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LONG WAVELENGTH GRAVITY ANOMALIES AND IMPLICATIONS
CONCERNING A DESCENDING LITHOSPHERIC SLAB

IN THE PACIFIC NORTHWEST

I. INTRODUCTION

Collection and interpretation of geologic and geophysical data

has progressed considerably in the last decade. This is principally

due to the enunciation of plate tectonic theory in which large scale

horizontal motions of the earth's crust have occurred. The idea of a

spreading sea-floor first proposed by Dietz (1961) and Hess (1962)

received considerable support from evidence interpreted by Vine and

Mathews (1963), Wilson (1965), Vine (1966), Sykes (1967), Heirtzler

etal. (1968), and Pitmanetal. (1968). The sea-floor spreading con-

cept is included in the plate tectonic theory (Morgan, 1968; Le Pichon,

In the plate tectonic theory six large tithospheric plates which

are rigid, asejsmic and about 100 km thick comprise the earth's outer

shell. That portion of the upper mantle upon which the rigid litho-

sphere moves is named the asthenosphere and is capable of slow

deformation and flow. The global earthquake belts outline the edges

of the plates. In sea-floor spreading (Hess, 1962; Vine and Mathews,

1963) the mid-ocean ridge system is the locus of formation of new

sea-floor crust which moves perpendicularly away from the ridge axis
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in both directions, Plate tectonic theory includes the concept of sea-

floor spreading and regards spreading ridges as the locus of forma-

tion where new lithospheric material upwells from below. The plates

move away from the mid-ocean ridge at velocities approaching 10

cm/year (Hess, 1962; Vine, 1966; ReaetaL, 1973). In the plate

tectonic model these rigid slabs are reincorporated into the mantle

at subduction zones (Isacks, Oliver and Sykes, 1968) which are gen-

erally evidenced by a trench and an inclined zone of intermediate

and sometimes deep earthquakes called a Benioff zone.

Plate tectonics has stimulated many studies of the plate margins

with a view toward understanding the geometry and processes of plate

interaction, Subduction zones are one of the more complex regions

of the plate margins. Studies of hypocenter distribution (Isacks,

Oliver and Sykes, 1968) and amplitude attenuation (Molner and Oliver,

1969) indicate a dipping anomalous zone in the upper mantle. This

zone is interpreted as a slab of relatively high velocity lithosphere

sinking or being driven down along an inclined surface,

A subduction zone may exist parallel to the Cascade Range in

the Pacific Northwest. Atwater (1970) outlines evidence that the

margin of North America. is being underthrust. Silver (1969, 1971)

presents further evidence of underthrusting. The sea-floor spreads

perpendicularly to the Juan de Fuca Ridge (Vine and Mathews, 1963)

and there are magnetic anomalies which may be due to sources under



the continental slope (Raff and Mason, 1961; Emilia, 1968). Dickinson

(1970) aruges that the andesitic volcanism of the Cascade Range also

indicates subduction, The plate tectonic reconstruction of the geologic

history of the Northeast Pacific (Atwater, 1970) suggests late Tertiary

underthrusting and a trench subduction zone consuming material

faster than the rate at which the plate forms at the ridge. Profiles

of the gravity anomaly over active convergent zones indicate an outer

low amplitude gravity high, a sharp negative gravity anomaly known to

be associated with ocean trenches and shallow structure (Vening

Meinesz, 1955; Taiwanietal,, 1961), and an inner gravity high usually

associated with an island arc (Veriing Meinesz, 1955; Talwanietal.

1961). The proximity of the Juan de Fuca ridge and the interpretation

of the tectonics of the region in terms of a subduction zone, active up

to recent time, suggests examining the gravity record for an anomaly

due to the large upper mantle inhomogeneity caused by the descending

lithospheric slab. The postulated subduction zone exhibits no Benioff

Zone of intermediate and deep earthquakes and this calls into question

the notion of currently active subduction. The long thermal time

constant of such a slab indicates that even if subduction ceased its

effects should contribute to the gravity record for tens of millions of

years.

A second reason for examining the observational data is that

seismic data indicate the existence of significant horizontal
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inhomogeneity to depths of several hundred kilometers (Archambeau,

1969; Press, 1972). It is unlikely that the transition between oceanic

and continental deep structure is sharp but if it is, a significant long

wavelength anomaly due to edge effects would be evident. The purpose

of this dissertation is to search for the gravity anomaly associated

with upper mantle inhomogeneity.

Phys iographic and Tectonic Setting

The geology of the Northeast Pacific has received considerable

study particularly since 1961. Early data on magnetic field anomalies

measured at the sea surface in the Northeast Pacific (Raff and Mason,

1961) and elsewhere show the existence of linear anomalies having

amplitudes of several hundred gammas (1 gamma = lO gauss).

These anomalies with wavelengths of tens of kilometers are generally

symmetrical about mid-ocean ridges, Vine and Mathews (1963)

hypothesize that these linear marine magnetic anomalies are accounted

for by the remnant magnetization of the basaltic ocean crust emplaced

during alternating periods of normal and reversed magnetic polarity

of the earth's field. The time scale of geomagnetic reversals

established by Cox, Doel and Dalrymple (1964) and Heirtzler et al.

(1968) by correlating paleomagnetic measurements and radiogenic age

enables one to estimate sea-floor spreading rates, Atwater (1970)

presents a tectonic history of western North America based
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principally on the marine magnetic anomaly patterns shown in Figure

1 and the Heirtzler time scale, She postulates a trench with active

subduction rates of 7 to 10 cm/year existed until at least mid-.

terti3ry time along western North America. The more recent

Cenozoic spreading rate is 2. 9 cm/year (Vine, 1966) perpendicular to

the Juan de Fuca ridge.

Figure 2 is a physiographic map of the region of this study and

is based on the works of Dicken (1955) and Kulm (1970), The larger

features of the area indicate a striking sequence of long linear trends

such as the continental slope and shelf, the Coast Range, the Puget-

Willamette trough and the High Cascades, The Juan de Fuca Ridge

which is a portion of the mid-ocean ridge system forms the western

boundary of this study. The eastern boundary is approximately at the

Oregon-Idaho border ('117°W).

These long linear features and the andesitic volcanism of the

High Cascades are somewhat analogous to trench and andesitic island-

arc systems of other regions of the Pacific borderland, However,

Mcirney (1971) points out that the relatively constant lateral motion

of the oceanic crust is at variance with the geologically distinct surges

of motion indicated by subsidence, uplift, faulting, folding and

metamorphism of continental rocks. Where the quarternary volcanic

belts of the circumpacific followed a previous Tertiary period of

igneous activity, the new volcanic vents normally shifted seaward of



Figure 1. Magnetic anomaly pattern in the northeast Pacific

(after Vine, 1966).
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the preceding vents except for the Cascades of North America

(McBirney, 1971). It should be pointed out that there is no distinct

Benioff Zone, i. e., no dipping zone of intermediate and deep earth-

quakes and first motion studies (Couch and MacFarlane, 1971;

Cros son, 1972) do not indicate compress ion in the East-West direc-

tion, Hypocentral distribution of microearthquakes in the Puget

Sound area indicate a slight dip of the seismic hypocenters to the west

(Cros son, 1972). Due to the long thermal relaxation time of a cold

lithospheric plate in the upper mantle one would expect anomalies in

the travel time of earthquake waves traversing this structure.

McKenzie and Julian (1971) find such support for a high velocity slab

dipping 500 East under the northwestern United States. Recent studies

(L,in, 1974) support this interpretation based on differential attenuation

of seismic waves and on the agreement between observed P-wave

residuals and residuals calculated by ray tracing through a hypotheti-

cal slab model, Several earlier papers (Cleary and Hales, 1966;

Doyle and Hales, 1967; Nuttli and Bolt, 1969) have noted that P-wave

residuals in central and northern California have a significant depen-

dence upon azimuth. The amplitudes of the P-wave residuals are too

large to be accounted for by crustal structure (Nuttli and Bolt, 1969).

Earthquake seismological evidence is against current underthrusting

in the Pacific Northwest but is in favor of a former inclined litho-

spheric plate whose effect is evidenced on travel times of P-waves,



It should also be remarked that the travel time curves for P arrivalsn

(Dehlinger etaL , 1965) are straight to 1000 km arid do not show the

effect of such a slab.

The oceanic heat flow data of the study region are summarized

by Dehlinger et al., (1970) and the continental heat flow of the Pacific

Northwest is reviewed and interpreted by Blackwell (1969). The whole

region with one exception appears to have abnormally high heat flow.

The oceanic data have a mean value of approximately double the

accepted world average. The abnormally high heat flow values of Juan

de Fuca Ridge and Cascadia Basin led to its early christening as one

of the "hot spots" of the world heat flow (Wilson, 1965), Morgan

(1971) suggested that this area is the site of a deep mantle convection

plume. The continental heat flow in the region is also high and the

0region east of about 122 W longitude is part of the Cordilleran

Thermal Anomaly Zone (Blackwell, 1969). Recent data (Bowen, 1973)

from eastern Oregon support Blackwells classification. The excep-

tiori to this generally high heat flow are the data from the Puget Sound

Region which are below normal, The interpolation of a narrow region

oflowheat fkiwniayIink he low values in the Puget Sound Region with

the low values found in the Sierra Nevada Range as Roy (1971) has

rioted may be related to sea-floor spreading. This narrow band of

low heat flow oceanward of a much broader band of high heat flow is

the normal. relationship found associated with island-arc systems.
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Information on layers within the crust and the location of the

crust-mantle interface is provided by seisnic reflection and refrac-

tiori surveys. Dehlinger etaL (1968; 1970) have summarized the

results of seismic refraction principally in the oceanic areas.

Knowledge of the depth to interfaces and density contrasts inferred

from seismic velocities aid considerably in the interpretation of

gravity anomaly data, In the region of this study, there is a paucity

of land refraction data especially in Oregon. Figure 3 shows the

location of relevant seismic refraction lines. Warren and Healy

(1973) present a location map of the majority of deep crustal ref rac-

tion data in the contermirious United States along with a contour map

of crustal thicknesses. Similar data for Canada are presented by

Berry (1973). Location of the marine data is fromDehlingeretal.

(1968).

Using the refraction P-wave velocities and an empirical rela-

tion between velocity and density (Nafe and Drake, 1961) gravity

anomalies in the northeast Pacific Ocean and western North America

can be easily accounted for by inferred densities, by known topog-

raphy, and inferred shallow structure, e, g., Couch (1969) and

Dehlinger etal. (1968: 1970). Variations in surface topography and

crustal thickness and lateral variations in crustal and uppermost

mantle densities account for the most substantial portion of the

gravity anomalies, However, longer wavelength anomalies might also
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occur due to lateral inhomogeneities in the upper mantle as evidenced

by seismic data (Oliver and Isacks, 1967; Press, 1968, 1972;

Archambeauetal. , 1969; Lewis and Meyer, 1968; Anderson, 1969)

which indicate significant changes between oceanic and continental

upper mantle. The transition between oceanic and continental struc-

ture might be very gradual. Bott (1970) also notes the absence of

long wavelength anomalies associated with oceanic and continental

differences and suggests that they may be to some extent balanced out

by vertical movement in the overlying lithosphere. Other contributions

to the long wavelength gravity anomaly occur due to long wavelength

changes in topography and shallow structure. Bott (1970) has also

suggested that the 7 to 10 percent increase in density associated with

the mantle transition zone could be a source of long wavelength

gravity anomalies if there are undulations in the depth to the transi-

tion zones caused by temperature fluctuations. Plate tectonic theory

of the geologically recent occurrence of subduction of large quantities

of lithospheric material into the mantle in the Pacific Northwest should

produce long wavelength gravity effects similar to those associated

with subduction in other areas (Minear and Toksoz, 1970; Hathertorx,

1969; Grow, 1971, 1973; Talwani and Watts, 1974),
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IL THEORY

Gravity Anomalies

The gravitational field varies at differing locations on the

surface of the earth because of the non-spherical shape of the earth,

the rotation of the earth and the non-uniformity of the density distribu-

tiori in the earth. Adjustments applied to the measured values of

gravitational acceleration account for the first two by subtracting the

theoretical gravity value as computed by the International Gravity

Formula from the observed values, A further correction, the Eotvos

correction, is made if the observations are taken by an observer

moving relative to the surface of the earth, The resultant anomaLy is

then due to earth structures and densities, Further adjustments to the

gravity data are commonly made to account for local physical fea-

tures; however, the current trend (Grant and West, 1965) in physical

geodesy favors the physical surface of the earth as the datum where

calculations should be made, The common practice in gravity inter-

pretation is to use further reductions to the gravity data to account

for (1) the difference in the elevation from sea level, (2) the mass

between the gravity station and sea level, (3) the attraction of local

terrain and (4) the compensations of material above sea level,

The free-air anomaly, Eg, is calculated by including a correc-

tion for the difference in elevation from sea level, h. The observed



14

and theoretical gravity are and respectively.

= + . 3086h (1)

No account is taken of the attraction of material between the observa-

tion station and sea level. The Bouguer anomaly is calculated by apply-

ing a correction for the attraction of the material between the observa-

tion point and sea level in the form of an infinite slab of thickness h,

An assumption concerning the mean density of the material must be

made. Bouguer anomalies are strongly negative at inland stations

whereas free-air anomalies are unusually positive only in high

mountainous areas (Jeffreys, 1970). The large negative Bouguer

anomalies suggest that there must be some internal compensation for

the mass between the observation station and sea level. Terrain cor-

rections account for mass deficiencies (valleys) or mass excesses

(hills), below or above the station and are important only in areas of

rugged topography. Three different isostatic hypotheses are corn-

monly used to explain the internal compensation of topographic

features. These take the form of mountain 'roots', horizontal density

variations, or regional compensation (Heiskanen and Vening Meinesz,

1958). Jeffreys (1970) states that the chief interest of these hypothe-

ses is that they provide standards of comparison, although none of

them are right. In this thesis we use free-air gravity data (Thiruva-

thukal, 1968; Couch, 1969; Seideletal. , 1972), The average free-air
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anomaly for Oregon is only +5.6 mgal (Thiruvathukaletal. , 1970) and

when combined with the generally negative free-air anomaly of the

oceanic section yields an average value near zero, This implies

regional isostatic equilibrium although there are local deviations from

equilibrium such as the gravity high associated with the Coast Ranges.

In Figure 3, Thiruvathukal (1968) has terrain corrected the free-air

gravity data for Oregon. Use of the free-air anomalies as a substitute

for isostatic anomalies is common practice for oceanic work but the

exception for land gravity studies. An advantage of the free-air

anomaly is that no additional assumptions regarding a density for the

Bouguer calculation and a depth of compensation for the isostatic

anomalies.

Gravimeters measure the relative acceleration of gravity and

are sensitive enough to detect local changes in geological structure,

However, the interpretation is limited by the indeterminacy of the

separation of the local and the regional background fields. We are

interested in long wavelength effects and require a criterion to

distinguish between these regional effects and those of a more local

nature, Historically, there has been considerable interest in estimat-

ing such long wavelength regional effects in order to remove their

presence from the field data. In areas of strong regional gradient,

the regional field can dominate the appearance of the anomaly map,

e. g. , Elkins (1951), Calculation yields the regional field by averaging
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around circles or polygons of various dimensions centered at the

point for which the regional field is required, e.g., Heiskaneri andVening

Meinesz (1958) and Dobrin (1960). This is a filtering technique

and the result is dependent upon the radius of the averaging circle.

Removal of such regional estimates from the field data leaves residual

anomalies which are useful in geophysical exploration.

Theory of the Matched Filter

In the last decade Naidu (1966, 1970), Clarke (1969), Grant and

West (1965), Gunn (1972) and others have recommended the separation

of desirable and undesirable components by digital filtering methods.

Industrial processing of reflection seismic records generally uses

digital filtering methods, These methods are also useful for large

amounts of airborne magnetic field data, The objective is to design

digital filters which will pass signals in the frequency band of interest

and attenuate those of other frequencies. Difficulties arise when the

signal and noise spectra overlap and when the signal is deeply buried

in the noise.

The method used here is for the selection of an optimum L2-

norm filter, the matched filter (Gunn, 1972), In the theory of matched

filtering, we regard a noisy input function, f(x), over all x composed

of a chosen model signal, d(x), and random noise, n(x), where,

f(x) d(x) + n(x) (2)



Letting 1(x) be the input to a linear filter with weighting function K(y),

then the output is:

0(x) f(x y) dy (3)

We chose the optimum filter in the sense that the weighting function

K(y) is found which minimizes the mean square difference between the

model output and the actual output, i. e., minimizes

= [JK() f(x y) dy - d(x)]2 (4)

The mean square difference can be written (Wainstein, 1962) in a

form which does not depend on the functions d(x) and 1(x) but rather on

their correlation functions.

E2 = K(y) K(z) Rff(Y - z) dy dz

zSy) Rdf(y)dy + Rdd(0) (5)

The minimum value of the mean square difference results if the

weighting function K(y) is the solution of the integral equation:

00

K(z) R11(y - z) dz = Rdf(y) (6)

The autocorrelation of the input function at the input of the filter is

z) and Rff(Y - z) = f(x y) f(x - z) The cross-correlation

between the input and desired output is Rdf(y) and Rdf(y) =

d(x) f(x y). We use the digital equivalent to equation 6 to find a set
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of 2M + 1 digital filter coefficients K(s) which will be used to filter

the noisy input record, The digital equivalent of the integral equation

is the set of equations:

m

Rdf(i) = E K(s) Rff(i s) (7)

Use of the matched filter in the extraction of potential field

signals suffers from the fact that the shape of the desired output is not

known and we can only use the shape of the desired output from

assumed models. In radio communication the extraction of signal

from noise is greatly enhanced because the desired output is that

from the transmitter and may be rather precisely known. Also, the

statistical nature of the noise process is not well known for potential

fields although it is generally assumed to be a Gaussian process

(Naidu, 1966, 1968). The records being filtered are not infinite and

there is some doubt as to whether correlation functions are repre-

sentative. The usefulness of the technique in the present case is that

it is a numerical technique for examining the data and smoothing out

loc3l disturbances,

Gravity Data

The gravity data to be filtered are considered to consist of a

desired signal contaminated by noise. The noise can be classified as

coming from (1) instrumental sources and (2) geologic sources, The
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errors due to instrumental sources are generally small. Couch (1969)

has estimated that the RMS uncertainty of gimbal suspended gravity

meters ranges from ± 3. 4 to ± 7, 0 mgal. Systematic errors can occur

in the determination of the ship location. These are generally small

t" ± . 5 mgal (Dehlinger et aL , 1966), Horizontal gravity gradients

are large at the continental slope but ship positioning is generally

accurate there, The systematic error of positioning per microsecond

time difference increases away from the Loran base stations (Dutton,

1969). The effect of positioning error is important in regions of

strong gravity gradients. Other systematic errors can occur and

Dehlinger (1964) has shown Browne correction errors becoming

systematically more positive with increasing Browne corrections,

Our new Lacoste Romberg surface ship gravimeter operates on a

stable platform and has estimated uncertainties of about ± 2 to ± 3

mgal (Couch, personal communication). Siedeletal, (1973) used a

similar meter to collect some of the data used in this thesis.

The linear station distribution of gravity measurements at sea

is about one station per 2. 5 km (Couch, 1969). He calculates the

areal station density for his free-air anomaly maps to be approxi-

mately one station per 40 km2.

The mean error for land gravity data in Oregon is estimated to

be less than 1 mgal (Thiruvathukaletal. , 1970), The principal

source of error occurred in det ermination of elevations, Elevation
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errors less than 0. 3 meters contributed less than 0. 1 mgal to the

mean error. Some stations depended on elevations determined by

altimetry and may have errors of the order of ± 1 mgal. Gravity

errors due to positioning are estimated to be less than ± 0. 1 mgal

(Thiruvathukal, 1968). Field observations are normally recorded to

the nearest 0. 1 mgaL Gravity data in Oregon were taken by several

different organizations with many different gravimeters. They were

compiled and edited by Thiruvathukal (1968).

The density of land gravity data is not uniform. West of longi-

0 2tude 119 30 there is about one gravity station per 65 km and east of

that about one station per 260 km2 (Thiruvathukal, 1968). Because

field gravity observations require good elevation control many gravity

stations are located at bench marks and along highways and railroads

where elevations are well known, The gravity data of Oregon are

systematically biased toward lower elevations with fewer stations in

the more inaccessible regions of the state.

The principal component of the noise present in the gravity data

arises rom geologic causes with shallow mass distribution which

influence local observations. Naidu (1966) assumes instrumental and

geologic noise to be Gaussian, These are considered as useful

information only in situations of shallow geophysical exploration.

Since we are interested in deepseated source bodies, the

digitization interval can be large. We use an interval of 0. 50
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(= 39. 3 km) at 45°N for the east-west interval. We are seeking

anomalies associated with lithospheric slabs of thickness 50 km but

whose geometry is such that anomalies of wavelength 100's of km long

might be evident, A digitizing interval of 39. 3 km should be more

than adequate to sample these anomalies,

The process of obtaining a representative value for the gravity

anomaly at the center of a digitizing block is essentially a low-pass

filtering operation. No weighting of the data within the digitizing

interval is considered and simple arithmetic means are used. The

standard deviation of the data in each interval is large and is due to

the scatter in the data due to geologic sources, The scatter for the

marine data is less since the gravity data are taken far from the

source bodies, The number of data points that are incorporated in

the mean are not the same for all digitizing intervals although con-

siderable preselection with the intent of obtaining a more uniform

distribution was made by Thiruvathukaletal, (1970), Of the more

than 8000 measurements made available by various universities,

government agencies and oil companies, he selected about 4000. In

spite of these precautions, the number of stations per unit area

decreases by a factor of four for areas east of 1190301.
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UI, MODEL OF A DESCENDING LITHOSPHERIC SLAB

Effect of the Thermal Structure of the
Descending Lithospheric Slab

Plate Tectonic theory assumes the generation of oceanic litho-

sphere at the mid-ocean ridges (sources) accompanied by subduction

of the lithosphere at the trenches (sinks). We are interested in

examining the gravity data for evidence of the subduction of oceanic

lithosphere. In order to design a matched filter with which to

examine the data we first estimate the gravity effect of a downgoing

lithospheric slab. We use this anomaly as the desired output in the

filter design and compute cross-correlation coefficients between this

anomaly and the noisy input data. The autocorrelation coefficients are

computed directly from the input data.

The gravity effect expected from the descending slab is related

principa'ily to ts thermal regime (Griggs, 1972) and the first section

of this chapter outlines and adopts a simplified version of the postu-

lated tectonic history of subduction to this region. This provides the

necessary input parameters for the calculation of the thermal regime.

The second section of this chapter outlines the method of calcu-

lating the temperature distribution in the slab. The model and analy-

tic solution of McKenzie (1969) is adopted with an appropriate subduc-

tion velocity and thickness estimate, Using the calculated temperature



24

differences between the slab and the upper mantle values of the density

differences are obtained.

The final section of this chapter is devoted to the calculation of

the gravity effect of the downgoing lithospheric slab. An appropriate

long wavelength gravity anomaly is deduced and some brief comments

on the thermal relaxation time are given0

Postulated Lithospheric Configuration

The magnetic anomalies (Figure 1) west of Oregon, Washington

and Vancouver Island are among te earliest evidence for sea-floor

spreading (Vine, 1966), Atwater (1970) has interpreted the tectonic

history of the region in the framework of a past subduction and cites

considerable evidences of the similarities between this area and other

circumpacific regions where active undertarustirig of the oceanic

plate is thought to occur. The postulated cessation of subduction

(Crosson, 1972) in recent times would not appreciably alter the

gravity effect of the descending slab due to its long thermal relaxa-

tion time. Our principal objective in this section is to suggest a

simple model of the descending slab particularly (1) the location of

the subduction zone, (2) the strike and dip of the slab, (3) the length

and thickness, and (4) the velocity of the slab.

The location of the subduction zone is the parameter th3t is

most difficult to estimate since there is no oceanic trench, An
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elongated narrow region of negative gravity anomaly west of Oregon

(Couch, 1969) suggests similarities with those associated with oceanic

trenches and which were interpreted by Vening Meinesz (1955) as

partly due to the downwarping of a lighter crustal material into the

more dense mantle, Crosson (1972) suggests that the locus of the

trench zone n late Cenozoic time was along the Puget-Willamette

trough. It is generally agreed among proponents of plate tectonics

that a mid-Tertiary zone of lithospheric consumption is required

between Vancouver Island and Cape Mendocino, The location here is

that of the inflection axis of the slab located along 124 west longitude

which is approximately the coastline in this area.

Atwater (1970) suggests two models, one with relative motion

between the Juan de Fuca plate and the North American plate in the

north-northeast direction and the second one with relative motion in

the eastward direction, For our purposes, we adopt the strike of the

slab as the North-South direction agreeing with the strike of the

features such as the continental slope, the Coast Range, the Puget-

WUlamette trough and the Cascade Mountains, Using a cold litho-

spheric model as a possible explanation of anomalous P-wave resi-

duals (Lin, 1974) also favors a slab striking approximately north as

inferred from the aximuthal distribution of negative P-wave residuals,

He estimates the angle of dip to be 48° East whereas McKenzie and

Julian (1971) estimate the dip to be 50° E. Models for the



temperature distribution usually assume 45° as the dip angle of the

slab (Minear and Toksoz, 1970; McKenzie, 1969) which is the value

we adopt.

To decide upon a simple model of sea-floor spreading in this

area requires a brief review of the literature. The Juan de Fuca

plate is considered to be remnant of a much more extensive plate,

the Farallori plate, which existed in the early Cenozoic (Atwater,

1970; McKenzie and Morgan, 1969). Since most of this plate no

longer exists, a trench apparently consumed the Farallon plate at a

rate that was faster than the rate at which it was created at the ridge

(Atwater, 1970). Active subduction rates for mid-Tertiary time are

suggested to be 7 to 10 cm/yr and a trench extending from southern

British Columbia to Los Angeles is inferred at about 17 million years

ago.

Kagami (1974) postulates a rather complicated history of the

motion of the Juan de Fuca plate. He interprets apparent fault

systems deduced from the magnetic anomaly offsets as due to

repeated changes in the spreading direction and rate since anomaly

4 time (about 7. 5 m. y. b. p. ). Blakely (1974) in a study of the fine

structure of geomagnetic reversals and crustal spreading rates for

the time period 7. 3 to 22. 7 m, y. b, p. favors constant spreading rates.

A history of subduction in the Pacific Northwest could be

generalized to two stages. First, there was a rapid subduction of the
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oceanic plate in the early Cenozoic and then a rather slow stbduction

rate in late Cenozoic time (Atwater, 1970, Figure 17). We use an

average spreading velocity of 3 cm/yr for this latter stage of subduc-

tion. The higher spreading velocities of the early Cenozoic are not

used explicitly in calculating the density models but they are used to

justify retaining the uniform thickness of the slab to a depth of 400 km.

The proximity of the Juan de Fuca ridge to the continent mdi-

cates that the lithosphere may be thin in this region since it is gen-

erally argued that the lithosphere thickens by cooling as it moves

away from the mid-ocean ridge (Atwater, 1970; McKenzie, 1967).

The Juan de Fuca ridge and Cascadia basin are also one of the hot

spots which may be the location of a deep mantle plume (Wilson,

1965; Morgan, 1971). The postulated thicknesses of downgoing litho-

spheric slabs vary between 50 km (McKenzie, 1969) and 160 km

(Minear and Toksoz, 1970). We adopt the minimal figure of 50 km

because of the high heat flow and the proximity of the ridge.

Thermal Regime of the Descending
Lithosheric Slab

The physical properties of the downgoirig slab are thought to be

controlled principally by the temperature distribution (McKenzie,

1969; Griggs, 1972), The thermal conductivity of rock is low so that

the slab would be expected to retain its original temperature



distribution and hence its identity to considerable depths in the upper

mantle.

The cold rigid slab projecting into the upper mantle is a two-

dimensional structure and McKenzie (1969, 1970) uses a heat trans-

port equation to derive the distribution of temperature in the slab

assuming an adiabatic temperature gradient in the surrounding

mantle, Minear and Toksoz (1970) used a numerical two-dimensional

heat flow calculation of the thermal regime of a downgoing slab and

the surrounding mantle. They take into account adiabatic compres-

sion, radioactive heating, phase changes, strain heating, spreading

rate and lithospheric thickness. Griggs (1972) has reviewed the

assumptions and results obtained by McKenzie (1969) and Minear and

Toksoz (1970) and compares them to his temperature models based on

equations of state for the mantle. Griggs results agree more closely

with those of McKenzie.

There are substantial uncertainties in the values of several of

the parameters influencing the temperature distribution, We adopt

the assumptions of McKenzie and calculate the temperature distribu-

tion using his analytic solution. This estimate of the thermal con-

trast between the slab and the mantle permits an estimation of the

density contrast.

According to McKenzie (1969) the temperature distribution of a

slab going down at an angle is T(x'z') where
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T(x', zT) = exp[ (x'sin 4) - z'cos 4) )/h]
[I

1
+ 2(e - 273)

00 ()n 2 2 1/2exp [ (R (R ± ri ir ) ']sin n7rz' (8)
n=1 fir

where h is the dimensionless scale height,

C
h' a gi

and the other non-dimensional quantities are defined by

x=x/1 z=z/1

where x is the coordinate parallel and along the dip of the slab, z'

is the coordinate within and normal to the dip of the slab, 0 is the

characteristic temperature in the upper mantle, and 1 is the thickness

of the lithophseric slab.

The thermal Reynolds number R is given by

CV1
R 2k

where k = thermal conductivity, C = specific heat, = density,

V = spreading rate. Based on the reasoning of the previous section

we use:

V 3cm/yr
1 50km
4) =

450

Other parameters McKenzie (1969) used are:

¼)

p gm C
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K = 4x105 erg
cm C sec

e = 1073°K

a = io4i°c

3 2
g = 10 cm/sec

3 gm/cm3

The calculated temperature distribution is shown in Figure 5 for this

case of steady state subduction. The temperatures at the center of

the slab are several hundred degrees cooler than those of the

boundaries and thus are substantial enough to produce a strong gravity

effect. Griggs (1972) considers the other factors such as adiabatic

heating, radioactive heating, strain heating and heating associated

with phase changes to be of second order when compared with the

two major factors, the thickness of the slab and the descent rate.

The calculation of the temperature from McKenzi&s solution is

straightforward. A short computer program, DECAY, was written

to calculate the temperature for 17 values of z prime at various

values of x prime. The convergence of the series is quite rapid and

it was only necessary to sum to ten terms. The listing of this

program is reproduced in Appendix A.

tion:

For a one-dimensional slab with an initial temperature distribu-

f(x) = 1 -25 x .25
f(x) = 0 x '25; x < -25
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Figure 5. Temperature distribution (°C) in a slab 50 km thick, inclined

at 45° and descending with a velocity of 3 cm/yr.
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the time required for the temperature at the center to decrease to

1/2 is about 20 million years assuming a diffusivity of 1O6 m2/sec

,'l0 cm2/sec. This extremely long cooling time indicates that

even if subduction has ceased in the last million years or so (Crosson,

1972) the lithospheric slab within the asthenosphere would still exist

as a discrete body and contribute to the gravity record.

Gravity Anomaly of the Downgoing Slab

The lithospheric slab is essentially of mantle composition, The

nature of the slab as a discrete body within the asthenosphere depends

principally upon differences in physical states especially the thermal

regime (Garland, 1971). From the temperature distribution we

estimate the approximate density anomaly using

-a'

where A eis the density difference between the slab and the mantle,

AT is the temperature difference and a is the thermal expansion

coefficient.

The temperature difference used in equation (9) above is the

average temperature difference of the whole slab found by using the

(9)

trapezoidal rule for the temperature at five positions along the slab,

i. e., at depths shown in the table. The average density correspond-

ing to that portion of the slab between any two depths in the table is

shown as
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Table 1. Density Structure of Descending Lithospheric
Slab.

z

(km) (gm/cm3) (gm/cm3)

50 .0258
0205

138 .0152
.01195

227 .0087
00685

315 .0050

400 .0029 .0039

While the absolute magnitude of these density differences is

low, the thickness of the slab is large so that large gravity effects

are calculated. The vertical gravitational anomaly is computed along

a profile over the slab using the program *BTALWANI (Gemperle,

1970). The areas of different densities contribute to the gravitational

anomaly and the anomaly of each block is computed using a line

integral technique (Hubbert, 1948; Talwani, 1959), The gravity

anomaly of a slab to depth 400 km is calculated using the average

density contrast (.0108 gm/cm3) and is shown in Figure 6 as the

solid curve. A second gravity anomaly calculated from a density

distribution in four blocks is shown as the dashed curve in Figure 6.

When we examine the gravity data of Figure 4 in a later chapter,

we note a strong positive gravity anomaly over the Coast Range and

this provides a further reason for selecting 124° W longitude as the

possible location of the descending slab.
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Iv. RESULTS

A digital filter such as the matched filter used in this thesis is

a sequence of weighting coefficients applied to discrete data points

so as to yield an output from the raw data minimizing the mean

square difference between the desired output and the noisy input.

The term filtering is used because of the analogy with analog filtering

operations. The principle advantage of digital filters is the inherent

flexibility in programmed control.

The approach used in this thesis is filtering by the convolution

technique in the spatial domain. For large data sets and long filter

operators, however, it is common to do digital filtering in the wave

number domain (Kanasewich and Agarwal, 1970). Gunn (1972)

discusses the relative merits of these two alternatives. He prefers

filtering by the convolution technique for short data sets and filter

lengths.

Artificial Test Case

We evaluate the filter performance in a case where we have a

known signal. The known signal for our artificial test case is that

of a horizontal buried cylinder (Figure 7P4.

The known signal, d(x), becomes the noisy input signal, f(x),

by the addition of Gaussian noise, n(x), Scheurman (1973) wrote a
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Figure 7. Extraction of the desired signal from a noisy input
record using matched filters of length 3, 9 and 15
data intervals for an artificial test case.
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program, *C DFNI, which generates normally distributed random

numbers with mean zero and variance 1. This program is located

on public file at the OSU Computing Center and was used to generate

the noise. The addition of signal plus noise is shown in Figure 7A.

A computer program, MATCH6, reproduced in Appendix B, generated

the known signal, the noisy record and designed matched filters to

extract the signal from the artificial noisy input record, Figures

7ç, 7D, and '?E show the results of filtering the noisy input record,

Figure 7A,using filter lengths of 3, 9, and 15 data intervals, respec-

tively. A filter of length, M, is designed by computing correlation

coefficients for shifts up to (M-l)/2 in both directions about the

center points of the two series. The correlation coefficients are

generated and the matrix equation, (7), solved by using OS-3 ARAND

library programs. Program MATCH6 then computes the filtered

output. The output is plotted using the program, *PHILPLOT,

written by Eggers (1973).

As shown by Figure 7, the Wiener matched filter clearly

enhances the signal. The filter performs well for short filter

length (M3) and improves gradually as we increase the filter length.

The frequency response of these three filters is shown in Figure 8.

The filters are asymetric and the frequency response characteristics

are determined using the ARAND program RESPON and plotted
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using PLTSPC. The program, SPECIAL, used to obtain the frequency

response is reproduced in Appendix C.

The noise is strongly suppressed in our artificial test case

even for very short filter lengths. There is minor improvement

using longer filter lengths. These filters perform well down to

signal to noise ratios of about one. Naidu (1966, 1968, 1970) and

Gunn (1972) propose and give examples of the extraction of potential

field signals from a background of Gaussian noise by similar methods.

Matched filters are used extensively in particular communications

applications and in reflection seismology.

Applications of Matched Filters to Gravity Data

Gravity data from the sources discussed previously are used as

the noisy input record for an east-west profile in the Pacific North-

west at 45°N. Figure 9 shows the input record. The chosen model

output is a gravity profile based on the assumption of a 50 km thick

downgoing lithospheric slab dipping at 45°.

The result of applying a matched filter using the simple slab

model of Figure 6 as the chosen model is shown in Figure 10. Filter

lengths of 3, 9, and 15 data intervals are used. The filtered output

progressively approaches the desired output.

Figure 11 shows the observed gravity profile and a model based

on a slab of thickness 75 km with density contrast 0. 10 gm/cc for an
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Figure 10. Desired output and filtered output for 45°N profile with filter lengths 3, 9 and 15

from input data presmoothed by a three point weighted moving average filter.
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active subduction zone in the Aleutian arc (Watts and Taiwani, 1974).

The result of matched filtering using the slab model of Figure 11

(Watts and Taiwani, 1974) as the chosen model is shown in Figure

12, If we restrict ourselves to only considering the results with

short filter lengths (a rule of thumb is that the filter length should

not exceed one tenth of the record length), we conclude that an upper

limit on the density contrast with the assumed model geometry is

only a small fraction of that of the model for both the Pacific North-

west and the Aleutian data. The absence of a large positive anomaly

both in the input records and the filtered output bears further exami-

nation. We consider two hypotheses which could compensate for the

slab anomaly.

Griggs (1970) has suggested that the broad positive anomaly

expected from downgoing lithospheric slabs is regionally compensated.

Griggst (1970) approximation to regional compensation assumes with

no justification a cos2 (iT A) deviation from the geoid with X'Z 000 km.

A computer program, CENTER, written to apply such a compensation

with the maximum of the compensation occurring at the center of

effective mass of the slab anomaly is reproduced in Appendix D.

Figure 13 shows the result of this hypothetical compensation

for the Pacific Northwest profile. The compensated anomaly has a

maximum amplitide of about 8 mgal and yields a net positive anomaly

on the landward side of the postulated subduction zone. The average
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value of all free-air gravity values of Oregon is 5, 6 mgal (Thiruvathu-

kal etal. , 1970) and hence may be related to such a slab although there

is no evidence in the gravity profiles studied here to indicate such a

long wavelength component.

An alternative hypothesis is to assume that compensation can

occur at shallow depths. A simple model of compensation involving

the lower crust is proposed. By making the assumption that the lower

crust is less dense than that suggested by Dehlinger etaL (1968), a

negative anomaly is generated. Figure 14 shows the configuration of

the lower crust as modeled by DehlingeretaL (1968). Some justifica-

tion for this hypothetical model can be given since the density

contrasts proposed are well within the uncertainties of the densities

in the lower crust. The limited extent of this proposed model

i s made by noting that heat flow from the Juan de Fuca plate is

abnormally high and falls off rapidly west of the ridge. The

limited extent of the landward portion might be related to the limits

of the extensive mid-Tertiary to recent volcanism. If the boundaries

of the lower crustal model are assumed to be related to those of the

current high heat flow and past volcanism, then terminating the
0 0model at 132 and 117 is justifiable. The magnitude of the density

contrast assumed is arbitrary and of sufficient magnitude to illustrate

a possible compensation model. The sign of the density is related to

high heat flow. Figure 15 shows the result of this hypothetical

compensation. Assuming either one of these hypothetical compensa-

tion models the resulting anomaly shows significant long wavelength
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components which do not appear to be evident in the observed or

filtered gravity data of the Pacific Northwest. If the slab is present

more extensive compensations must exist to mask its effect.

Compensations such as the assumption of a suitable crustal

density distribution as shown in Figure 15 that reduce the effect

of a descending lithospheric slab appear in the literature e. g., Grow,

(1973). Watts and Taiwani (1974) object to the models of Grow (1973)

and find a close correlation between the computed gravity effect of

topography and the outer gravity high. Topographic features and

near surface structure present the most obvious contributions to the

gravity record. Compensation of postulated long wavelength structure

by regional corrections would mask information concerning the

lithospheric slab. Interpretations of the gravity record should first

account for observed topography and known structure as Couch (1969),

Watts and Talwani (1974) and others have done.

Lateral Variation in Upper Mantle Structure

To a first approximation earth properties are often assumed

to be laterally homogeneous below the earth's crust. Recent evidence

(Press, 1968; Archambeauetal., 1969; Press, 1972) indicates

lateral inhomogeneities in earth structure to depths of several

hundred kilometers. The lateral inhomogeneities between oceanic
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and continental upper mantle suggest the possibility of observing

as sociated long wavelength anomalies.

The velocity of compressional and shear waves in the crust and

at the top of the mantle is well known for oceanic and continental

regions (e. g., Shor, 1968; Warren and Healy, 1973) as a result of

seismic refraction studies. Deep refraction studies of the oceanic

upper mantle are difficult to perform since they require seismic

observatories at many locations across the ocean basin. The oceruc

upper mantle structure is not well known but Press (1968, 1972)

presented an upper mantle structure obtained by using Monte Carlo

methods to randomly generate large numbers of earth models which

are tested against observational data. The observational data act

as constraints determining which of the randomly generated models

are accepted or rejected. The successful earth models are required

to fit the total mass and moment inertia of the earth, the known

eigen-periods of free vibration and the travel times of compressional

and shear waves. Figure 16 is a density model based on the oceanic

upper mantle distribution of Press (1968, 1972). The range of

successful density solutions is shown. We select the median values

of the successful models at the parameterized depths for use in

calculating a gravity anomaly associated with the transition from

oceanic to continental upper mantle. Press (1968) obtained
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successful solutions about once for every million randomly selected

models.

Using the Shoal nuclear explosion and the Fallon earthquake

in Nevada as the source and a line of seismic detectors extended to

the northeast into Canada, Archambeau etal. (1969) present data on

the fine structure of compress ional wave velocities in the upper

mantle. From observations of the spectral amplitude and the travel

times they deduce an upper mantle velocity structure CIT 112P

appropriate for the Snake River plains and northern Rocky Mountain

provinces. This model is appropriate for our study as it pertains

to the upper mantle section east of our area. Upper mantle density

structure is obtained from the compressional velocities by using the

empirical equations (Birch, 1964):

= 0.768 + 0.328 Vp (11)

p = 0.252 + 0. 3788 V (12)
p

for 0. 84 < <1. 00 and where density (gm/cc), V = compres-

sional velocity (Km/sec), R radius of the earth and r = radius.

An average value is calculated and used in the subsequent upper

mantle model. Birch (1964) arrived at these empirical relations

making different assumptions and noted that both equations are con-

sistent with low pressure measurements on rocks. The average

value and the values derived on the basis of each of the above
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equations are shown in Figure 17. Comparison with the upper

mantle density structure of oceanic areas Figure 16 based on Press'

(1968, 1972) Monte Carlo inversion shows very significant lateral

changes in upper mantle structure and density. Inhomogeneities of

this magnitude would contribute to the gravitational field particularly

near the transition region between these two structures.

In order to estimate the effect of oceanic to continental mantle

change in upper mantle structure, the density structure of the upper

mantle is approximated by a series of horizontal plane layers with

appropriate average densities. The transition between oceanic and

continental structure is not likely to be sharp but such a model gives

some idea of the expected amplitude and wavelength. Figure 18

shows the horizontal layers which result from the oceanic and con-

tinental upper mantle sections. We consider only the effects of

upper mantle transitions in the depth range of 50 to 450 km. The

mass density columns add to approximately the same number and

required only a small adjustment in the density to balance and remain

well within the uncertainties of the data. Since the mass columns

are equal, the contribution to the free-air anomaly far from the

transition zone will be equal for both oceanic and continental structure.

The edge effect generated by juxtaposing the two mass columns

is calculated using the line integral technique (Talwani, 1959; Gem-

perle, 1970). Figure 19 shows the result of this calculation. The



4.0

3.8

3.6

>.,
4,

3.4

3.2

3.0 I

0 50

Figure 17.

%_ .-

100 150 200 250 300 350 400 450

Depth KM

Continental upper mantle desnities for the Snake River-Northern Rocky Mountain

area (CiT 112P, Archambeau, etal., 1969).

u-I



DEEP STRUCTURE

OCEANIC
0

50
70_3J43

3.500 145

3.460
220

3.420 270

3.452 345

3.608
450

Pchi = 1399.6

0
CONTINENTAL

50
77 3.313

3.268
98 ________________

3.230125 3.250

150 _...3,322

240
3.468

3.492
360

400
3.610

450 31

Pchi = 1399.6

Figure 18. Average density (gm/cc) and layer thickness (km) used to calculate expected
oceanic to continental gravity anomaly due to deep structure.



100

-J

0

0

0
0

0 0
0

I I I

0
KM

1000

Figure 19. Calculated gravity anomaly generated by juxtaposing the oceanic
and continental mass columns.



57

calculated anomaly is large in amplitude and long in wavelength. If

the transition extends over broader regions then the wavelength

would increase and the amplitude decrease. There is no evidence of

such a long wavelength oceanic to continental edge effect in our data

nor in the satellite derived gravity data. Bott (1970) has also corn-

mented on the striking absence of such anomalies in the gravity

record. He suggests that lateral variations in density in the astheno-

sphere are balanced out to some extent by vertical movement affect-

ing the overlying lithosphere.

Significant differences in upper mantle structure are evident

from seismology. Corresponding anomalies are not present in the

gravity record due to compensation.

L



V. DISCUSSION

The artificial test case illustrates the effectiveness of the

matched filter in extracting a potential field signal from noise.

The matched filter performs well down to signal to noise ratios of

about one. If situations arise in which the desired signal is suspected

of occurring repetitively in a record,noise supression could be

enhanced. The filter performance is good for short filter lengths

(M = 3) and the output gradually approaches that of the chosen model

as filter length increases. Because the greatest rate of signal

enhancement occurred at short filter lengths in the artificial test case

we used short filter lengths to examine the observed data.

The matched filter is applied to data from the Pacific North -

west and the Aleutian Trench area. Short wavelength variations in

the amplitude of the gravity anomaly for these areas are due princi-

pally to shallow sources. The large amplitude of these variations

and the lack of clear evidence for a long wavelength anomaly indicates

that the signal to noise ratio is much less than one. The advantage

of the matched filter is that its rejection of the nondesirable corn-

ponents of a noisy signal due to shallow inhomogeneities is not

dependent on assumptions about shallow structures and densities of

the subsurface. The matched filter is optimum in the sense of

minimizing the mean square difference between the anomaly of the
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chosen model and that of the filtered output. The principle weakness

in the interpretation of data filtered by this technique is that the filter

design depends upon the existence of a chosen output model whose

effects are believed to be contained in the observed data. Because

the filtered output is dependent on the chosen model, caution is

recommended in the application of these types of filters to potential

field data. There should be strong physical evidence for the existence

of the chosen model structure. The usefulness (Naidu, 1966, 1968,

1970 and Gunn, 1972) of this type of filter for potential field data may

be overstated. Specific applications in which the source function is

known to occur, is repetitive and is obscured by noise may make

possible practical applications of this technique. In most geophysical

applications potential field measurement devices are generally

sufficiently precise to accurately respond to the signal arising from

geologic structure. Interpretation of the observed data commonly

does not require any filtering of the data.

The definition of a realistic model presents the major difficulty

in interpreting the results of matched filtering of potential field data.

Other models for the Pacific Northwest such as a slab dipping at

600 were also considered. The model anomaly for this case shows

only slight changes in peak amplitude and in wavelength. It may be

possible that the suggested plate decoupling (Atwater, 1970) and/or

postulated cessation of subduction (Crosson. 1972) orients the



lithospheric slab to a more vertical position in view of gravitational

sinking of the lithosphere in the upper mantle. If the slab has

approximately the length, thickness and density contrast suggested,

then different orientations still yield anomalies that are large in

amplitude and of long in wavelength when compared with the observed

gravity data. Analysis cf refined models such as 'a twO-layer slab with

an upper layer of low density sialic material derived from the con-

tinent are unlikely to be productive especially in view of the input

data which contain large variations due to topographic and geologic

causes. The lithospheric slab in the Pacific Northwest may not be

as thick as estimated due to the proximity of the generating ridge.

This may be indicated by high heat flow of the Juan de Fuca plate.

Reduction of the thickness and/or density contrast reduces the

amplitude of the chosen model anomaly and hence that of the filtered

output.

Postulating the existence of a descending lithospheric slab

underthrusting Oregon and Washington for the design of a matched

filter we interpret the resulting filtered output (Figure 20) to indicate

a maximum density contrast between the slab and the upper mantle

of . 006 gm/cc if the slab is uncompensated. This presents the most

favorable support, from gravity data, for a descending lithospheric

slab in the Pacific Northwest. It rests upon the assumption that a

slab exists. Further assumptions are that the thermal regime is
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Figure 20. Filtered gravity anomaly data (M = 3) and dipping slab with density contrast .006 gm/cc.
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similar to McKenzie's (1969) model and that the density contrast is

due solely to the temperature contrast between the slab and the

mantle. Some support for this limit and the existence of a slab is

obtained from the unfiltered data by noting that the average free-air

anomaly over all of Oregon is 5. 6 mgal. An uncompensated slab

under Oregon would make a positive contribution to the gravity

anomaly.

This upper limit is based upon the assumption of an uncom-

pensated 50 km thick lithospheric slab. The density contrast could

be greater or less if the slab were thinner or thicker respectively.

The Liltered output is highly dependent upon the physical existence

of the slab and this has not been demonstrated.

If the descending lithospheric slab does exist in the Pacific

Northwest, it may be regionally compensated. It is reasonable to

assume some type of compensation since the absence of long wave -

length anomalies associated with continental to oceanic differences

in deep structure indicates compensation. This can increase the

limit of a possible density inhomogeneity of a descending lithospheric

slab but yields no information on the existence of this structure in

the upper mantle from gravity data.

The strongest argument for the existence of a slab is the match

filtered profile. However, the gravity effect of a downgoing slab is

not obvious in the observed gravity anomaly in the Pacific Northwest.
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The observed anomalies are of relatively short wavelength and have

been interpreted as due to shallow structure (Dehlinger et al., 1968;

Dehlinger etal., 1970). Regional compensation by either of the

mechanisms postulated here would result in lower amplitude long

wavelength anomalies which are not evident in the observational data.

Because the observational data do not indicate the presence of a slab

anomaly the case for the existance of the slab requires the further

assumption that the slab anomaly is compensated. We require some

shallow compensation possibly related to movement of crustal mate-

rial. Known vertical and horizontal movements (Kulm, 1971; McKee,

1972) of crustal material in the Pacific Northwest may have occurred

in response to gravity anomalies. Ample evidence o the existence

of regional compensation of anomalous structure exists for many

areas of the world (Jeffreys, 1972).

The lack of an outer gravity high analogous to that of other active

island arcs and the small value of the average of all free-air gravity

data over Oregon are important dissimilarities with active subduction

zones. There are, however, similarities in the gravity record of

the Pacific Northwest that are suggestive of trench-like anomalies.

Couch (1969) indicates an elongated region of negative gravity anomaly

along the continental slope with an amplitude of -100 mgal. The

interpretation of similar anomalies in active trench areas range from

symmetric warping of a light crust into a dense mantle (Vening



Meinesz, 1954) to thick sedimentary wedges (Taiwani etal., 1961).

The short wavelengths of these gravity minima suggest shallow struc-

ture. On the assumption of a cold dense lithospheric plate descending

into the mantle, we expect positive long wavelength anomalies.

Watts and Taiwani (1974) review interpretations favorable to

the hypothesis of a. dense lithospheric slab protruding into the mantle.

Hatherton (1969) first called attention to positive long wavelength

anomalies and presented models yielding long wavelength gravity

anomalies which he compared favorably with computed isostatic

gravity anomalies. He concluded that density contrasts of +0. 1 gm!

cc are indicated. Watts and Taiwani (1974) however conclude that it

is an error to use isostatic anomalies in regions not in isostatic

equilibrium. Grow (1973) used free-air anomaly profiles across the

Aleutian trench and arrived at density contrasts associated with an

inclined lithospheric slab of +0. 05 gm/cc. A principle objection

(Watts and Talwani, 1974) to this density contrast is that it was

inferred by assuming a suitable thickness of low density sediments

to null the computed effect of a lithosphere below 80 km.

Regional topography accounts for most of the free-air outer

gravity high and leads Watts and Talwani (1974) to conclude that an

upper limit on the density contrast of an uncompensated lithospheric

slab is less than 0. 04 gm/cc for this region of active subduction.
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The current trend (Garland, 1971) in geophysical interpretation

of gravity data is combining seismic nd gravity data. Dehlinger

etal. (1970) used this approach for interpretations of crustal structure

in the Pacific Northwest. They adequately account for gravity effects

but the models are somewhat hampered by the lack of seismic

refraction data especially in Oregon.

The long wavelength components of the gravity profile could be

extracted by removing modeled contributions due to shallow structure

from the observed data. Such an indirect method is, however, quite

subjective particularly because the location of the boundary for the

intermediate crusta.l layer and that of the Moho is not well-known in

Oregon. Additionally refraction velocities help determine densities

and hence constrain modeled solutions. Extraction of long wave-

lengths from the observed data by this method may be fruitful but

must await the determination of crustal structure in Oregon,

The high frequency gravity signals evident on our gravity pro-

ftles are treated as noise. This noise is due principally to shallow

geologic structure, Couch (1969) accounts for the observed gravity

data using models extending to 50 km depth. An indication of the

depth to source bodies for the observed data might be approached

using downward continuation of the gravity data. This method might

indicate source bodies at the depths suggested for a descending slab.
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However, the presence of strong structural trends and rugged topo-

graphy makes the continuation occur through an inhomogeneous

medium,

Investigation of long wavelength anomalies in this thesis shows

that we cannot resolve the nature of the slab from the gravity data

due to the presence of the very much larger short wavelength

anomalies. The small gravity effect of the lithospheric slab,

assumingit exists, in the Pacific Northwest may be due to the small

density contrast, an atypically thin lithosphere or regional compensa-

tion.
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VI. CONCLUSIONS

This thesis investigated gravity data for evidence of long wave-

length gravity anomalies associated with a suspected lateral inhomo-

geneity in the upper mantle due to a descending lithospheric slab.

Based on tectonic implications of long linear structures and regional

geology and geophysics, we calculated a quantitative model of the

thermal regime of a descending slab by the method of McKenzie

(1969). We found that the gravity anomaly of such an inhomogeneity

is not in good agreement with the observational data and consider

three conclusions.

First, based on the observational data, the most obvious con-

clusion is that the gravitational effect of the slab is not evident. This

may mean that a descending lithospheric slab does not exist in the

Pacific Northwest. This is the most simple conclusion and requires

no further assumpti ons.

Secondly, it is possible that a slab exists but that its effects

are masked by noise and/or compensation. This possibility requires

several assumptions concerning the nature of the descending litho.-

spheric slab and that of its compensation. While compensation of

regional structure is known to occur (Jeffreys, 1972), the many

assumptions required concerning the nature of the slab make this

a less likely possibility.



Thirdly, if the slab exists and has the assumed characteristics,

the filtered data are still not strongly supportive of the existence of

such an inhomogeneity and an upper limit on the density contrast

between the lithospheric model and the upper mantle is . 006 gm/cc

if uncompensated. Interpreting results of matched filtering where

the chosen model is not known to be physically present makes this

conclusion the least likely.

The anomalies observed on transition from oceanic to con-

tinental terrain are of short wavelength and small amplitude when

compared to the computed gravity anomalies associated with our

simple model of an oceanic to continental lateral inhomogeneity due

to reasonably well-known seismically determined upper mantle

structure. This suggests regional compensation of this type of

structure.

An estimate of the relaxation time of the earth to applied loads

such as that suspected of causing the Fenno-Scandia uplift is of the

order of 10, 000 years. There is ample evidence of vertical move-

ments of the earthts crust in the Pacific Northwest and because of

the short relaxation time, compensation of deep-seated long wave-

length anomalies cannot be ruled out. Therefore, the second and

third possibilities, while less likely, may still occur.

The density contrast associated with the postulated downgoing

slab in the Pacific Northwest is very small or the slab is rather



completely compensated and the net gravity effect is near zero. The

ambiguity indicated means that knowledge concerning the nature of

the downgoing slab is not discernible. That the local gravity

anomalies are most easily associable with topography and shallow

structure has been illustrated by Dehlinger etal. (1968), Couch

(1969) and Dehlinger etal. (1970).

Filtering the free-air gravity record by use of the matched

filter is demonstrated. Caution in the interpretation of potential

field records filtered by this class of filters is recommended since

the output is dependent on the chosen input model. The case for the

use of these filters in the extraction of potential field signals from

noise may be overstated (Naidu, 1966, 1968). However, they may

be useful if data are unusually contaminated by noise and if the

source function is physically well known and suspected to be

repetitive in the noisy input record.
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APPENDIX A

PSOGAM OECAY
C CALC TE1P IN SLAB OIP='+5
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uL'iiN5IuN Ir,T(50),CJUT(.00),XI(L00),X)(.0O)

13
CALCULT )L.IPfJ OLTI-Ci ANJ NCIY INPUT
F .'TIF1CIi.L T..ST Ct
C2.13a+5'o00O.'2.7E-11
X.-.3U.

SU.: 0.
SUPAI=0.
1tR= 2
(4fl 31 I=1f
O(I)C/(xXI13000.)
U '1 = SUM ID (1)

)X+1f.

u (I) CCF1.I (i/636E07 )
3 S'Ifr'1SU'11+(I)

Pr:oM AUTC AO C3'S COELATIC
X3U Mi/N
X M = SUM / t

,L Ii,P
3(I) =O(I))M
B (I) 6 (I) X
3(I)3(I)+C(I)

CtLCUL.T CO-1. LATIGI\ CCLFFICIENT.
USING 4AND SL3CUTIIc CCU

OC 7Oj KIf-1,3
CALL CCOR(C

kl.Oj:. CCES C Li.sTICI' ERIL5
1= (M+1) /2
00 13 11,J
K=Ji 4-1

10 iI)=CSi(K)
J=J4-1
DU ii I=J,t
(1J+2

11. "(I)CS2(K)
PccJ)=Q.
P C 01=0.
00 55 11,t'
PUPk')J+C(I)u(1)

5 Pc0J1=PPQJ14B(I)(1)
XNOR4=S0T (FROuP0L1)
00 5 11,'
t32 (I) =AS2 (I) PCC1

.tJRKA IS AN Ar SU5OUTIr uSO IC S3L
TH JIGITAt. C' ' CF IH. f-.EINE-HCf-F CUAI ION
TO O3T.AIN Tf-L FILT.R Cc:rFICI.rTS WCT(I)

CALL t.U.cKI,(AS2,c, ,wiT ,AS1)
00 0 I1,P
C' UT ( I) 0.



XD(I)0(I)
50 X1(I)9(I)

LM1+ (P4-1)12
LTN-(Pl-1)/2

C CCaMPUUTION OF FILTREU OUTPUT
00 1+0 LLM,LT
00 L0 11,P
IPSLM+L-I

1+0 OUT(L)=OUT(L)+WGT(I)XI(IPS)
C CLCULAT VARIANCt F1LTRLD ANC

XNEWN- (P4-i)
TOT=fl.
00 707 IL",LT

707 TOT=T0T+(OLT(I)-XC(I))'2
XIAR=TOT/XNEW
WRITC(61,708) P4, IAR

708 FURMT(1H0,* P4 = , IL+,*

WRITE(61,e.)(WGT(I),11,M)
(I F0R1AT(1H ,F1.'.)

s=o.
00 57 11,P'

57 Ss=SS+WGT(I)
wR1TE61,se) SS

BY CCNV0LLTIOt

OESIPEO CUTFUT

XVA = ,E12.5)

56 FOR1AT(1H0,*0SUM OF WGTS *,F10,5)
WRITC (7 , 1+5) P1

WITE(7,.6)(WGT(I),I=1,M)
15 FORMAT(13)
1+6 F0'QMAT(5Ei0.3)

C uUTPUT FILED FOR PHIFLCT
C PHIPLOT WILL FLCT UP TO 10 POFILLS
C F0U IS THE UM8ER CF PROFILES
C 1i0 IS THE LENGTH F TH PROFILES

WRIT(11,200)
P410=61.

WSITE(ll,2C1) P410
NFOUR+
o L T t.. 15.
ZEROO.
WRIT(11,201) NFOUR
WRITL(11,202)
00 90 11,friC

90 WIT (11,203) ZLRU,)tO(1),XI(I),OLYT(I)
200 F3i1AT( MtTCh fST )

201. F0RP1tT(I1+)
202 FC¼1AT(F.1+)
203 FORMAT(10:12.)

709 C0'TIUE
END
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APPENDIX C

Pc?.OGRAM SPECIAL
POGAM TO O3TAIr T FouE:NCY RESFONS
OF A FILTER WiTH WIGt11S, FIL(I)

DIMENSION FIL(2O),RSR1(2OO) ,SFCE(2OC),XLA3EL(5)
00 3 KKKI,3
RA& (7,1) M
IF(LOF(7)) CALL EXIT
RcO(7,2)(FIL(J),Ji,M6)

1 FORMT(I3)
2 F0R1AT(5E1O.3)

C RESPON iS N At'O SL8OUTIN TC COFUT
C THL NLRGY RSFCNSE, R(F)42

CALL ESPO(FIL,M,. ,.OD5,1G1,RSER1)
COMPUTE AMPLITCCF Fc,NE

00 20 1=1,101
i) 5PCL(I)SCT (S1(I))

XLA3EL(1) =8H OMAC
N CHAR =8

z=0.
L0

C sPac:c1o2) AN SPCC1U3) SCALIG PARAMETERS
C SO THAT PLOTS GNLRATO EY SPECIAL KILL IAVE
C THE SAML /ETIC4L SCAL FO OLAY

SECt..(lO2)1.2
SPECF (103)0.

C PLTSPC IS AN ARAtO PLT SUBROUTINE.
CALL PLTSPC(21,SPLCL,1O3,0.,.0C5,C,C. ,O,Z,Z,L,NC4R,XLAeEL)

3 CONTINUE
£NO
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APPENDIX D

PkOGAM CPTL
C THIS Fr0GAM aTLS A CGS2 CUMF S1ICPs, E(I),
C FO P0STULt.T:C ANOMALY , Y(I), OUE IC A LITHOSPHEIC
C SLAB

)=')ATA INTvA. (KM), NUMR OF OTA FCINTS
C CUMPJ4SATI)N IA ir MSXMUM M'PLITLCE AT THE
C CNTP. CF ALA, XR

3IM.JSIOt. '!(50) ,RG (SC) ,COMP(50)
N31
P.AD(,10)(Y(i),I1,N )

10 F@c'lAT(1OFe,2)
D=3. 313
(KN-1
AM 01 0.
IJM= 0.

YIOT=Y (1i
00 73 I1,KI<
TOT= 0.
Viol VTOT +V(I)
TOT=Y(Ifl)+Y (I)
AM0M4MOM+1OT (I.5)

73 SUM SUl +ICT
XMO*1 = D2/2.AMCM

= SUMI2.0
X3AR = XMO/ARC.A
YBAB. YTCT/N
wITE(6,2a) XM , 3MR

20 F0Rt1AT(1H1 CEi4TER OF AREA =*,F10.3,YBAR = t,F10.3)
TPI= 3.1t192.

KKOX3A
X2 XBAR
DiNU1 = (TPI/. 454 (I'(1 P1/ (2.KI'0) )1) SIM(TPI/(2.KK40)X2) ) )
A=TPI/2. (-1 .YBAF)/0.CM

= 2.'(KK4D)
\IL X2

C (OMPUTE COMPLhSATiON AtOMALY, EG(I)
C COMPUTE NET ANCALV, COtlP(I) , WHICH IS
C THE SUM OF TH SLAG ACLY PLUS 17 COMPEt4SATIUN

00 33 I1,I
G(I)=ACCS(TPI/2.4IAL/HP)42

VAL/AL+O
COMP(I)=V(1) l-RcG(I)
WITE,(V,59) Y(I),c(,L),COMF(I)

Y9 FORIAT(1HO,3F10.3)
33 COtITINUE

E 1 U




