging from 7.2 km/sec to a normal 8.3 km/sec.

Structure of Young Oceanic Crust Based on
Ophiolites and Dredged Samples

In order to formulate a model for ridge crests, it is necessary

to determine what rock types compose the various layers of the

oceanic crust and how those rocks are formed. One method of ob-

taming this information is to examine ophiolite assemblages and

dredged oceanic samples and to compare them with the seismic

structure.

An ophiolite assemblage is a series of subaerially exposed rocks

which grade from a mafic pillow lava, layer on top into a mafic sheeted

dike complex, then to a mafic cumulate gabbro unit and finally to a
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cumulate ultramafic unit (Penrose Field Conference, 1972). Ophio-

lites are generally considered to be remnants of upper oceanic

lithosphere which have been emplaced in their current position on

the continent by obduction. Christensen and Salisbury (1975) sug-

gested that this emplacement took place during the subduction of a

ridge crest and therefore ophiolites should be samples of fairly

young oceanic crust. This suggestion is examined in further detail

for application to the model of ridge crest processes and structure.

There are a number of these complexes which have been studied.

Moores and Jackson (1974) have examined and tabulated published

data on selected ophiolite assemblages. Of the eleven complexes in

their tabulation, there are eight (Vourinos, Troodos, Kizil Dagh,

Semail, Pindos, Papua, Canyon Mountain, and Bay of Islands) which

appear to be fairly complete sections of oceanic crust. If we aver-

age the basaltic, gabbroic and ultramafic components of these com-

plete complexes we obtain the average ophiolite structure illustrated

in column 3 of Figure 8.

Several attempts have been made to correlate the observed

structure and rock types of ophiolites to the seismic structure of the

oceanic crust (e. g. Moores and Jackson, 1974; Christensen and

Salisbury, 1975; and Clague and Straley, 1977). Numerous differ-

ences appear in their correlations, especially on the lower units and

the location of the seismic Mohorovicic discontinuity. There is
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general agreement that the pillow basalts and sheeted dike complex

represent the ophiolite equivalent to seismic layer 2. Seismic

layer 3 is generally believed to be composed of at least the cumulate

gabbros, in both altered and fresh conditions. The correlation of the

seismic Moho with petrology is disputed however. Christensen and

Salisbury (1975) assume that the mafic-ultramafic contact is the

seismic Moho. Moores and Jackson (1974) and Clague and Straley

(1977) both favor a model which places the Moho not at the mafic-

ultramafic contact but at a metamorphic contact between serpentized

and fresh rocks within the ultramafic unit.

Lewis and Syndsman (1977) have suggested that the observed

thickening of the oceanic crust with age is due to the serpentinization

of mantle peridotite. This suggestion indicates that both interpreta-

tions of the Moho in ophiolite sequences could be correct. In very

young oceanic crust hydrothermal alteration of newly emplaced

crustal material has not proceeded very deeply and hence the mafic-

ultramafic contact is measured in seismic refraction experiments

on the ridge. As hydrothermal circulation penetrates deeper into

the crust, in the manner envisioned by Lister (1974, 1977), meta-

morphism of the mafic and ultramafic rocks moves the seismic

Moho downward into the ultramafic unit. Lister (1977) indicated

that hydrothermal penetration as deep as the Moho should be

accomplished fairly rapidly after formation. This metamorphic
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mechanism would explain the observed thickening of the oceanic

crust, as well as the changing veiocities, with age (see the compari-

son of the standard oceanic section of Figure 8 with the other

illustrated sections).

If we assume that for ridge crest refraction profiles the mea-

sured Moho is the mafic-ultramafic contact, then direct comparison

of ophiolite sequences with young oceanic crust is possible. This

comparison is graphically displayed in Figure 8. It must be kept

in mind that the velocity and petrologic contacts noted are only

approximate, since many of these contacts are not sharp but grada-

tional and since the velocity change measured by seismic refraction

may not coincide exactly with the petrologic contact. In median

valley lines the dikes and extrusives which comprise layer 2 maynot

be fully developed and may hence appear anomalously thin.

For the purposes of developing a ridge crest model, the structure

of young oceanic crust, based on comparison with ophiolites, is that

layer 2 represents pillow lavas and sheeted dikes of tholeiitic

basalt, layer 3 (oceanic layer) represents cumulate gabbros with

some massive gabbros and gabbroic dikes (Christensen and Salisbury,

1975), and the basal layer represents cumulate ultramafics consist-

ing mainly of dunite and pyroxenite with peridotite and harzburgite

lower in the column (Clague and Straley, 1977). The mineral

assemblages and compositions of the ultramafic peridotites seem to
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be more compatible with a partial melting origin than with crystal-

lization from a basalt melt (Penrose Field Conference, 1972).

Column 2 in Figure 8 is the average off-crest Gorda Ridge

seismic structure, constructed using refraction lines G1, G2, CU2,

FF10, FF11 and FF12 from Shor et al. (1968). Since these refrac-

tion lines are in fairly young crust, the close comparison of this

structure with the average ophiolite structure supports the suggestion

of Christensen and Salisbury (1975) that ophiolites represent young

oceanic crust.

Information on the composition of the oceanic crust can also be

obtained from dredged samples. Christensen and Salisbury (1975)

have summarized the dredged samples of ultramafic and gabbroic

rocks. They state that while ultramafic rocks from fresh to

totally serpentinized have been recovered, the original rocks were

dunite, lherzolite, harzburgite and picrite. Christensen and

Salisbury's summary of gabbros include two-pryoxene gabbros,

norite, hornblend gabbro, nepheline gabbro, anorthosite and trocto-

lite as mineralogies reported in the literature. As is to be expected

for gabbros, plagioclase is the most common mineral, up to 84% in

the reported samples.

The mineralogic composition of fresh basalts consists of a

groundmass of clinopyroxene, plagioclase and olivine (Schreiber and

Fox, 1977), with phenocrysts of olivine, plagioclase and sometimes
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clinopyroxene (Schreiber and Fox, 1977; Batiza et al., 1977).

Bryan and Moore (1977), in a study of selected fresh basalts Lrom

across the floor of the Mid-Atlantic Ridge median valley, showed a

variation in the composition of the basalts across the rift. They

suggested that this variation, with higher ratios of olivine relative

to clinopyroxene and plagioclase for the central samples, is due to

a zonation in the magma chamber underlying the median valley.

Dikes and extrusives from the central portion of the chamber would

be coming from hotter, more molten material than those which tap

the cooler more solidified outer regions of the magma chamber,

according to their model of oceanic crustal formation.

In using data acquired from ophiolites, and to a lesser extent

from dredged samples of the lower oceanic crust, caution must be

observed since this information may be available to us because it is

not normal. The origin of ophiolite complexes is not fully understood

and it is possible that their emplacement was due to an abnormality

in their structure or formation. With dredge samples the problem

is much less severe, but a large number of these samples have been

collected on fracture zones or other areas that may not reflect the

true structure and composition of oceanic crust as it is formed at

active spreading centers.

I



Observational and Physical Controls on
Oceanic Crustal Formation

A model for the formation and structure of oceanic crust at

rifted spreading centers must include all of the observable features

of these areas. The model must also be restricted by any physical

constraints placed upon it by the nature of the material concerned.

The most distinctive feature of rifted spreading centers is the

rift, or median valley, itself. This feature, along with its axial

mountains, appears to be a phenomena of only slower spreading

systems, less than about three centimeters per year (Deffeyes,

1970). The median valley is a steady state topographic feature that

is absent, and often replaced by an uplifted axial block, in faster

systems (Deffeyes, 1970). A bathymetric profile across the Gorda

Ridge (Figure 2) shows a deep central valley with parallel benches

on either side. These benches, as mentioned above, are believed

to be uplifted from the median valley floor and eventually become

the axial mountains which form the ridge itself (Atwater and Mudie,

1968; Fowler and Kulm, 1970; Heinrichs, 1970). These axial

mountains then subside as they move away from the ridge crest,

causing the bathymetry to increase (Sclater et al., 1971).

Ballard and van Andel (1977) reported a number of observations

made on dives to the floor of the Mid-Atlantic Ridge median valley.

Their observations indicate that the principal volcanism is in the
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center of the valley floor, with some secondary volcanism across the

floor. This volcanism is episodic, with volcanic edifices being

built up and subsiding with age and distance from the center. The

morphological features recorded by Ballard and van Andel show

tensile strain to be oriented perpendicular to the axis of the ridge,

as shown by fissures, normal faults and other indicators which trend

parallel to the ridge.

The presence of volcanism across the floor of the rift and the

more advanced differentiation of rock samples with distance from

the center (Bryan and Moore, 1977) indicates, on the Mid-Atlantic

Ridge, there is communication with the immediate magma source

region across the median valley floor. For this to be possible the

crust must be fairly thin. Bryan and Moore (1977) have used the

height and spacing of volcanoes in the Mid-Atlantic rift and the work

of Vogt (l974a, 1974b), to estimate a thickness of one to three kilo-

meters for the crust under the median valley floor. It therefore

appears as if the crust formed by extrusive volcanics, dike injection,

and cooling of cumulate masses is in isostatic equilibrium with

respect to the low competence zone of the partial melt indicated by

seismic refraction. Ballard and van Andel (1977) and Bryan and

Moore (1977) have similarly suggested that the floor of the median

valley is in isostatic equilibrium.

Dehlinger (1969) stated that since the gravity anomaly over the
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Gorda Ridge is near zero, the ridge as a whole must be approximate-

ly in isostatic equilibrium. An explanation for the axial mountain --

median valley topography of rifted spreading centers which satisfies

this isostacy constraint is that the axial mountains are isostatically

compensated much deeper than the median valley floor.

According to this concept, as new crust is formed it will have

its equilibrium base level, or depth of compensation, within the

partially liquid zone of the magma chamber. As this new crust

hardens and becomes competent throughout, it will rise to an equili-

brium level which has its depth of compensation deeper than the

magma chamber, within the more dense material of the mantle. In

effect, this means the floor of the median valley is "floating" on

the magma while the parallel mountains are "floating" on the mantle

and therefore topographically higher. As the crust ages and cools

it becomes more dense and subsides to form normal oceanic crust.

The outer edges of the median valley floor should approximately

indicate the lateral extent of the partially molten zone.

There have been models of ridge crest processes suggested

which require the ridge to be in a permanent non-isostatic condition.

Lachenbruch (1973) presented a theory in which the viscous drag

between material ascend'ing to form new lithosphere and the already

formed lithosphere would hold the axial mountains up. Osmaston

(1971) suggested that friction between newly formed crust and older
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lithosphere would hold the median valley floor down. Either of these

theories would mean that the ridge crest is a region of steady state

disequilibrium.

Based on the resolving power of the magnetic record, Deffeyes

(1970) states that the intrusion region for magmas involved in the

writing of the magnetic history must be restricted to the valley floor

on rifted systems. For the southern section of the Gorda Ridge,

Atwater and Mudie (1973) computed that the intrusion region cannot

extend more than two kilometers from the center of intrusion.

Another important point Deffeyes (1970) makes concerning the

magnetic anomalies associated with seafloor spreading is that the

accented character of the central anomaly indicates the magnetic

signature must be well-developed even in extremely young crust.

Anderson and Noltimier (1973) developed a model for mid-ocean

ridges in which the median valley topography is created by requiring

that dikes be injected over a distance greater than the distance

required to accelerate new crustal material to the spreading velo-

city. The magnetic evidence of Deffeyes (1970) and Atwater and

Mudie (1973), which requires all dike injection be in the floor of

the median valley appears to discount this model.

The thermal regime of a spreading center is also an important

physical constraint on the formation of new crust. As has been

shown by Lister (1974), the total observed heat flux through the
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ridge crest is much too low to be compatible with the formation of

oceanic crust. A large amount of hydrothermal circulation is

necessary to account for the removal of heat. Lister (1977) has

shown that hydrothermal penetration and alteration of the young crust

in the neighborhood of spreading centers is an important process in

the cooling and seismic velocity adjustment of that crust.

Conductive heat transfer is also important in the removal of

heat, especially in the immediate vicinity of any molten material.

In very young or still partially molten crust, hydrothermal circula-

tion will not yet be established and hence all cooling must be done by

conduction. A theoretical analysis of the effect of conduction, much

simplified, has been done by Sleep (1975). His computations indicate

that at low spreading rates it is not possible for permanent magma

chambers to exist within the crust, as they might at higher rates.

Since the Gorda Ridge spreads at a moderate rate it is possible for

such a zone to exist there. At spreading rates higher than 1.5 cm/yr

his work also indicates that the depth and width of the magma chamber

should have approximately equivalent dimensions. These conclusions

are limited by the assumptions made in simplifying the problem,

however. The model does not, for example, consider the effect of

any hydrothermal circulation.

The seismic structure of the Gorda Ridge and similar spreading

centers, ophiolites, dredged samples and the consideration of
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observational controls on rifted spreading systems all add informa-

tion and constraints on ridge crest processes. With this information

in mind, the following section develops a model for the internal

structure and active processes of the Gorda Ridge and other rifted

spreading systems.

A Model for the Formation of Oceanic Crust
at the Gorda Ridge

The mid-ocean ridge system has long been assumed to follow,

in a broad sense, the ascending limbs of a mantle convection system.

According to Yoder (1976), the most likely composition of the mantle

is garnet peridotite. The isenthalpic adiabatic rise of this material

will generate a small percentage of basaltic partial melt at sub-

lithospheric depths (Yoder, 1976). The liquid fraction will work its

way upwards along the pressure gradient and eventually coalesce as

a zone of significant partial melt at the top of the ascending limb

(see Figure 9), under the spreading center. This localized region

of a high percentage basalt partial melt is the immediate source

region, referred to here as the magma chamber, which feeds the

active volcanism of the spreading center. The removal of the easily

fractionated portion of the garnet peridotite mantle material will

leave a residual mantle which is more rigid than the ascending

material (Cann, 1970) and which will become sub-crustal
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lithosphere.

Using dredged volcanic samples and ash samples obtained from

cores, Scheidegger (1973) classified magmas ascending at the

Gorda Ridge as olivine tholeiites and identified plagioclase as the

main phenocryst phase in the glass. He also estimated the tempera-

ture at the time of extrusion to be about 1300° C for these magmas.

The Gorda Ridge refraction data give a velocity of 5. 7 km/sec

for the low velocity zone, assumed to be the magma chamber, and

a velocity of 6. 5 km/sec for layer 3. If layer 3 has the same

approximate composition as the melt (Rosendahl, 1976) then the work

of Birch (1969) indicates a molten fraction of approximately 15%,

based on the 0. 8 km/sec velocity differential.

The chamber which supplies magma for the formation of new

oceanic crust, based on the information presented so far, has a

thickness of 0. 7 km and lies below 3 km of crust, including a par-

tially developed layer 3, contains approximately 15% molten fraction

at a temperature of 1300°C, has the same width as the median valley

floor (.'4 km) and is capable of intruding and extruding magma

anywhere across the floor.

Within this magma chamber the melt will be evolving in

response to a number of processes. As the magma cools, crystal

settling of the heavy, early-formed minerals will occur (Carmichael,

Turner and Verhoogen, 1974). These minerals will be mainly
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olivine and pyroxene, forming the cumulate ultramafic rocks which

compose the extreme upper mantle in young crust. Bottinga and

Weill (1970) have shown plagioclase crystals will be buoyant ii a

dry (0 kbar H20) magma of basaltic composition, such as is

expected in the magma chamber. The plagioclase crystals will

therefore tend to work their way upward in the partial melt. The

accumulation of plagioclase near the top, plus the downward cooling

of the magma will form the cumulate gabbros of layer 3.

The overburden of 3 kilometers of crustal material, which

should be close to neutrally buoyant, will tend to force the liquid

basaltic magma upward through the solidifying gabbro. The exten-

sional envirourrient mentioned before (Ba11ar and van Andel, 1977)

will result in cracks in the competent upper crust, allowing the

basaltic magma to inject as dikes and extrude as pillow lavas.

Toward the outer edges of the magma chamber, hydrothermal

circulation in the newly formed surrounding rock will remove heat

and solidify the liquid fraction. Magmas which originate in the

regions of the chamber farther from the center will be more differ-

entiated, causing the observed variations in the composition of

secondary volcanic lavas (Bryan and Moore, 1977). The most liquid

lavas and the easiest communication of lavas through the solidifying

layer 3 will be in the center of the valley, favoring the principal

volcanism in the central valley floor (Ballard and van Andel, 1977).



47

This model for the formation of oceanic crust will give rise to

the vertical structure discussed before. On top will be basaltic

pillows formed by the rapid quenching of extruded lavas. These will

be underlain by sheeted dikes which formed in the region where the

crust wa solidified and competent enough to crack and allow their

intrusion and cooling. The basaltic sheeted dikes will be underlain

by cumulate gabbros which will grade into cumulate ultramafic rocks.

This gradational boundary will be the seismic Moho in young crust.

The cumulate ultramafic rocks will li on top or peridotites of

similar composition but which, in accordance with the observations

made during the Penrose Field Conference (1972), have only under-

gone partial melting fractionalization. This lower layer is the

mantle residium, left after the components of the crust have been

removed, which gradually grades into normal mantle at depth. As

the crust ages, the hydrothermal alteration and serpentinization of

the gabbros and ultramafic rock will mask their seismic contact and

the Moho of older oceanic crust will be a serpentine n-etamorphic

contact within the dunite or pyroxenite cumulates or the peridotite

residium of the upper mantle (Moores and Jackson, 1974; Clague

and Straley, 1977).

The crustal structure under the median valley at any point in

time is dependent on a number of factors. The thickness of any one

layer may vary considerably through time, depending on the supply



of new material to that layer and the physical condition of the layer

and the magma chamber. The condition of the magma chamber will

be a resultant of the cooling downward from its top, the solidification

in its outer regions, the supply of new intrusive material from below

and the removal of material for intrusion and extrusion above. The

episodic character of median valley volcanism (Ballard and

van Andel, 1977) indicates that the depth and ability of the chamber

to supply magma may vary in time in response to the factors con-

trolling it. The structure of the Gorda Ridge, as indicated by the

refraction measurements, is shown in Figure 9. This figure also

illustrates the movement of material in the system and shows the

general model of oceanic crustal formation.
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POTENTIAL FIELD DATA

The proposed model for the crustal and subcrustal structure of

the Gorda Ridge can be tested by comparing theoretical gravity and

magnetic profiles computed for the model to profiles observed across

the ridge. Digitized gravity and magnetic data are available along a

R/V SURVEYOR trackline which crosses the Gorda Ridge at 42.5°N.

These data form nearly continuous gravity and magnetic profiles

along line AAt shown on Figure 1.

Magnetic

The observed magnetic anomaly profile along AA', shown in the

upper portion of Figure 10 was computed from the observed magnetic

field intensity by the National Ocean Survey. A series of typical

marine positive and negative anomalies, which are roughly symmetri-

cal about the median valley are seen on this profile.

Below the observed profile in Figure 10 is the theoretical

magnetic anomaly profile. A computer program written by Lu and

Keeling (1974) generated the theoretical curve using the method of

Taiwani and Heirtzler (1964) and the time scale of Cox (1969). The

computation assumes all of the anomaly is due to an infinite hori-

zontal slab at a depth of 3. 0 km. This slab corresponds to the

upper layer of the lithosphere with a thickness of 1.5 km and with a
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magnetization of 0. 006 emu/cc. The thermal remnant magnetization

of the slab results rom the ambient magnetic field at the time of its

formation as new crust at the ridge crest. The theoretical magnetic

anomaly shown in Figure 10 is the anomaly expected from sea floor

spreading and magnetic polarity reversals alone, without any super-

imposed effects such as topography, tectonism or metamorphism.

The observed and theoretical magnetic anomaly curves are in

excellent correspondence out to anomaly 3 on the west and anomaly

2' on the east side of the ridge. West of the ridge, the change in

spreading velocity becomes apparent beyond anomaly 3, while the

overlying sediment wedge masks and disrupts the anomalies east of

anomaly 2' on the other side of the ridge.

Atwater and Mudie (1973) show the same correlation of

theoretical to measured magnetic anomalies on the southern section

of the Gorda Ridge. Their research indicates that topography is

responsible for much of the short wavelength anomaly. Based on the

profiles presented in Figure 10 and the work of Atwater and Mudie

(1973), the deep structure of the Gorda Ridge has a minimal effect

on the magnetic signature. For this reason it is not possible to use

magnetic data to test the proposed Gorda Ridge model.

Gravity

The free air gravity anomaly measured along AA' is shown as a
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solid line below the theoretical magnetic curve in Figure 10. The

free air anomaly values for the profile were calculated from the

observed gravity by the National Ocean Survey, using the 1930

International Gravity Formula.

Fairly low gravity anomaly values characterize the Gorda Ridge

region. Over the median valley, centered at 10000 km, the free air

anomaly is -30 mgals. East of the median valley is a broad positive

anomaly, associated with the eastern foothills of the Gorda Ridge.

That these hills exhibit a 20 to 25 mgal positive anomaly while the

higher axial mountains bounding the median valley have only 10 to 15

mgals of positive anomaly suggests a mass defiency in the immediate

vicinity of the rift, compared to the foothills of the ridge.

The theoretical gravity anomaly for the model proposed in the

previous chapter was computed for comparison to the gravity anomaly

observed over the ridge. Theoretical anomaly values at field points

spaced every 5 kilometers are superimposed on the observed anomaly

in Figure 10 (open circles). The theoretical free air anomaly values

were computed using the line integral method of Taiwani et al.

(1959). This method computes the vertical gravitational component

of two-dimensional bodies at evenly spaced field points along the

profile. Below the gravity anomaly profile is the crustal and sub-

crustal model in cross section, with the density, in gm/cc, noted

for each block.
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Because the mass blocks are two-dimensional and assumed

infinite in the direction perpendicular to the profiles, it is important

that the trend of modeled features be approximately perpendicular to

the profile also. This condition is met fairly well for the Gorda

Ridge model. The broad rise associated with the Gorda Ridge, as

well as the continental shelf and slope, are all perpendicular to the

profile. President Jackson Searnount, which is a three-dimensional

feature, does not meet this condition, however, and neither does the

median valley of the Gorda Ridge and its axial mountains. Since the

median valley trends at 300 from perpendicular to the profile, the

maximum error introduced by non-perpendicular features is less

than 2 mgals (see Appendix 1). This maximum error is within the

expected error in marine gravity measurements and can be neglected.

At the extreme left side of the crustal section in Figure 10 is

the mass column adopted as having a free air anomaly of zero. This

mass column is the standard north Pacific oceanic section of Couch

(1969). The numbers on the mass column and in the mass blocks of

the model indicate the density in grams per cubic centimeter. The

mass column was taken to a depth of 50 km and the model computed

to that depth.

The subsurface structure of the model is constrained by the

reflection record along the same trackline, published seismic re-

fraction and wide angle reflection results in the area, and the
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median valley refraction results. Other than these constraints, the

model was developed to follow the theories of ridge crest crustal

generation described in the previous chapter and to match the

observed gravity anomaly as closely as possible.

The heavy bars on Figure 10 are the seismic lines which con-

strain the model. The lines labeled FF11, G1 and GlO are seismic

refraction profiles reported by Shor et al. (1968). All of these

refraction lines lie between the profile and the Mendocino Ridge

and have been projected onto the profile so as to maintain their

physiographic relationship to the ridge or continental shelf. They

have been selected because of their spacing, applicability to the

model, and similar local gravity anomaly. The line marked SB14

is a sonobuoy wide angle reflection profile reported by Wroistad

and Johnson (1976). The northern end of the reversed profile,

GR-2 and GR-3, was taken as the median valley structure, without

the negligible sediment cover.

The observed seismic velocities of the refraction and reflection

lines have been converted to densities with the use of the velocity

versus density curve of Ludwig, Nafe and Drake (1970). The density

of a partially molten region cannot be estimated by this means, but

Birch (1969) estimates that the density of a material with a 15%

molten fraction should be about 0. 1 gm/cc less than the density of

the same material without the molten fraction. For this reason,
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the density of the low velocity region underlying the median valley

has been fixed at 2.82 gm/cc, or 0. 1 gm/cc less than the overlying

layer 3 material.

As hot mantle material ascends from depth in a convection limb,

it has a density which is less than the surrounding material. Thus,

the mantle at depth under the ridge is assLgned a density of 3.25

gm/cc. Near the top of the ascending limb expansion creates a

region with even lower densities, the 3. 15 gm/cc region. The

molten fraction from the upwelling mantle is concentrated under the

median valley and there forms new crust. As the new crust moves

away from the Gorda Ridge toward the west, it contracts because of

cooling and subsides, becoming part of the Pacific Basin. Toward

the east, the new crust slopes downward beneath the sediment

wedge, and is possibly subducted beneath the continent.

As can be seen in Figure 10, the theoretical gravity computed

for the proposed crustal and subcrustal structure agrees very well

with the observed gravity anomaly. Although gravity modeling is

subject to a certain amount of non-uniqueness, it can be used to test

proposed structures against actual structures. For the proposed

Gorda Ridge model, the computed gravity anomaly is consistent with

the observed gravity anomaly, indicating that the proposed structure

is a possible configuration. The non-uniqueness of gravity model-

ing, however, does not allow for an absolute test using gravity
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methods.

With the density estimates used in computing the theoretical

gravity anomaly it is now possible to examine the isostatic conditions

at the median valley. If the crust under the median valley is

"floating on the magma chamber, then the average density of that

crust must be less than the density of the partial melt. Under the

median valley is 2.3 km of material with density 2.92 gm/cc and

0. 9 km with density 2. 40 gm/cc. The average density is therefore

2. 77 gm/cc, which is less than the density of the partial melt

(2. 82 gm/cc). This result indicates that isostatic compensation of

the median valley floor within the low competence zone of the partial

melt is possible.

4
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SUMMARY AND CONCLUSIONS

The Gorda Ridge is an active sea-floor spreading center located

off the coast of Oregon and Northern California. The study area for

the research reported here is located on the northern section of the

ridge, where the spreading rate is 3. 0 cm/yr. Seismic, gravity and

magnetic data have been analyzed to investigate the internal structure

and active processes of the ridge.

Seismic refraction data taken along the median valley of the

Gorda Ridge indicate a thin layer of turbidites underlain by a one

kilometer thick section of layer 2 and a two kilometer thick section

of layer 3. A velocity inversion under layer 3 is indicated by wide

angle reflections. This velocity inversion, which is 0. 7 km thick,

is underlain by mantle with a low seismic velocity.

Comparison of the structure obtained at the Gorda Ridge with

the seismic structure of other ridge crests, with rock types from

ophiolite complexes and with oceanic samples suggests a model of

oceanic crustal formation which meets the main constraints of both

physics and observation. The features of this general model in the

specific case of the northern Gorda Ridge between 42°N and 43°N

have been tested by the comparison of theoretical to observed

gravity and magnetic anomalies. The computation of the theoretical

gravity anomaly for this model gives values which match the



observed anomaly very well. The magnetic data show only the

pattern of anomalies expected from sea floor spreading and magnetic

field reversals.

In the proposed model the rise of asthenospheric material on the

ascending limb of a convection cell causes the generation of a small

percentage of partial melt. The molten fraction tends to coalesce

near the top of the ascending limb, forming a region of significant

partial melt under the ridge crest. This molten material is the

immediate source reservoir for mid-ocean ridge magmas. The

geophysical expression of the reservoir is a region of low seismic

velocity and low density. As the magma cools from the upper sur-

face, heavy minerals tend to work their way downward, forming a

layer of cumulate ultra-mafics at the base of the crust, while the

lighter constituents work upward to form the cumulate gabbros of

oceanic layer 3. The injection and extrusion of magmatic material

upward leads to the formation of layer 2. The crust under the

median valley is in isostatic equilibrium with the partial melt during

formation, but as it moves away from the magmatic center, the

entire lithosphere becomes competent and the isostatic depth of

compensation is moved downward into the mantle. This is thought

to cause the familiar ridge crest topography of a median valley and

adjacent axial mountains observed at slowly spreading ridges.
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APPENDIX I

Estimation of Error Introduced into 2-d Gravity
Calculations by Non-Perpendicular Features with

Application to the Gorda Ridge Median Valley

If the assumption is made that the non-perpendicular feature is

infinite in length and that its mass distribution can be represented by

a linear concentration of mass along its axial center of mass, then

the vertical component of its gravitational attraction at any distance

X from the feature will be (Garland, 1965):
2GMZ
xz+zz (1)

where: G = gravitational constant
M linear mass concentrationz9z
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In a 2-d gravity model the theoretical vertical component of

gravity for the non-perpendicular feature is:
2GMZ 2GMZ (2)

Z
R2+Z2 X2 cos2O+Z

The actual vertical component is, however:

= 2GMZ (3)

x2+z2The error, E, in the theoretical gravity by assuming the feature

is perpendicular is

or:

2GMZ 2GMZ
E(X)

R2+Z2 X2 +Z2

E(X) = 2GMZ
1 1 (4)

X2 cos2® + Z2 X2+Z2

There are 2 values of X for which this equation is zero, X = 0

and X = . The function is non-zero between these 2 values and is

continuous everywhere. The location of the maximum error can be

obtained by setting the first derivative of the function equal to zero

and solving for X.

E(X) = .L. 2GMZ 1'

1 1

\X2COS2® +z2 x2+z2

1 \ a( 1
=0

X2cos2O +z2
ax

I

2Xcos20 2X_
=0

(X2cos2O+Z2)2 (X2+Z2)2

X2cos2O +Z2 = (X2+Z2)cos®
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x2= (5)

cos®

Returning to equation 4, when r 0,

tg (r=O)
2GMZ (6)

so: z

and therefore:

2GMZ = g(rO) Z2

1 1 (7)
E(X) = g(r=O) Z2

Lx cos2O+Z2 X2+Z2 j
Substituting equation 5 into equation 7 above, the maximum

possible error is obtained:

E g (r=0)Z2'
1

max z ZcosO Z2 + Z2

E = -o' r 1 COS®
max gr_ ' 1 +

For the specific case of the median valley and axial mountain, ® =300.

Emax= g(r=O) [o.o71

is the effect the non-perpendicular features have

at r = 0, immediately over the median valley. The anomaly at this

point is -32 mgals. Assume20 mgals of this anomaly are due to the

median valley and associated structures. In this case:

E = -1.4 mgalsmax
The maximum effect the non-perpendicular structures have on the

vertical gravity component will be less than 2 mgals.




