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A complete Bouguer gravity anomaly map and a free-air gravity

anomaly map of Oregon were constructed using about 4,000 selected

from a total of over 8, 000 gravity measurements made in Oregon.

Regional gravity anomaly maps were constructed for both the

Bouguer and free-air gravity anomalies using both the method of

averaging the gravity around a circle and the method of fitting least

square polynomial surfaces to the gravity data.

The complete Bouguer gravity anomaly data were used to corn-

pute the subsurface mass distributions relative to an arbitrary

horizontal plane located at a depth of 25 km. These mass distribu-

tions were converted to depths using a constant crust-mantle density

contrast of 0. 4 gm/cc. The results agreed closely with seismic re-

fraction studies in northwestern Oregon and southwestern Idaho. The

crustal thicknesses in Oregon varied from less than 20 km in north-

western Oregon and over 50 km in southeastern Oregon.
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Interpretations of selected residual Bouguer gravity anomalies

were made using the residual map obtained from the least square

polynomial of degree (3, 3). The depths to the top of most anomalous

bodies were found to be within a few kilometers of the surface.

The average free-air gravity anomaly for Oregon was found to

be close to zero, suggesting that the state as a whole is riearl y in

hydrostatic equilibrium. Most of the large magnitude free-air anom-

alies in Oregon were averaged out using a circle of radius 60 km.

This suggests that no large horizontal mass transport has taken place

within the state that would be evidenced by residual mass accumu-

lation.

The regional free-air anomalies obtained using the averaging

and least square technique indicated the existence of local deviations

from hydrostatic equilibrium. These were interpreted in conjunction

with the Bouguer gravity anomalies.
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REGIONAL GRAVITY OF OREGON

CHAPTER I
INTRODUCTION

A broad research program was conducted at the Oceanography

Department, Oregon State University, from 1962 to 1967, which con-

sisted of establishing gravity base station control and compiling,

standardizing and utilizing data for more than 8, 000 gravity measure-

ments made in Oregon by various organizations. About 4, 000 stations

were selected as representative of all gravity measurements to con-

struct a complete Bouguer gravity anomaly map and a free-air

gravity anomaly map of Oregon having enough detail to be useful for

regional geologic studies.

Purpose

The purpose of the research of this thesis is to study the

regional gravity of Oregon and determine possible geologic impli-

cations of the gravity anomalies. Gravity data are inherently ambigu-

ous (a given anomaly can result from any number of mass distribu-

tions) and for this reason many of the interpretations presented in

the thesis should be considered tentative - - pending additional infor-

mation. However, the gravity anomaly data used for this research

are the manifestations of geologic conditions of the state, and the
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grosser geologic features (crustal thickness, hydrostatic equilibrium,

etc. ) and, in some cases, the nature of small scale features (intru-

sions, faults, etc.) can be inferred from the data -- although not

completely unambiguously. This thesis will be concerned with

geological interpretations of this type.

Previous Studies

No interpretations of the regional gravity of Oregon have been

made prior to this study. However, Woollard and Rose (1963) pub-

lished a simple Bouguer gravity anomaly map of Oregon using a con-

tour interval of 20 mgal, based on about 1, 800 gravity measurements.

The U. S. Geological Survey (Woollard and Joesting, 1964) published

a simple Bouguer gravity anomaly map of the United States (including

Oregon) at a contour interval of 10 mgal. Bromery and Snavely

(1964) published a simple Bouguer gravity anomaly map, contoured

on a 5 mgal interval, and geologic interpretation of northwestern

Oregon. Berg and Thiruvathukal (1965) presented gravity base

station control for the state of Oregon. Blank (1966) presented a

Bouguer gravity anomaly map of southwestern Oregon contoured at

an interval of 10 mgal. Detailed gravity surveys of small areas in

southwestern Oregon and eastern Oregon have been conducted by the

University of Oregon and Southern Methodist University, respectively.

All of the gravity data for the above studies were incorporated into



3

maps (Berg and Thiruvathukal, 1967) which were used for this

research.

Several other geophysical studies of importance to this study

have been made that pertain to the state of Oregon. Dehlinger,

Chiburis and Collver (1965) analysed local travel-time curves and

their geologic implications in the Pacific Northwest. Cantwell et al.

(1965) and Cantwefl and Orange (1965) made deep electrical resis-

tivity studies in the Pacific Northwest including most of Oregon east

of the Cascades. Chiburis (1966) studied phase velocity dispersion

of seismic surface waves and offered crustal models for Oregon.

Crustal ref raction studies based on a quarry blast near Depoe Bay,

Oregon, were made by Berg etal. (1966) to determine the apparent

crustal thickness of the northern Coast Range of Oregon. Berg and

Baker (1963) studied the seismicity of Oregon for the years 1941

through 1958.
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CHAPTER II
GRAVITY DATA

Source of Data

The gravity data used to prepare the complete Bouguer gravity

anomaly map (Plate I) and the free-air gravity anomaly map (Plate II)

of Oregon were obtained from oil companies, governmental agencies

and unversities including Oregon State University (Berg and

Thiruvathukal, 1967). About 4, 000 were chosen out of more than

8, 000 available gravity observations for the state. Stations were

chosen such that two miles was the minimum spacing between

stations which allowed clearer presentation of the data. However,

the exclusion of nearly half the data did not affect the details of the

final contour maps.

The gravity stations selected for this study were obtained from

the following major sources. The Standard Oil Company of California

and the Humble Oil and Refining Company provided Z, 500 and 1, 200

gravity stations, respectively. About 1, 800 gravity measurements

were obtained from the University of Wisconsin and 2, 500 gravity

measurements from the U. S. Geological Survey. In addition,

measurements at 500 selected locations were made by members of

the Geophysics Research Group, Oregon State University, to fill the

gaps in the station coverage of the state.
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Base Station Control

Wooliard and Rose (1963) established ten gravity base stations

in Oregon as part of the international gravity network. Berg and

Thiruvathukal (1965) refined the values of gravity for these ten base

stations and established 22 additional bases. The general locations

of these base stations are shown on Figure 1 as solid triangles.

In some instances, more than one station is within the proximity of

any given station on this map. The Oregon base network was tied

directly to the international gravity base station at the Carnegie

Institution of Washington, D. C., which in turn was measured relative

to Pots dam, Germany. The accuracy of the base station control

relative to Washington, D. C. is estimated to be better than ±0.3

mgal. All gravity data used in this study were standardized relative

to the Corvallis base station OSU-PC (see Berg and Thiruvathukal,

1965, for the station description).

Station Coverage

Figure 1 shows the coverage of gravity stations used for this

study. The average size area per station west of Longitude 119030t

is about 25 square miles and east of that longitude it is about 100

square miles. However, there are exceptions to these station coy-

erages. For example, in areas of easy access by highways the
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coverage may be greater than one station per 25 square miles,

whereas in some sections of southeastern Oregon it is less than one

station per 100 square miles which resulted from difficult access.

Data Reduction

All gravity data reductions were made using a digital computer.

The complete Bouguer gravity anomalies were computed using the

following equation:

where:

= g0 g + tgf +

complete Bouguer gravity anomaly in mgal;

g = observed gravity in mgal;

g = theoretical gravity in mgal at latitude using the 1930

International Gravity Formula;

Lgf = free-air correction = (0. 09406 x elevation in feet) mgal;

= Bouguer correction - (0. 01276 x density in gm/cc x

elevation in feet) mgal; and

= terrain correction in mgal.

The free-air correction factor actually varies with the latitude and

the station elevation. The variation of this factor with latitude from

the equator to the pole is only 0. 2% and the variation with elevation

from sea-level to 10 km in height is only 0. 3% (Nettleton, 1940).



Furthermore, these two variations are of opposite sign (Swick, 1942).

The contstant factor of 0. 09406 mgal/ft used in the above equation is

for a latitude of 450 at sea-level elevation, and the effect of variation

of this factor on the data presented in this research is negligible.

The Bouguer gravity anomalies were computed for eight different

values of density ranging from 2. 40 to 2. 80 gm/cc. Only the results

obtained by using a density value of 2. 67 gm/cc are presented here.

An error in density of 0. 1 gm/cc and a station elevation of 5, 000 feet

will produce an error in the Bouguer correction of 6. 38 mgal. It

is expected, however, that variation in the density of 2. 67 gm/cc

used to compute the Bouguer corrections will not change appreciably

the magnitudes and general nature of the anomaly fields discussed

in this research.

The free-air gravity anomalies were computed as follows:

gf g0 g0 + gf +

where:

gf = terrain corrected free-air gravity anomaly in mgal

and all other terms are the same as those used in

the calculation of the complete Bouguer gravity

anomalies.

Terrain corrections are not usually applied to the calculation of free-

air gravity anomalies (Swick, 1942). However, the free-air gravity

data were corrected for terrain in this research to minimize these



effects for hydrostatic equilibrium studies.

The mean sea-level datum was used in the calculations of both

the complete Bouguer and the free-air gravity anomalies. The

results of these calculations are presented here as contour maps on

Plates I and II using a contour interval of 10 mgal. Some of the

contours in eastern Oregon are dashed since they may change slightly

with additional information.

Terrain Correction

Terrain corrections were calculated for 460 gravity stations

distributed equally over the state. These stations are indicated on

Figure 1 by circles around the gravity stations. These corrections

were made using HammerTs terrain correction chart (Hammer, 1939)

for zones D (radii 175 to 558 feet) through M (radii 48, 365 to 71, 996

feet). There was insufficient topographic control available at most

stations to include the near zones (A through C) into the terrain cor-

rections, and it is estimated that this omission caused an average

error of 0. 5 mgal or less. This error is always of the same sign

and causes the corrected gravity to be less than it would be if the

effect of the near zones were included.

Terrain corrections for these selected stations were plotted

on a map and contoured, and corrections for the remaining stations

were interpolated from these contours. Most of the gravity stations
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in southwestern Oregon (latitudes 42° 30'-43° 40' and longitudes 121°

30'-124° 30') were individually terrain corrected by Blank (1965) but

are not shown on Figure 1 as such.

Precision of Data

Many different gravity meters were used during the process of

data accumulation. Most instruments were of the Worden type.

Measurements were made by the Geophysics Research Group,

Oregon State University, using both the Worden (master) and LaCoste-

Romberg (geodetic) gravity meters having sensitivities of about

0. 1000 and 1. 000 mgal per dial division, respectively. After the

gravity measurements made by various groups were standardized,

a check was made of the precision of the observed gravity values at

100 stations throughout the state. Each of these stations was occupied

by more than one organization. The mean deviation for all stations

occupied by the different organizations was 0. 04 mgal and the maxi-

mum deviation was 3. 76 mgal. The standard deviation was found to

be 1. 10 mgal.

All gravity data presented in this research were measured to the

nearest 10th of a mgal, but some were measured to the nearest 100th

of a mgal. All station positions are given to the nearest 10th of a

minute in latitude and longitude, but some are given to the nearest

100th of a minute. Thus, gravity effects of positioning uncertainty
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are estimated to be +0. 1 mgal or better.

Elevation control for gravity stations was by bench marks,

elevations of road intersections given on U. S. Geological Survey

topographic maps, road profile elevations obtained from the Oregon

Highway Department and by actual surveying. The accuracy of these

elevations is within ±1 foot and this would reflect in the gravity data

as +0. 1 mgal or less. However, a considerable number of elevations

for gravity stations were determined by altimetry. Elevations

determined by altimeters are believed to be within ten feet and this

would result in uncertainty to within +1 mgal in gravity. A few

stations in areas of high relief may have uncertainties greater than

ten feet.

To check the precision of the interpolated terrain corrections,

corrections for 38 randomly selected stations were computed. The

average of the differences between the actual and the interpolated

terrain corrections was 0. 12 mgal and the maximum deviation was

5. 39 mgal. The standard deviation was 1. 61 mgal.

In view of the above results, the data of this research are con-

sidered to be accurate to within +2 mgal, on the average, for the

computations that have been made. This is probably a conservative

estimate with the majority of data accurate to within +1 mgal and

large deviations (5 mgal or more) in a few areas of extremely great
relief where the effects of error in elevation and terrain corrections
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would be greatest.

For the purpose of analyzing the regional gravity of Oregon and

determining regional geologic implications, the data are believed to

be adequate. In some areas, the data are sufficient to analyze the

gravity for geologic implications of a more nearly local nature.

However, detailed interpretations of geological structures will re-

quire gravity data obtained from surveys specifically designed to

study the structures in question.
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CHAPTER III
SEPARATION OF THE REGIONAL AND

RESIDUAL GRAVITY ANOMALIES

One of the problems in the application of the gravitational

method to geologic studies is the separation of the regional and res-

idual gravity anomalies. There are numerous definitions of the term

'regional gravity'. One commonly used definition of regional gravity

is that gravity field which is left after removing the anomalies of

interest (Nettleton, 1954). In this study, the term regional gravity

will be used to mean any change in gravity caused by variations in

large scale geologic features such as basement, crustal and sub-

crustal structures, large scale regional variations in lithology, etc.

The residual gravity then is the difference between the observed

gravity anomaly and the regional gravity and it can be thought of as

due to local geologic features. It would be desirable to have a method

for distinguishing between the anomalies caused by shallow and deep-

seated geologic features. Because of the inherent ambiguity in

interpretation of gravitational data, the problem of separating the

anomalies according to depths cannot be solved uniquely.

Several methods have been given for separating the regional

and residual gravity anomalies (Nettleton, 1954; Skeels, 1966). Two

methods were used in this research to obtain regional gravity data

from that of the total field, namely, the averaging method and the
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least square method. Each will be discussed separately below.

Averaging Method

The averaging method of obtaining the regional gravity anomalies

has been described by Griffin (1949). According to this method, the

regional gravity at any station is the numerical average of the gravity

values at a certain number of equally spaced points on a circle of a

particular radius emanating from the station (center of circle). A

regional map is constructed by computing the average values of

gravity for the entire map using a circle of constant radius. As the

radius is increased for different maps, a decreasing amount of geo-

logic detail can be incorporated into the regionals. Thus, by

judiciously choosing the radius, certain regional geologic structures

can be accentuated.

Radii of 20, 40 and 60 km were selected for the calculations of

regional gravity for this thesis. The number of points on each of the

corresponding circles were 16, 32 and 48, respectively. The spacing

of points on these circles was chosen to be about 8 km, which is

approximately equal to the average gravity station spacing in Oregon.

Average gravity values were computed for a grid of stations over the

entire state for each size circle. The station spacing for this grid

was 20 km. Thus, six maps resulted from using the averaging method

with the Bouguer and free-air gravity maps of Oregon. The average
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or regional gravity anomalies computed in this manner are presented

as contour maps on Figures 2, 3 and 4 for the Bouguer gravity

anomalies (10 mgal contour interval). These results for circles of

radii 20, 40 and 60 km are based on 540, 450 and 330 calculations,

respectively. One obvious disadvantage of this method is that con-

siderable information is lost near the borders of the maps. The

results obtained from the free-air anomalies will be discussed

in Chapter V.

The selection of the radius of the circle was based on the sizes

of the anomalies present. Inspection of the Bouguer and free-air

gravity anomaly maps (Plates I and II) reveals that except in a few

cases most anomalies are smaller than 20 km in radius. In order

to obtain a representative value of the regional at a point, any local

anomalies present near this point should be well within the averaging

circle. The averaging circle should not intersect any nearby anom-

alies. This implies that the circles should be placed at selected

locations. Thus, a prior knowledge is required of the locations and

extents of the residual gravity anomalies. However, it is not always

possible to detect a residual anomaly which may be masked by the

regional field.
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Least Square Method

Least square method has been used in the study of gravity anom-

alies by many authors (Agocs, 1951, Simpson, 1954, Skeels, 1966,

etc). In essence, this method can be used to fit mathematical sur-

faces by the method of least mean squares to the gravity data using

a polynomial in which longitudes and latitudes are the variables.

Different regional fields may be obtained by varying the degree of the

polynomial. As the degree is decreased, the surfaces fit a decreas-

ing amount of detail of the gravity map. The principles involved in

the least square technique are discussed in detail by Simpson (1954).

To fit the observed gravity data by a polynomial surface, let g.

be the gravity value at the point (x., y.) where x and y. are the longi-

tude and latitude of the data point respectively. The least square

polynomial of regional gravity, G, of degree (n, rn) is given by:

n rn-k kj
G (x,y) a xy (1)n,m k0 j0 kj

where a are the coefficients such that,
kj

M M
R(a) = (r.(a))2 (g. - G (x., y.)) (2)

1 . i. n,rn 1i=l i=1

is a minimum. M is the total number of data points and r.(a) is the

residual gravity, the difference between the observed gravity anomaly



20

and the polynomial at (s., y.). In order for R(a) to be a minimum,

aR(a) must be zero.3akj

That is,

M
2(g. - G (x., y )) (g - G (x., y.)) 0n,m 1 aa i n,m 1 1kj

Substituting (1) into (3)

M I . n m-r
I k j r+k s+j-2 z
I

g.x. y. a(x. = 0
= L r=0 s=0

and

M . n m-rkj
2. g.x.y.il r=0 s=0

where:

k=0,l ..... n

j =0,1 ..... (rn-k)

M r+k s+ja ( x. y.rs . 1 1
1=1

(3)

(4)

(5)

Equation (5) can be solved for the coefficients (ars) which when

used in equation (1) yields an equation for computing the regional

gravity.

A program written for the CDC 3300 computer was used to de-

termine regional gravity as well as residual gravity using actual

data points. This program can be used to obtain least square poly-

nomials of degrees up to and including (10, 10). However, the pro-

gram is flexible in that it can evaluate polynomials of unequal
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degrees in x and y.

Three polynomial surfaces of degrees (10, 10), (5, 5) and (3, 3)

are shown respectively on Figures 5, 6 and 7 for the Bouguer gravity

anomalies, as contour maps (contour interval 10 mgal).

Comoarison of Results

The two methods of determining the regional gravity anomalies

described above were applied to both the Bouguer and free-air

gravity anomalies. The use of the methods for the free-air anomalies

will be discussed in Chapter V.

Figure 5 shows the (10, 10) least square fit for the Bouguer

gravity anomalies. As can be seen, this regional has incorporated

most of the large anomalies present on the original gravity field

(Plate I). This fact is evident on the (10, 10) residual map (see

Chapter IV, Figure 12) which shows, apart from the presence of

small local anomalies, the prominence of the zero contours through-

out Oregon without any definite pattern. The results obtained from

the least square polynomials of degree (5, 5) and greater including

(10, 10) were similar in nature, becoming more and more irregular

for higher degrees. This is reasonable as the polynomials would

be expected to approximate the original field more closely as the

degree of the polynomial is increased.

Figure 7 shows the (3, 3) polynomial for the Bouguer gravity
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Figure 6. Least square polynomial of degree (5, 5) for the Bouguer
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Figure 7. Least square polynomial of degeee (3, 3) for the Bouguer
gravity anomalies of Oregon.
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anomalies. It retains the large features of the original field,

namely the sharp gradient parallel to the coast, the gradient in north-

eastern Oregon and the gravity low in central and southeastern

Oregon. The observed gravity near the southeastern corner of the

state is about -160 mgal (Plate I). The (10, 10) polynomial surface

(Figure 5) and the (5, 5) polynomial surface (Figure 6) indicate a

value of about -165 mgal in this area, whereas Figure 7 indicates

a value of -100 mgal, a difference of about 60 mgal. Such large

differences were also observed on the polynomial surfaces obtained

using the free-air gravity anomalies (see Chapter V, Figures 18

and 19). The exact cause of this is not known at the present time.

They are usually found near corners where the data points are less

in number.

The main difference between the results of the two methods is

that the contours of the least square polynomials are smoother than

those of the averaging method. Also, the use of the circles results

in the loss of data around the borders of the state. This loss is

more extensive than the uncertainty due to corner effects observed

on some of the polynomial surfaces. One way to eliminate this

problem for both methods is to extend the data outside the area of

interest.

Perhaps the greatest disadvantage in using the least square

polynomials is that the local anomalies themselves might influence



the regional on a larger scale than that of the averaging method.

Consider for example, two positive gravity anomalies located near

each other and superimposed over a smooth regional field. These

two anomalies may be represented by two individual positive anoma-

lies, a single positive anomaly, or contours with no closure by least

mean square surfaces, depending on the degree of the polynomial

used and the size of the anomalies. In the averaging method used in

the present study, the anomalies will be represented by contours

with no closure if a circle larger than the individual anomalies is

used. This result was observed in the case of the Bouguer gravity

anomalies (see Figures 2, 3 and 4). The average value at a point

will be completely uninfluenced by the data within and outside the

circle. In the case of the polynomials, all data points influence the

resulting regional. Skeels (1966) proposed the use of the polynomi-

als after eliminating data points in anomalous areas. As mentioned

earlier, this requires some knowledge of the residuals beforehand

and the particular method was not used in this research.

The regionals obtained from the averaging method using circles

of radii 20 and 40 km are similar in many respects to the (10, 10)

and (5, 5) least square polynomial surfaces, respectively, for the

Bouguer gravity anomalies. The 60 km radius regional (Figure 4)

resembles the (5, 5) least square regional (Figure 6) more closely

than it does the (3, 3) least square regional (Figure 7). It is very
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probable that if a circle of radius 100 km or greater were used, the

result would have been closer to that of the (3, 3) least square region-

al. Similar agreement was found for the regional free-air anomaly

maps also (see Chapter V). Hence it seems that the results from

the averaging method and the least square technique are similar.

Least square polynomial methods for obtaining regional maps

would appear to have an advantage over those obtained using the

averaging method for the following reasons: 1) the polynomial

method utilizes the actual data points whereas the averaging method

requires the use of the interpolated data; 2) the results obtained

using the polynomial method can be repeated exactly,whereas the

results obtained using the averaging method depend on the choice of

the grid; and 3) the polynomial retains all data at the edge of the map

whereas the averaging method loses data at the edges.

Selection of the Regional

The least square polynomial method can be used to obtain region-

als for almost any desired degree of the polynomial up to and

including degree (10, 10). However, the problem is to select the

one which can be considered the most useful regional.

The selection of the most useful regional for a particular

purpose is a difficult problem and depends on many factors, including

the definition of the regional and the knowledge of the regional



geology. For example, the regional due to the variations in the deptI

to the crust-mantle boundary (Moho) may be expected to be of a gros-

ser nature than the regional due to the variations in the crystalline

basement topography. Further, there is no method that will give

positive separation of a complex regional pattern.

Some estimates for the depths associated with the regional

anomalies can be obtained from the averaging method if a point

mass distribution is assumed to be the causative factor. If the

diameter of the averaging circle is assumed to be equal to the mini-

mum width of the average regional anomalies obtained, then the half-

width of the minimum regional anomaly will be about half the radius

of the circle. Using the half-width relations of Nettleton (1940), the

regional anomalies will be produced by a mass distribution located

at a depth approximatel equal to or greater than half the radius of

the averaging circle. Thus the regional anomaly depths for circles

of 20, 40 and 60 km would be approximated as being as deep or deeper

than 10, 20 and 30 km, respectively. Since it was shown earlier

that the least square regionals are similar to the average regionals,

the above depth estimates may be related to that of the least square

polynomials. In essence, both methods of obtaining regionals are

filtering techniques to eliminate the local anomalies.

Some rough depth estimates may also be obtained from the poiy-

nomials themselves, assuming point mass distributions. An nth
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order polynomial can have a maximum of n- 1 local maxima and

minima. Oregon can be approximated by a square having sides of

about 500 km. Thus for a (10, 10) polynomial, the average width of

an anomaly will be 500/9 or 56 km and its half-width will be about

14 km. Therefore, the (10, 10) polynomial surfaces would represent,

on the average, anomalies caused by mass distributions at and below

a depth of 14 km. Similarly, the (5, 5) and (3, 3) least square poiy-

nomial surfaces would represent an average mass distribution at

and below depths of about 31 and 63 km, respectively.

From this analysis, the regionals derived from circles of 20 and

60 km radii would be expected to correspond to the regionals from

polynomials of degrees (10, 10) and (5, 5), respectively. In contrast

to the comparison cited above, less correspondence was observed,

as would be expected, between the regional map obtained using the

averaging method for the 60 km radius circle and that obtained using

the (3, 3) least square polynomial. Depths resulting from the above

analysis should be considered as approximations only,and no con-

sideration has been given to lateral variations in density. Neverthe-

less, the correspondence of the filtering effects of the methods is

quite evident.

The (10, 10) least square polynomial (Figure 5) incorporates all

the anomalies present in the map of the (3, 3) polynomial (Figure 7)

and other anomalous features greater than about 50 km in lateral
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extent. This is indicated by the residual gravity map obtained from

the (10, 10) polynomial (see Chapter IV, Figure 12) which shows

anomalies having widths of less than 50 km. The (3, 3) polynomial

(Figure 7) retains the gr osser features of the original gravity field

(Plate I). The anomalies are related to large scale variations

(several hundred kilometers laterally) in crustal thickness and large

scale variations in density of rocks in the crust and upper mantle.

The anomalies are several hundred kilometers in lateral extent.

This is evidenced on the residual gravity map obtained from (3, 3)

polynomial (see Chapter IV, Figure 13) which shows anomalies

having widths of about 100 km or less. The (10, 10) and (3, 3) poly-

nomial surfaces were selected as extremes of the regional gravity

of Oregon to be studied in this thesis. Major crustal and upper

mantle variations should be reflected in the regional gravity maps

and local geological effects should be minimal.
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CHAPTER IV
INTERPRETATION OF THE BOIJGUER GRAVITY

ANOMALY MAP OF OREGON

Regional Geology

Figure 8 is a map showing the physiographic divisions of Oregon

as given by Dicken (1959) and modified by Baldwin (1964).

Known ages of rocks in Oregon range from early Paleozoic

(Baldwin, 1964) to very recent (Taylor, 1965). Most of Oregon was

covered by warm seas during the Paleozoic and Mesozoic eras

(Baldwin, 1964). During the Mesozoic era, volcanism, intrusion

and mineralization occurred principally in the southwest and north-.

east portions of the state. The Oregon Coast and Cascade Ranges

evolved during the Tertiary. A major portion of the state is covered

by Tertiary lava flows. According to Hodge (1933) 85% by volume

of all known rocks and 75% of Tertiary are of igneous origin.

Volcanism continued and glaciers were prominent in the Cascades

during the Pleistocene. During the recent epoch, glaciers receded

and minor lava flows persisted to within 1000 years ago (Taylor,

1965). A more detailed description of the geology of Oregon can be

found in Baldwin (1964).

A regional geologic map of Oregon is shown on Plate I. The

geology west of the l2lst meridian is based on the geologic map by

Wells and Peck (1961), and the geology east of the 121st meridian
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is based on the geologic map of Oregon by L. F. Hintze (1956).

Interpretation of the Regional
Bouguer Gravity Anomalies

The Bouguer gravity anomalies shown on Plate I may be due to

many factors. These include surface and near-surface geology,

basement and crustal structures and horizontal variations in density

within the crust and upper mantle. Although Bouguer gravity

anomalies can be used to study these factors, no unique solution can

be expected from gravity data alone since an infinite number of mass

distributions can produce the same gravity anomaly. Interpretations

of gravity anomalies are less ambiguous if other geological and geo-

physical information is available. Such information as was available

has been incorporated into the following interpretation.

The (sin x)/x method was used to interpret the complete

Bouguer gravity anomalies in Oregon in terms of crustal thicknesses.

This method was first introduced by Tomoda and Aki (1955) to com-

pute the subsurface mass distribution directly from the Bouguer

gravity anomalies. It is based on the assumption that the mass

necessary to produce the gravity anomalies is condensed on a hori-

zontal plane located at an arbitrary depth. The use of this method

implies a crust of a constant average density overlying a mantle

of constant average density. The mass distribution is assumed to
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be two dimensional in nature which means that the anomalies being

analyzed should be much larger in one dimension than the other.

The function (sin x)/x has a value of unity at x = 0 and zero at

x = nTr, where n is any integer other than zero. It can be written

as:

sin x (1 cos mx dm (1)
x

where m is the wave number and x is the horizontal distance. The

upper limit of integration means that no harmonic components having

frequencies higher than one are included in this function. That is,

the curve is smooth between two data points.

Tsuboi and Fuchida (1938) have shown that if the mass distri-

bution is assumed to be harmonic, then a gravity anomaly

Lg(x) b cos mx (2)

can be produced by mass on a horizontal plane at depth, z according

to the equation
b mzM(x) = cos mx e (3)

where G is the universal gravitational constant. Thus, from

equations (1), (2) and (3), a gravity anomaly

1

zg(x) = b cos mx dm b(sin x)/x (4)

0

can be produced by a mass

b
l mzM(x) cos mx e dm (5)



Integration of (5) yields
b 1 rz

M(x) 2 2
[e (z cos x + x sin x) - z] (6)

x +z

The observed gravity anomalies can be expressed as

sin (xzg(x) = b (7)
S X-511

S

where s is any integer and b is the gravity anomaly at x = S Ti.
S

The subsurface mass distribution at x = nIT becomes:
reven

1M(n ) =
n-s

b z
5 (ez-z)+

2 22
z + (n-s) Ti

b
S2' 22n-s z + (n-s) Tr

z(-e zz)] (8)
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In this expression, z is expressed in radians and the station spacing

is assumed to be equal to n. In order to use actual linear scales, the

following transformation should be used in equation (8):

TTD
z a (9)

where a is the actual station spacing and D is the actual linear

distance in the z direction.

A computer program was written for equation (8) to determine

the mass distribution using the complete Bouguer gravity anomalies

for various values of depth (D) of the mass plane and station spacing

(a). The mass distributions were computed along eight east-west

profiles, each profile separated by half a degree latitude. These
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profiles were extended into Idaho to about longitude 115° using the

gravity data for Idaho given by Bonini (1963) in order to include the

area covered by seismic refraction studies in Idaho (Pakiser, 1963;

Pakiser and Hill, 1963). The mass distributions were computed for

three different mass planes located at depths of 15, Z5 and 35 km.

A station spacing of 50 km was used for each of the eight east-west

profiles.

If the gravity anomalies and the corresponding mass distributions

obtained by this method were caused by the undulations of an inter-

face, then the mass distributions could be converted to depths,

provided the density contrast is known. Tomoda and Aki (1955) and

Tsuboi (1956) have converted such mass distributions to depths

assuming a one layer crust and a constant crust-mantle density

contrast. The conversion from mass to crustal thicknesses can be

obtained using the following equation:

where:

T(n) D M(n) (10)
0

T(nTr) = crustal thickness at x -

D depth of mass plane:

M(nii) mass at x nit; and

= density contrast.

A similar interpretation was made for this research. Numerous
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crustal models can be obtained for various depths of the mass plane

and density contrasts. Crustal thickness obtained from seismic re-

fraction studies in southwest Idaho (Pakiser, 1963; Pakiser and Hill,

1963) was used as a control in selecting the best depth of the mass

plane. The best agreement was obtained for a mass plane located

at a depth of 25 km (D/a 1/2) and of density contrast 0. 4 gm/cc

corresponding to average crustal and upper mantle densities 2. 8 and

3. 2 gm/cc, respectively. The value of D/a = 1/2 agrees with the

observations of Dix (1964) that excessive oscillations develop when

D/a>1/2. Kanamori (1967) reviewed the method of (sin x)/x and

came to the same conclusion and states that the practical limit of

D/a is about 1.

Figure 9 shows the mass distribution on a horizontal plane

located at a depth of 25 km (below sea-level) and the corresponding

crustal depths obtained using a constant crust-mantle density con-

trast of 0. 4 gm/cc are shown on Figure 10. Near Boise, Idaho,

this figure shows a crustal depth of about 42 km compared to a depth

of 48 km obtained from seismic studies. South of Boise, the crustal

depths agree very closely with the results obtained from seismic

studies. A northwest trending gravity high is present south of Boise,

which according to Hill (1963), is caused by near-surface accumula-

tion of high density materials. The influence of this gravity high

and the errors in the assumptions used to obtain Figure 10 could



Figure 9. Subsurface mass distributions at a depth of 5 km. L.ontour
interval 10 grams.



Figure 10. Crustal thicknesses derived from the mass distributions shown on
Figure 9. Contour interval 5 kilometers.

Lp



account for the difference of six kilometers of crustal depth near

Boise, Idaho.

As can be seen from Figures 9 and 10, the mass and depth

contours are almost parallel to the Bouguer gravity anomaly contours

shown on Plate I. The mass distributions and the corresponding

crustal depths were also determined using the gravity data obtained

from the (3, 3) least square polynomial. The results obtained were

smoother than those shown on Figures 9 and 10, but were similar

in other respects.

The above analysis indicates that a depth of 25 km for the mass

plane might be suitable for use in Oregon. The assumption of a

constant density crust over a constant density upper mantle,which

is inherent in the method, almost precludes further refinement of

the mass plane depth for determining crustal thicknesses in Oregon.

Thus, lateral variations in density of the crust or upper mantle will

reflect as crustal depth variations. The extent to which this problem

exists is not known, but it is important to recognize the limitations

of the method. In order to evaluate the quality of the crustal thick±.

nesses determined by this method, comparisons were made with all

other available data for the state.

Analysis of local travel-time curves by Dehlinger, Chiburis

and Coilver (1965) gave an average crustal thickness of 35 km for

the region east of the Cascades and an average crustal thickness of
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five to ten kilometers thinner for the region west of the Cascades.

This result agrees closely with that shown on Figure 10 only for the

region west of the Cascades, where the crustal thickness ranges

from 20 to 30 km and has an average value of about 25 km. Accord-

ing to Figure 10, the crustal thickness east of the Cascades varies

from 40 to 50 km having an average value of about 45 km.

Phase velocity dispersion studies of seismic surface waves in

the Pacific Northwest by Chiburis (1966) indicated a crustal thick-

ness of 45 km for the region east of the Cascades and a crustal

thickness of 35 km for the region between the Cascades and the

Coast Range. Using these two values as controls for the centers of

the above two regions, he presented a two-dimensional interpretation

of an average east-west gravity profile across Oregon and Idaho.

The gravity data used for this st udy were taken from Woollard and

Rose (1963). His model showed a crustal thickening under the

Cascades of about 3 km as indicated by a crustal thickness of 48 km,

as compared with the crustal thickness east of the Cascades of 45 km.

For the region west of the Willamette Valley, the crustal thickness

increased from 35 to 38 km beneath the Coast Range. Average

crustal thicknesses of 45 km for eastern Oregon and 35 km for the

region between the Cascades and the Coast Range seem to agree

with the results shown on Figure 10. The data of this research

indicates that the crustal thickness under the Cascades ranges from
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less than 35 km under the northern end to over 45 km under the

southern end. In an east-west direction, the crustal thickness

ranges from less than 35 km under the western margin to over 45 km

under the eastern margin with a small increase (less than 3 km) in

crustal thickness under the High Cascades.

Seismic refraction studies based on a quarry blast near Depoe

Bay, Oregon, by Berg etal. (1966) yielded an apparent crustal

thickness of about 16 km in the northern Coast Range of Oregon.

This depth should apply somewhere beneath the western portion of

the Coast Range east of the shot point. This result is tentative and

additional data are needed to determine the crustal structure in this

area more precisely. Chiburis (1966) obtained an average crustal

thickness of 38 km for the entire region west of the Willamette

Valley, a difference of about 22 km from that obtained by Berg etal.

(1966). The crustal thickrEsses shown on Figure 10 range from

less than 20 km on the west to about 30 km on the east of the Coast

Range and the average is less than 25 km. This agrees closely with

the apparent crustal thickness obtained by Berg etal. (1966). The

gravity data used in this research does not support a crustal thicken-

ing under the Coast Range as shown by Chiburis (1966).

Bromery and Snavely (1964) studied the gravity anomalies in

northwestern Oregon in great detail. They have assumed a regional

gravity for this area and interpreted the residual gravity highs as
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caused by near-surface accumulations of high density lower to middle

Focene volcanics. They have not offered any interpretations for the

regional gravity. The regional Bouguer gravity anomaly maps

(Figures 2 through 7) obtained from both the averaging and least

square methods indicate a regional gravity high in this area. This

is probably related to deep-seated geologic features which result in

an anomalous mass distribution at depth. The regional geologic map

(Plate I) shows numerous intrusives exposed in northwestern Oregon

and they may indicate the presence of a large intrusive body at depth.

The crustal thickness as shown on Figure 10 varies from 25 km

on the west to 40 km on the east under the Klamath Mountains. The

average crustal thickness under the Kiamath Mountains is about

35 km. Under the Blue Mountains, the average crustal thickness is

found to be about 45 km.

Figure 11 is a map showing the difference between the (10, 10)

and (3, 3) least square polynomials for the Bouguer gravity anomalies.

As discussed in Chapter III, entitled Separation of Regional and

Residual Gravity Anomalies, each regional map filters the local

anomalous mass effects from the data. The degree of filtering

depends on the degree of the polynomial or the size of the radius if

the averaging method is used. The (10, 10) regional retains infor-

mation about anomalies beneath a depth of about 14 km and/or field

variations greater than about 56 km in horizontal extent. Similarly,



Figure 11. Difference between the (10, 10) and (3, 3) least square
polynomials for the Bouguer gravity anomalies of Oregon.
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the (3, 3) regional retains information about anomalies deeper than

about 63 km and larger than 252 km in horizontal extent. Thus,

Figure 11 shows anomalous effects between 14 and 63 km in depth

and 56 and 252 km in lateral extent.

If there were no lateral variations in mass and if the crust and

upper mantle of the earth were both homogeneous with densities of

2. 8 and 3. 2 gm/cc, respectively, then the crustal thicknesses of

Figure 10 would be good, and, in fact, could be refined. Only a

small indication of increasing thickness beneath the Cascade Range

is evident on Figure 10. Figure 11 shows a closure of gravity low

values in this area. This is interpreted to mean that there is low

density material in the crust and/or upper mantle beneath the Gas-

cades. The closed low has a value of only 20 mgal and would not

indicate a major change of crustal thickness. However, crustal

thickness beneath the Cascades will probably change some small

amount when more information becomes available.

An interesting feature of this map (Figure 11) is that most of

the mass distribution causing the larger gravity anomaly in western

Oregon (Coast Range) would appear to be confined to the limits im-

posed by the difference map. This does not appear to be true for

eastern Oregon. Perhaps this means that variations in anomalous

mass distributions extend to greater depths in eastern Oregon. This is

particularly thought to be the case in the southeastern part of the state.



Interpretation of the Residual
Bouguer Gravity Anomalies

The problems involved in the separation of the regional and

residual anomalies have been discussed in Chapter III. An infinite

number of residual gravity anomaly maps can be obtained using both

the averaging and the least square methods. As mentioned earlier,

the (10, 10) and the (3, 3) polynomials were selected to be the extremes

for this research. Therefore, one way to interpret the residual

anomalies is to study all possible residuals between these extremes.

This obviously is not a very practical approach. Figures 12 and 13

are the residual anomaly maps obtained from the (10, 10) and (3, 3)

least square polynomials, respectively. In this section, the residual

anomalies will be studied using only the (3, 3) least square residual

map because of the fact that almost all crustal geology should be

evidenced in the residuals for the entire state using this map. How-

ever, it is recognized that residual maps resulting from polynomials

of degree different than (3, 3) will accentuate a different class of

anomalies, and for other studies this may be more appropriate.

Descrintion of the Residual Anomaly Mans

The main features of the residual gravity anomalies obtained

from the (3, 3) least square polynomial shown on Figure 13 are:

1) two large north-south trending gravity highs over the Coast Range;



Figure 12. Residual Bouguer gravity anomaly map of Oregon for
the (10, 10) least square polynomial. Dashed oitours
are negative anomalies.

-4



Figure 13. Residual Bouguer gravity anomaly map of Oregon for the
(3, 3) least square polynomial. Dashed contours are
negative anomalies.
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a gravity high over the eastern Klamath Mountains; 3) the

presence of negative gravity anomalies over the entire Cascade

Range; 4) the alignment of small gravity highs and lows from north-

eastern Oregon to the central Cascades; 5) the generally negative

gravity anomalies over the Blue Mountains; and 6) several isolated

gravity lows in southcentral Oregon. It is interesting to note that

most of these large features are also present on Figure 11 which

shows the difference between the (10, 10) and (3, 3) least square

polynomials.

The negative gravity anomalies found over the Cascades as

shown on Figure 13 include numerous small anomalies,some of

which are associated with mountain peaks. It is possible that errors

in terrain corrections and the density used for the Bouguer correc-

tions could account for about 5 to 10 mgal and hence might eliminate

some of the small anomalies.

The residual gravity map obtained from the (10, 10) polynomial

(Figure 12) shows mo st of the anomalies present on Figure 13, but

their magnitudes have been reduced considerably. As explained

earlier, this is probably due to the fact that the (10, 10) polynomial

has approximated the original field more closely than the (3, 3) poly...

nomial. It is possible that many of the very small anomalies shown

on this map are caused by near-surface geologic effects.
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Interpretation of Local Anomalies

Most of the residual anomalies that will be discussed here do not

have any surface geologic expressions. The residual gravity map

(Figure 13) shows numerous anomalies in Oregon. Some of these

anomalies are based only on a few stations and their actual shapes

and magnitudes may change with additional gravity data. In order

to make a detailed analysis of the residual gravity anomalies in

Oregon, a much closer station spacing than that available for the

present study is required. Also, detailed geologic information is

required to make any meaningful interpretations of these anomalies.

Since it is not possible to determine how much the anomalies will

be distorted by not having complete knowledge of how to separate

the regional and residual anomalies, the actual significance of tlis

interpretation is unknown. Interpretations of some prominent and

well defined local anomalies will be made here assuming that the

anomalies are caused by bodies of simple geometric forms

(Nettleton, 1942). The limiting depth estimates of Bott and Smith

(1958) will also be applied when it is appropxiate. The depths cal-

culated here are the depths below the mean sea-level datum. The

anomalies have been selected as examples to illustrate the method

of interpretation; and,when necessary, the anomalies have been

identified by capital letters (see Figure 13).
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The first anomaly (A) to be studied is positive having a maximum

value of 45 mgal, and is located west of Heppner in northcentral

Oregon. It is almost circular and has a diameter of 20 km. The

anomaly itself has an amplitude of only 25 mgal and is situated on a

gravity plateau having a value of about 20 mgal. It is found entirely

over the Columbia River Basalts and has no surface geologic ex-

pression. The half-width of the anomaly is 3, 5 km. Assuming

that the anomaly is caused by a spherical mass, the depth to its

center is found to be 4. 5 km. This anomaly can be accounted for

by- a sphere of 3. 9 km radius having a density contrast of 0. 3gm/cc.

It can also be explained by an infinite vertical cylinder having a depth

to the top of 2. 0 km, a radius of 2. 8 km and a density contrast of

0. 3 gm/cc. A buried intrusion or a volcanic plug could produce

such an anomaly.

Anomaly B is located about 65 km south of the above anomaly

and is an elongated northeast trending gravity low having an amplitu

of 25 mgal. It is about 20 km wide and 50 km k:ag. This anomaly is

situated on Eocene volcanics over the downthrown side of a northeast

trending fault. Undifferentiated preTertiary rocks outcrop on the

upthrown side of the fault on the south side of the anomaly. This

anomaly is not characteristic of that found over faults. The half-

width of the anomaly is 6. 2 km. It can be explained by a horizontal

cylinder having a depth to its center of 6. 2 km, a radius of 3. 4 km



52

and a density contrast of 0. 3 gm/cc. If the density contrast is re-

duced to 0. 2 gm/cc, the radius of the cylinder would be 4. 2 km.

This anomaly could be caused by a depression in the pre-Tertiary

basement filled by low density materials.

Anomaly C is located north of Prineville in central Oregon and

is a circular gravity low having an amplitude of 24 mgal and a dia-

meter of 15 km. It has a half-width of 5. 0 km. It is found over

Eocene volcanics. Assuming that the anomaly is caused by a

spherical mass deficiency, the depth to the center of the sphere is

6. 5 km. If the density contrast is assumed to be 0. 2 gm/cc, its

radius would be 5. 5 km. This anomaly like the above one could

indicate a depression in the pre-Tertiary basement or a low density

plug.

Anomaly D, located in central Oregon is a positive anomaly

having an amplitude of 35 mgal. It is almost elliptical in nature.

It has a width of about 20 km and a length of 30 km. The anomaly

is found over Plio-Pleistocene volcanics. The half-width of the

anomaly is 5. 5 km. Using the equation of an infinite vertical

cylinder, the depth to the top of the body is 3. 2 km. Assuming a

density contrast of 0. 3 gm/cc, the radius of the cylinder is found

to be 4. 3 km. This anomaly probably indicates a buried volcanic

plug.

Anomaly F is found near the border between Oregon and
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California in southcentral Oregon. It is a negative anomaly and has

an amplitude of 24 mgal and a half-width of 3. 5 km. The anomaly

seems to be related to the outcrops of unnamed Tertiary tuffaceous

sediments and undifferentiated Quaternary deposits in the area.

This anomaly can be accounted for by a sphere having a depth to its

center of 4. 6 km and a radius of 4. 5 km if a density contrast of

0. 2 gm/cc is assumed. This is probably a graben filled with low

density materials.

Anomaly F is located near Sparta in eastern Oregon. This

positive anomaly has a maximum value of 33 mgal. It has a maxi-

mum width of 25 km and a length of 70 km. The anomaly appears

to be a composite of a small circular anomaly superposed on a large

elongated anomaly. The geology of this area is complex. This

anomaly seems to be related to the pre-Tertiary intrusives (Sparta

granite) which underlie most of the anomaly. Outcrops of undif-

ferentiated pre-Tertiary rocks and Tertiary volcanics are also

found in this area. The pre-Tertiary intrusive rocks consist of albite

granite and,according to Gilluly (1933),are the product of albitization

and partial silicification of an earlier quartz diorite. The positive

residual anomaly probably indicates the subsurface extension of the

dioritic mass. The anomalous mass can be approximated by a sphere

on top of a horizontal cylinder having depths to the centers respec-

tively of 4. 5 and 10. 0 km. If a density contrast of 0. 3 gm/cc is
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assumed for both bodies, their radii are found to be 3. 5 and 2. 0 kin,

respectively.

Anomaly G, located near Oregon Cityjs a positive gravity

anomaly having an amplitude of 25 mgal. It has a width of about

20 km and a length of 35 km. The anomaly does not appear to be

related to surface geology which includes Quarternary deposits

(Portland Sands), Boring Lava and Columbia River Basalts. It

has a half-width of 5. 0 km. Assuming a density contrast of 0. 3

gm/cc, this anomaly could be produced by a horizontal cylinder

buried at a depth of 5. 0 km and of radius 3. 2 km. This anomaly

could reflect the structures of the lower to middle Eocene volcanics,

which,in other parts of northwest Oregon,are found to be very dense

(Snavely and Wagner, 1964).

Anomaly H is located over the southern Coast Range about 50 km

north of Roseburg. This is the largest positive residual anomaly

found in Oregon and has a maximum value of about 55 mgal. It is

about 50 km wide and 150 km long. There is no correlation between

the anomaly and surface geology. Except for small outcrops of lower

to middle Eocene volcanics and Tertiary intrusives, most of the

anomaly is found over Tertiary sediments. The limiting depth

estimates of Bott and Smith (1958) were applied to this anomaly.

The maximum depth to the top of the anomalous body near the center

of the anomaly was found to be 14. 1 km. tJsi ng the half-width
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method, most of this anomaly can be accounted for by a horizontal

cylinder at a depth of 13. 5 km having a radius of 9. 4 km and of

density contrast 0. 2 gm/cc. Depth estimates on a profile about 30 km

north of the center of this anomaly indicated a maximum depth to the

top of the body of 18. 8 km. The larger depth estimates suggest that

the anomaly is caused by a deep-seated anomalous excess mass.

Anomaly I is located over the eastern Kiamath Mountains. It

is very irregular and a simple interpretation cannot be made. This

anomaly is probably the continuation of anomaly H.

The limiting depth estimates (Bott and Smith, 1958) were also

applied to the data of several east-west profiles across the residual

gravity low found over the Cascades (Figure 13). The results ranged

from 8 to 17 km. Similar estimates were also made using the gravity

low over the Cascades shown on the difference map (Figure 11) and

the results varied from 28 to 32 km. These depth estimates are

shallower than the crustal depths under the Cascades shown on

Figure 10 and probably indicate the presence of low density materials

within the crust. A slab of material 5 km thick and of density con-

trast 0. 2 gm/cc could produce a gravity anomaly of about 25 mgal

and it could account for most of the gravity lows found in this area.

In the (sin x)/x method of computing crustal thicknesses, this anomaly

would be reflected as an increase in crustal thickness (see Figure 10)

as this method assumes a constant average density crust overlying
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a constant average density upper mantle and neglects any horizontal

variat ions in density.

Anomaly J is a strong negative anomaly (-45 mgal) and is found

entirely over the Tualatin Valley west of Portland. It is probably

related to the thick accumulation of low density materials in this

valley. This anomaly is not symmetric enough to make a simple

depth estimate. However, using a half-width value of 11. 5 km and

assuming it to be a sphere, the depth to the center of the sphere is

15 km. Assuming a density contrast of 0. 3 gm/cc, the radius of

the sphere is found to be 10. 7 km. Bromery and Snavely (1964)

obtained a depth to the base of the valley near the center of about

7. 6 km. They assumed that the steep gradient west of this anomaly

is caused by a normal fault within the Tillamook Volcanic Series

and the valley is located on the downthrown side of this fault. The

large difference in depths obtained above may be caused in part by

the use of different regionals for this area. In this particular case,

the use of simple geometrical bodies for interpretation does not

appear to be justified.

Anomaly K is located over the northern Coast Range and is an

elongated positive anomaly having an amplitude of over 40 mgal.

The northern end of this anomaly seems to be related to the outcrops

of Tillamook Volcanic Series. South of this, outcrops of this volcanic

series are rare and,even where found there, do not seem to show
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good correlation with the anomaly. The anomaly is too irregular to

offer a simple interpretation. Depth estimates near the center give

a maximum depth of 13. 7 km. Similar estimates on the same anomaly

in the (10, 10) polynomial regional map (Figure 5) indicate a maximum

depth of 24 km. It is interesting to note that the difference map

(Figure 11) also indicates a large but small amplitude gravity high

in this area which indicates that some excess mass probably exists

between depths of 14 and 63 km. According to Bromery and Snavely

(1964) some of this anomaly is caused by the upwarp of a thick layer

of lower to middle Eocene volcanic rocks, the base of which lies at

a depth of about 6 km. The presence of a deep-seated anomalous

excess mass beneath the Coast Range is suggested by the large depth

estimates obtained above. The existence of deep-seated mass excess

is also suggested by Figure 11, which shows the difference between

the (10, 10) and (3, 3) least square polynomial. This figure shows a

large positive anomaly over the Coast Range and would indicate that

excess mass is located between depths of 14 and 63 km under this

area (see the section on the Interpretation of the Regional Bouguer

Gravity Anomalies in this chapter).

A strong negative gravity anomaly seems to be associated with

the Wallowa Mountains. Also, a positive anomaly is found over the

Owyhee upland area. These two anomalies are based on a few gravity

stations and more data are needed to rmke any quantitative irterprations.



CHAPTER V
INTERPRETATION OF THE FREE-AIR
GRAVITY ANOMALY MAP OF OREGON

Free-Air Anomalies and Hydrostatic Equilibrium

Free-air gravity anomalies are not generally used for geologic

studies, which are usually carried out by using the Bouguer gravity

anomalies. It is sometimes desirable to use them as a substitute

for isostatic anomalies. This is due to the fact that isostatic anomaly

calculations are very tedious and extremely time consuming. Free-

air anomalies may be considered as isostatic anomalies having zero

depth of compensation (Heiskanen and Vening Meinsz, 1958).

Bouguer gravity anomalies are usually calculated using an

assumed density of 2. 67 gm/cc for the materials between the station

elevation and sea-level when the actual densities are not knowi,

whereas the calculations of free-air anomalies do not require the

knowledge of density which could be an advantage. Little or no

effort has been expended on the interpretation of the free-air anom-

alies for land gravity studies, and,consequently, one of the purposes

of this research was to investigate the possibility of using the free-

air gravity anomalies in conjunction with the Bouguer gravity

anomalies for geologic interpretations.

If all parts of Oregon were in complete hydrostatic equilibrium

(complete compensation), then there would be no free-air anomalies
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and the Bouguer gravity anomalies would be expected to be a mirror

image (negative) of the topography. If,on the other hand, there was

a complete absence of hydrostatic equilibrium (complete absence of

compensation), then the free-air anomalies should be parallel to the

topography (positive on land) and the Bouguer gravity anomalies

should approach zero or be positive in extreme cases of negative

compensation (undercompensation). The free-air and Bouguer gray-

ity anomalies will be excessively negative in the case of over-

compensation and they both will be positive in the case of under-

compensation. The term hydrostatic equilibrium is defined for an

area of arbitrary dimensions as:

SD

pg dz = constant (1)

where:

h = elevation above sea level;

D = depth of an arbitrary datum plane below sea-level;

p = density;

g = gravity; and

z = vertical axis (positive downward).

If the effects of a small change in g with depth is neglected, (1) can

be re-written as:

pdz = constant (2)



Inspection of the free-air gravity anomaly map of Oregon (Plate

U) and the Bouguer gravity anomaly map of Oregon (Plate I) shows

that the conditions existing in Oregon are more complex than any

one of those mentioned above. The free-air gravity anomalies are

very irregular ranging in values from -85 to 140 mgal. The numeri-

cal av'erage of all free-air anomalies is 5. 6 mgal. No regional

pattern of free-air anomalies of large areal extent is found. Except

in a few cases, the radii of most anomalies are not over ZO km.

However, in most physiographic provinces, there is a general

pattern of magnitude and sign. To some degree, this is related to

topography; large positive anomalies found in areas of high relief.

Complete hydrostatic equilibrium implies that the free-air anomalies

should be zero everywhere. Zero free-air gravity anomaly values

everywhere means that every topographic feature, including small

ones, is compensated. The actual free-air gravity anomalies in

Oregon vary considerably over short distances. Therefore, hydro-

static equilibrium in Oregon cannot be studied using individual

anomalies and some form of average free-air anomalies has to be

studied. The two previously discussed methods for calculating

regional Bouguer anomalies are used in this chapter to study the

regional free-air anomalies.
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Calculation of Average Free-Air Anomalies

The average free-air gravity anomalies were computed using

the method described by Griffin (1949) and was explained in Chapter

III. Three different average free-air anomaly maps were construc-

ted using circles of radii 20, 40 and 60 km. The results are shown

on Figures 14, 15 and 16. Figure 14 is the average free-air gravity

anomaly map obtained using a circle of radius 20 km. Inspection

of this map shows that the amplitudes of the original anomalies shown

on Plate II are reduced considerably and the lengths and widths of

the anomalies have increased greatly. The maximum anomaly is

60 mgal and the minimum is -30 mgal. The average is 7. 1 mgal.

The main features of this map are: 1) very irregular anomalies of

small magnitude located in central and southeastern Oregon; 2) a

large gravity high located in the area of the Coast Range; 3) a broad

and elongated north-south trending gravity low located over the

Willamette Valley and the Cascades; 4) the previous trend is inter-

rupted in the south by several northeast trending small gravity highs;

and 5) a broad gravity low located northwest of Pendleton, Oregon,

and probably extending into Washington.

Figure 15 is a map showing the average free-air gravity anoma-

lies using a circle of 40 km radius. The main features of this map

are very similar to that of Figure 14, except that the magnitudes of
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the anomalies have been reduced. Also, information is lost near

the borders of the state. The maximum anomaly is 30 mgal and the

minimum is -20 mgal for the map and the entire area has an average

value of 6. 5 mgal.

Figure 16 shows the average free-air gravity anomalies using a

circle of 60 km radius. Considerable information has been lost near

the borders. The maximum anomaly is 20 mgal and the minimum is

-10 mgal for the map. The average anomaly for the entire area is

7. 0 mgal. The general patterns of the anomalies are similar to

those found on Figures 14 and 15, but their magnitudes are reduced

considerably. Another important feature of this map is that the

gravity low situated over the Willamette Valley and the Cascades on

Figures 14 and 15 has been shifted to the east and is now located

almost entirely in the area of the Western Cascades.

Least Square Polynomials

The method of computing the least square polynomials has been

described in Chapter III. Maps derived using three least square

polynomials of degrees (10, 10), (5, 5) and (3, 3) are shown respec-

tively in Figures 17, 18 and 19. Figure 20 shows the difference

between the (10, 10) and (3, 3) least square pblynomial maps.

Figure 17 shows the map resulting from fitting the (10, 10) least

square polynomial to the gravity data. The maximum anomaly is
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Figure 18. Least square polynomial of degree (5, 5) for the free-air
gravity anomalies of Oregon.
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Figure 19. Least square polynomial of degree (3, 3) for the free-air
gravity anomalies of Oregon.



Figure 20. Difference between the (10, 10) and (3, 3) least square
polynomials for the free-air gravity anomalies of Oregon.
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60 mgal and the minimum is -50 mgal. As should be expected of

higher degree polynomials, the regionals shown on this figure are

more irregular than those shown on Figures 18 and 19. The main

features of this map are: 1) small gravity highs over a large area

in central and southeastern Oregon; 2) a gravity high of 60 mgal

paralleling the coast in the area of the Coast Range; 3) a gravity low

of about -30 mgal located over the Willamette Valley and the Cascade

Mountains; 4) a negative anomaly of -50 mgal centered near the

border between Oregon and Washington, northwest of Pendleton;

and 5) a small positive anomaly in northeastern Oregon extending in

an almost southerly direction. Although not exactly the same, the

above descriptions of the regional field are very similar to those

of the regionals obtained from the averaging method shown on

Figures 14 and 15 for circles of radii 20 and 40 km.

The (5, 5) least square fit to the gravity data is shown on Figure

18 and is similar to that obtained from the (3, 3) polynomial shown

on Figure 19, except for small variations. The gravity values

range from -50 to 80 mgal.

Figure 19 shows the map resulting from fitting the (3, 3) least

square polynomial to the free-air gravity data. The maximum anom-

aly is 30 mgal and the minimum is -30 mgal. The main features of

this map are: 1) a large but small amplitude anomaly near south-

eastern Oregon; 2) a gravity field parallel to and increasing towards
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the coast; and 3) a decreasing gravity field towards the border be-

tween Oregon and Washington, northwest of Pendleton. The results

shown on Figures 18 and 19 are similar in many respects to the

average regional shown on Figure 16 obtained using a circle of

radius 60 km. The polynomial regionals are much smoother than

those obtained from the averaging method.

Figure 20 shows the difference between maps obtained using

the (10, 10) and (3, 3) least square polynomials. It retains most of

the features of Figure 17, although the magnitudes have been changed.

The maximum anomaly is 80 mgal and the minimum is -30 mgal.

The above discussions of the results obtained from the averaging

method and the least square technique indicate that the two methods

produce approximately similar results. This was found to be the

case also when the Bouguer gravity anomalies were studied (see

Chapter III).

Interpretation

The main features of the regional free-air anomalies described

above are: 1) generally positive but small magnitude anomalies lo-

cated in central and southeastern Oregon; 2) a gravity high located

over the Coast Range; 3) a gravity low situated over the Willamette

Valley and the Cascade Mountains; 4) the above gravity low is inter-

rupted northeast of the Klamath Mountains by several small northeast
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trending gravity highs; and 5) a gravity gradient located northwest

of Pendleton.

The above features are prominent on Figures 14 and 15 for

circles of radii 20 and 40 km. respectively, and are less striking

or absent on Figure 16 where the radius of the averaging circle is 60

km. All of these features are present on Figure 19 which shows the

map obtained using the (10, 10) least square polynomial.

The magnitudes of the anomalies present on Figure 16 are very
close to zero. The magnitudes of most of the anomalies obtained

using the (5, 5) and (3, 3) polynomials shown respectively on Figures

18 and 19 are also very small. This suggests that no large horizontal

mass transport has taken place within the state that would be evi-

denced by residual mass accumulation. The numerical average of

all free-air anomalies is 5. 6 mgal, which is very close to that of the

averages of the anomalies shown on Figures 14, 15 and 16. This

probably indicates that the state as a whole is very close to being in

hydrostatic equilibrium and the average value would correspond to

a mass excess. This mass excess can be represented by a slab of

material, approximately 200 feet thick and of density 2. 67 gm/cc.

This is almost negligible compared to the average elevation of

Oregon which is of the order of several thousand feet.

The anomalies shown on Plate 11 and the regionals obtained from

the averaging and least square methods are considered for the
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following three cases.

(1) Consider the effect of horizontal transfer of mass at the

surface in an area initially assumed to be in hydrostatic

equilibrium. If erosion is very active in one area and

deposition in another area and assuming that everything

else stays the same, then the free-air anomalies should

be negative in the area of erosion and positive in the area

of deposition. The Bouguer anomalies would depend upon

the initial compensation and the final hydrostatic adjust-

ments of the areas. Erosion and deposition acting on an

irregular topography which may or may not have been

initially in hydrostatic equilibrium can give rise to corn-

plicated gravity anomalies.

(2) Assume that materials came to the surface from depth,

thereky creating a deficit of density at depth. If materials

flowed from the adjacent areas to fill void-space, then a

positive free-air anomaly can be expected over the extruded

material. If void-space was filled by lateral flow of material

from one particular level at depth, then the presence of

areas of positive and negative free-air anomalies can be

explained. The Bouguer anomalies will be more negative

where material has been lost from a localized region and

nearly the same in the region of extrusion provided a simple
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replacement process applied to this region.

(3) Assume that no lateral flowage of material at depth occurs

to compensate for the mass lost to the surface. The void-

space could be filled by some mechanism of expansion of

rocks at depth. This process may be visualized similar

to that of the formation of roots of mountains. In this case,

the average free-air anomalies should approach zero over

this area. The Bouguer gravity anomalies should be

extremely negative in such an area.

Any one or combinations of the above cases may be used to

explain some or all of the free-air gravity anomalies in Oregon.

Perhaps arguments other than those presented here may be used to

explain the anomalies, also. However, any interpretation of the

free-air anomalies should be compatible with that of the Bouguer

gravity anomalies. Only the five important features of the regional

free-air anomalies mentioned earlier will be discussed.

The first feature is the broad area in central and southeastern

Oregon characterized by generally positive but small magnitude

anomalies as indicated by the original free-air anomalies (Plate II),

their averages (Figures 14, 15 and 16) and the least square regionals

(Figures 17, 18 and 19). The anomalies are very close to zero and

the average for the entire area is less than 10 mgal, indicating that

it is nearly in hydrostatic equilibrium. This region is also
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characterized by a large Bouguer gravity low. This situation satisfies

the third case presented above, the mechanism of expansion of rocks

at depth. This mechanism may be explained in at least two different

ways: 1) thermal expansion of materials at depth and/or 2) re-

versible phase change.

Volume expansions of common silicates from 200 c to 6000 c

at atmospheric pressure is less than 2% in most cases (Skinner,

1966). This will require a thick layer of low density materials of

extremely small density contrast to account for all the observed

elevations in this region. It will require the expansion (2%) of 60 km

of upper mantle materials to explain the observed elevation of about

5000 feet in this area. This possibility cannot be completely ruled

out.

Recent studies on rocks at high pressures and temperatures

(Adams, 1953, Robertson, Birch and MacDonald, 1957, Lovering,

1958, Kennedy, 1959, MacDonald and Ness, 1960, etc. ) comparable

to those which might exist at the base of the crust, indicate the

possibility of a reversible phase change taking place in the vicinity

of the Mohorovicic discontinuity. The phase change hypothesis is

essentially the same as that originally proposed by Fermore (1914).

Many different rocks have been studied under these conditions. A

commonly assumed possibility is that the Moho represents a phase

change from basalt to eclogite. These two rocks have approximately
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the same chemical composition. Basalt has a density of about 2. 9

gm/cc and eclogite 3. 3 gm/cc. According to Lovering (1958) the

eclogite to basalt phase change is accompanied by a volume expansion

of about 15%. Such a mechanism may explain vertical crustal move-

ments. Some horizontal motions will also be involved if there is

differential expansion between two regions. Thermal effects,al-

though not necessarily great, are inherent with phase change.

Whatever the cause or mechanism of expansion of rocks may

be (thermal expansion, phase change, combination of phase change

and thermal expansion and/or other processes), the result is the

presence of large volumes of low density materials at depth. Using

an average elevation of 5000 feet for this region,assumed to be in

hydrostatic equilibrium, the crustal thickness should be 10 km

greater than normal, if a density contrast of 0. 4 gm/cc is assumed.

An increase of 10 km in crustal thickness having a density contrast

of 0. 4 gm/cc will produce a Bouguer gravity anomaly of over 100

mgal, assuming it to be a horizontal slab. Inspection of the Bouguer

gravity anomaly map (Plate I) and the regional gravity maps (Figures

2 through 7) shows a change in gravity of about 100 mgal in a north-

south direction in eastern Oregon. Approximately the same situation

exists in an east-west direction in southeastern Oregon. Although

these estimates are very rough, their results agree closely.

The Bouguer gravity anomalies were used to compute the excess
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or deficit of mass on an arbitrary horizontal plane located at a depth

of 25 km, using the (sin x)/x method (see Chapter IV for a detailed

discussion). The resulting mass distribution is presented as a con-

tour map on Figure 9. Figure 10 shows the crustal thicknesses

obtained from the data presented in Figure 9 assuming a constant

crust-mantle density contrast of 0. 4 gm/cc. The average crustal

thickness as shown in this figure is about 45 km for southeastern

Oregon, an increase of over 10 km from that of a normal crust

(normal continental crust is 33 km thick). This is also in good

agreement with the estimates made previously. However, these

values depend on the particular density contrast assumed. Part of

the mass deficiency may be associated with an increase in the thick-

ness of specific crustal layers which may or may not necessarily

increase the crustal thickness. Thus the assumption of a one layer

crust and a constant crust-mantle density contrast throughout Oregon

is an oversimplification of the case, but the gross results of the

analysis seem compatible with the geological information available

at the present time. In all probability, mass deficiencies exist to

about 50 km in depth or more.

While the above discussion seems to explain the observations,

more work is needed in the area to specifically study the crust and

upper mantle. In particular, seismic refraction studies are needed

to eliminate ambiguity of the gravity data. The above results should
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for the area.

The second feature of the free-air gravity anomalies in Oiregon

is the presence of a gravity high over the Coast Range. Only a por-

tion of this anomaly is present on the average free-air anomaly maps

(Figures 14, 15 and 16) since the rest is lost along the border.

This anomaly is well defined on the (10, 10) least square regional

shown on Figure 19. The anomaly is over 60 mgal in the northern

Coast Range and is over 40 mgal near the southern border of the

Coast Range where it extends into the Klamath Mountains. This,

however, is not represented as a closed anomaly on the (5, 5) and

(3, 3) least square regionals (Figures 18 and 19). The contours are

almost parallel to the coast-line, where the values reach over 50

and 30 mgal, respectively, for the (5, 5) and (3, 3) polynomials. The

existence of this gravity high is indicated even on the 60 km radius

average free-air anomaly map (Figure 16). The average free-air

anomaly for the entire Coast Range is about 30 mgal. Clearly, the

Coast Range is not in hydrostatic equilibrium and it is undercom-

pensated. If there was a complete absence of compensation in this

region, then the free-air anomalies should parallel the topography

and the Bouguer gravity anomalies should approach zero. However,

both the free-air and the Bouguer gravity anomalies are positive

and are of approximately the same magnitude and the area is
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undercompensated. This indicates that the source of both anomalies

are probably the same. According to Bromery and Snavely (1964),

most of the residual gravity anomaly is caused by surface and near-

surface occurrences of dense lower to middle Eocene volcanic rocks

overlain by low density materials. Seismic refraction studies based

on a quarry blast (Berg etal., 1966) indicate an apparent crustal

thickness of about 16 km in northwestern Oregon. This is in close

agreement to the result of the (sin x)/x method (Figures 9 and 10)

which indicates a shallower crust in this region having an average

thickness of less than 25 km. The geology of the Coast Range is

too complex to offer a simple explanation. It is very probable that

local gravity highs in this region are related to near surface occur-

rences of high density volcanic rocks and the more prominent

regional gravity highs in this region - - Bouguer as well as free-air - -

are related to deep-seated geologic features.

The gravity high present on the (10, 10) polynomial (Figure 17)

is also retained on Figure 20 which shows the difference between

the (10, 10) and (3, 3) polynomial surfaces for the free-air gravity

anomalies. Its magnitude is reduced by 20 mgal. Using the depth

relations of polynomials (see Chapter III), this would indicate that

the source of most of this anomaly lies between 14 and 63 km in

depth assuming that no lateral variations in density exist. Although

not shown here, the difference between the (10, 10) and (5, 5)
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that shown on Figure 20 indicating that the source of this anomaly

lies between 14 and 31 km in depth.

The third important feature of the free-air anomalies in Oregon

is a gravity low situated over the Willamette Valley and the Cascade

Range which is interrupted in the south by several northeast trending

small gravity highs. However, major portions of this anomaly are

found over the Western Cascades. The maximum anomaly is -30

mgal when the radius of the averaging circle is 20 km and -20 mgal

when it is increased to 40 km (see Figures 14 and 15). This anomaly

almost disappears when the radius is increased to 60 km (Figure

16). Similar results were obtained for the least square polynomials.

A. well defined anomaly having a maximum value of -30 mgal is

present on the (10, 10) polynomial (Figure 17). It is absent on the

maps for the (5, 5) and (3, 3) polynomials (see Figures 18 and 19).

The free-air anomaly obtained from both the averaging and least

square methods is very close to zero over the rest of the Cascade

Range.

The fact that this anomaly disappears when the radius of the

averaging circle is increased to 60 km probably indicates that the

source of the mass deficiency is relatively shallow. The gravity

low shown on Figure 17 is exactly the same as that shown on

Figure 20 which shows the difference between the (10, 10) and (3, 3)



E3!

polynomials. It is also retained without too much change in the dif-

ference between the (10, 10) and (5, 5) polynomials. This indicates

that the mass deficiency lies predominantly between 14 and 31 km

if no lateral variations in density are assumed to exist. This depth

range is less than the crustal depths in this region obtained from

the (Sin x)/x method (Figure 10). It also agrees closely with the

depth estimates obtained for the residual Bouguer gravity low in this

area (see Chapter IV). The gravity low could be caused by a depres-

sion in the basement and/or by the accumulation of low density

materials.

The fourth feature of the free-air gravity anomalies is the

presence of several small northeast trending gravity highs which

interrupt the gravity low discussed above, northeast of the Klamath

Mountains. They are shown on the (10, 10) least square polynomial

surface (Figure 17) and on the average free-air anomaly maps for

circles of radii 20 and 40 km, shown respectively on Figures 14 and

15. These gravity highs are of very small magnitude, less than

20 mgal in most cases. The Bouguer gravity anomaly map (Plate I)

also indicates the presence of several small positive and negative

anomalies in a northeasterly direction. These northeast trending

free-air and Bouguer gravity anomalies probably indicate the con-

tinuation of the Klamath Mountain upwarp in that direction. Peck

etal. (1964) believe that the upwarp extends beneath the volcanic
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similar conclusion based on gravity studies in southwestern Oregon.

The fifth feature of the free-air anomalies in Oregon is the gra-

vity gradient northwest of Pendleton, probably extending into

Washington. The gravity low has a value of -50 mgal as shown on

Figure 14 for the averaging method using a circle of radius 20 km.

It is lost when the radius is increased to 40 and 60 km (Figures 15

and 16) since it is close to the border. It is also present on the

least square regionals. It has a value of -50 mgal for the (10, 10)

polynomial shown on Figure 17.

This region is also characterized by a negative Bouguer gravity

anomaly gradient. Both tI Bouguer and the free-air contours are

parallel to and north of the Blue Mountain Front which is defined by

Taubeneck (1966) as the Boundary between the BJ.ue Mountains and

the Columbia basin. Skehan (1965) and Taubeneck (1967) consider

the Blue Mountain Front to be a transition zone between oceanic

crust to the northwest and continental crust to the southeast.

Seismic activity, although not great, has been reported in this area

(Berg and Baker, 1963). Deep electrical resistivity studies (Cant-

well etal., 1965, Cantwell and Orange, 1965) in the Pacific North-

west indicated that northern Oregon east of the Cascades was

characterized by low resistivity values compared to high resistivity

values in southern Oregon. They attribute the difference in



resistivity values to basaltic oceanic crust in northern Oregon and

granitic continental crust in southern Oregon. Crustal thickness

for this area is about 35 km (see Figure 10) which is much thicker

than an ordinary oceanic crust. However, if the area is character-

ized by high heat flow, a much thicker crust may be expected on the

basis of reversible phase changes discussed earlier.

This free-air gravity low has been reduced considerably on

Figure 20 which shows the difference between the (10, 10) and (3, 3)

least square polynomials. The anomaly is only -20 mgal and is not

well defined. This indicates that the source of a good portion of the

mass deficiency probably lies below a depth of 63 km assuming that

no lateral variations in density exist. This area probably served as

a source area for the extensive Tertiary lava flows found in this

region,and the freeair gravity low could be accounted for by the

loss of mat erial by extrusion. The gravity low can also be explained

by the erosion of about 1500 feet of materials from this area initially

assumed to be in hydrostatic equilibrium. However, explaining the

anomaly by erosion alone would appear to be much too simple as

the dynamics of the area have been operating since the Tertiary,

some 63 million years.



CHAPTER VI
SUMMARY AND CONCLUSIONS

A complete Bouguer gravity anomaly map and a free-air gravity

anomaly map of Oregon have been prepared based on about 4000

selected gravity measurements made in Oregon.

Regional gravity anomaly maps were constructed for both the

Bouguer and free-air anomalies using the methods of (1) averaging

the gravity around a circle and (2) fitting least square polynomial

surfaces to the gravity data. Similar results were obtained from

both methods, except that the averaging method resulted in the loss

of information near the borders.

The (sin x)/x method was used to compute the subsurface mass

distributions relative to an arbitrary horizontal plane located at a

depth of 25 km using the Bouguer gravity anomalies. The largest

mass deficiency was found in southeastern Oregon. No significant

mass deficiency was observed under the Cascades indicating that

most of the Cascades is in hydrostatic equilibrium. The Coast

Range was found to be an area of mass excess. These mass distri-

butions were converted to depths assuming a one layer crust and

a constant crust-mantle density contrast of 0. 4 gm/cc. The resulting

crustal thicknesses agreed closely with those obtained from seismic

dispersion studies in eastern Oregon and seismic refraction studies

in northwestern Oregon and southwestern Idaho. The average
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crustal thickness in eastern Oregon was found to be about 45 km

having a maximum thickness of over 50 km in southeastern Oregon.

The crustal thickness under the Cascades ranged from 35 to 45 km,

having an average value of about 40 km. Under the Coast Range,

the crustal thickness ranged from less than 20 km near the coast to

about 30 km at the western boundary ofthe Willamette Valley, having

an average value of less than 25 km. The crustal thickness under

the Klamath Mountains varied from 25 to 40 km and averages about

35 km. The average crustal thickness under the Blue Mountains

is about 45 km.

Interpretations of several local Bouguer gravity anomalies were

made using the residual gravity map obtained from the (3, 3) least

square polynomial. The computations were made assuming density

contrasts for bodies of simple geometric forms. In most cases,

no correlation existed between surface geology and the residual

gravity anomalies. The depths to the tops of the causative masses

were calculated to be within a few kilometers of the surface (sea

level). A large anomaly in southwestern Oregon near Roseburg

was found to be of deep-seated nature, having a maximum depth

to the top of the anomalous body of about 14 km near its center.

Similar results were obtained for the residual gravity high found

over the northern Coast Range. The negative residual gravity

anomalies found over the Cascades are interpreted to be the result



of low density materials within the crust.

The average free-air gravity anomaly for Oregon was found to

be close to zero, suggesting that the state as a whole is in hydro-

static equilibrium. Most of the large magnitude free-air anomalies

were averaged out by using a circle of 60 km radius. This suggests

that no large horizontal mass transport has taken place within the

state that would be evidenced by residual mass accumulation.

Several large anomalies were present on the average free-air

anomaly maps obtained using circles of radii 20 and 40 km and on

the (10, 10) least square polynomial indicating the existence of local

deviations from hydro static equilibrium. Various interpretations

of these anomalies have been made in conjunction with the Bouguer

gravity anomalies. The regional free-air gravity anomalies in

central and southeastern Oregon were found to be close to zero.

The Bouguer gravity anomalies in this region are strongly negative.

The observed elevation and the gravity anomalies in this region are

interpreted to be the result of expansion of rocks at depth possibly

caused by a reversible phase change mechanism. The regional

free-air and Bouguer gravity highs found over the Coast Range are

probably caused by a deep anomalous mass distribution. The source

of this mass excess is expected to lie within 30 km in depth. The

free-air gravity low northwest of Pendleton in northern Oregon is

probably caused by mass deficiencies deeper than 60 km in depth.



This area probably served as a source area for the extensive

Tertiary lava flows in this region.
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