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To assist in the assessment of the geothermal potential of north-

central California and to aid in defining the geologic transitions

between the physiographic provinces of the Kiamath Range, the Cascade

Range, the Modoc Plateau, the Great Valley, and the Sierra Nevada

Range, personnel from the Geophysics Group in the College of Ocean-

ography at Oregon State University conducted a detailed aeromagnetic

survey extending from 400151 to 42°OO'N latitude and from 1200451

to l22°451W longitude.

Two forms of spectral analysis, the energy spectrum and the expo-

nential methods, were used to make source-top and source-bottom depth

calculations. The magnetic source-bottom depths were interpreted as

Curie-point isotherm depths. Based on the energy spectrum analysis,

several regions with elevated Curie-point isotherm depths were mapped:

(1) the Secret Spring Mountain-National Lava Beds Monument area, (2)

the Mount Shasta area, (3) the Big Valley Mountains area, and (4) an

area northeast of Lassen Peak. The elevated Curie-point isotherm

depths within these areas, as shallow as 4 to 7 km below sea level

(BSL) in the Secret Spring Mountain-National Lava Beds Monument area,

the Mount Shasta area, and the area northeast of Lassen Peak, and 4 to

Redacted for Privacy



6 km BSL in the Big Valley Mountains area, imply vertical temperature

gradients in excess of 70°C/km and heat flow greater than 100 mW/rn2

when assuming a Curie-point temperature of 580°C. Shallow source-

bottom depths of 4 to 5 km BSL were mapped in the Eddys Mountain area

and interpreted to be the depth of a lithologic contact. Source-top

depths show that the magnetic basement varies from about 3.5 km BSL,

beneath the sedimentary assemblages of the Great Valley and the east-

ern Klamath Range, to near sea level in the Cascade Range. The expo-

nential approximation method yielded source-bottom depths which

agreed, in general, with depths determined by the energy spectrum

method. However, this method appears less reliable and its depth

estimates less accurate compared to the energy spectrum method.

A broad negative anomaly, observed on the total field magnetic

intensity map and low-pass filtered anomaly maps, suggests the sedi-

mentary rocks of the Kiamath Complex underlie Mount Shasta and the

Medicine Lake Highlands. Magnetic lineations are oriented mainly NW.
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ANALYSIS AND INTERPRETATION OF MAGNETIC ANOMALIES
OBSERVED IN NORTH-CENTRAL CALIFORNIA

INTRODUCTION

Under the auspices of the Department of Energy and the United

States Geological Survey, geophysical investigations of the Cascade

Mountain Range in the Pacific Northwest have been made in order to

assess the potential of the region as a geothermal resource. The

potential for the existence of shallow thermal reservoirs within the

Cascade Range is generally assumed to be high because of the numerous

surface manifestations of geothermal heat, such as thermal springs

and higher-than-average heat flow. The recent upwellirig and erup-

tion of molten material in the Washington Cascade Range at Mount

St. Helens and the volcanic eruption less than 100 years ago at

Lassen Peak in the California Cascade Range clearly demonstrates

the youthfulness of the Cascade Range volcanoes and the possibility

that they are not as yet 'cool" in the geothermal prospecting sense.

This study investigated the thermal conditions at depth within

the California Cascade Range through a geophysical study of the mag-

netic expression of the crustal rocks within the range as well as

immediately adjoining areas. Magnetic data can be used in geothermal

prospecting because temperature at depth and the magnetization of

rocks are related through the Curie-point temperature, where the

Curie-point is the temperature at which rocks lose their ferromagnetic

properties and therefore their magnetization. Consequently, the

depth at which the Curie-point is reached is found by determining the

depth at which magnetic rocks become non-magnetic. In addition, this



study used magnetic data to help define the structure at depth within

the California Cascade Range and surrounding areas.

The total field magnetic intensity measurements, used in this

study, were acquired by personnel of the Geophysics Group at the

College of Oceanography, Oregon State University. The Geophysics

Group conducted a detailed aeromagnetic survey of the area between

400151 and 42°OO'N latitude and between 120045 and 122°45'W longi-

tude during June, July, and August of 1980, to assist in the United

States Geological Survey's assessment of the northern California

High Cascade Mountains as a potential geothermal resource. As

shown in Figure 1, the area of the survey includes Mount Shasta and

Lassen Peak, two major centers of Holocene silicic volcanism. The

survey area is also shown to extend eastward from the eastern flank

of the Klamath Mountains across the Cascade Range and Medicine Lake

Highlands to the central portion of the Modoc Plateau, and to contain

the northeast corners of the Great Valley and Sierra Nevada Provinces.

Acquisition of aeromagnetic field data involved the navigation

of the aircraft along predetermined parallel and orthogonal flight

lines. Transponders, placed on geodetic control points and queried

by equipment aboard the airplane, enabled the pilot to determine the

horizontal position of the aircraft along the flight path. Pressure

and radio altimeters provided the vertical location of the aircraft.

With the location of the aircraft determined, the position of the

magnetic recording instrument, which was attached to a rope and

towed behind the aircraft, was known. The magnetometer sampled the

total field magnetic intensity along flight lines at prescribed time

intervals. Equipment aboard the aircraft recorded this data on
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magnetic tape. Gemperle and Bowers (1977) described in detail the

magnetometer, altimeters, and navigation system which made up the

acquisition system aboard the aircraft used in this study.

Concurrent with the aeromagnetic survey, a ground-based mag-

netometer, located at a fixed location which was central to the

survey region, recorded the daily variations in the intensity of

the earth's magnetic field. Because the aeromagnetic measurement

is composed of the components of magnetization due to the earth's

magnetic field, due to the remanent (or permanent) magnetization

of the crustal rocks, and due to the field induced in the rocks by

the earth's field, the magnetic variation records were used to remove

the influence of the earth's magnetic field intensity from the total

field aeromagnetic measurements.

Gemperle and Bowers (1977) described the acquisition system

which recorded the ground-based magnetic measurements used in this

study. Gemperle etal. (1978) provided a detailed description of the

processing of the magnetic data from the aeromagnetic survey, which

included the merging of the aircraft and ground measurements, the

computation of the magnetic anomalies due to the crustal sources by

removal of the magnetic signal due to the earth's magnetic field,

and the making of a computer plotted map of the magnetic anomaly

values. In addition, the magnetic anomaly data, which was obtained

at less than regularly spaced locations, had to be interpolated to

form a grid of uniformly spaced data in order to perform the analyses

described below. Boler etal. (1978) provided a complete description

of the procedure by which this study's magnetic data was interpolated

and gridded.



5

As a result of its high density of magnetic measurements and its

precise navigation system, the aeromagnetic survey provided this study

with intensity data from which a high quality magnetic picture of the

rocks within the survey area was obt-ained. The objectives of this

study were to analyze and interpret the aeromagnetic data of north-

central California to

(1) help clarify the structure, regional trends, and volcanic

centers within the five geologic provinces contained in the

survey area, in particular the Kiamath Mountains, the Cas-

cade Range, and the Modoc Plateau Provinces,

(2) estimate the depths to the magnetic basement and to the

Curie-point isotherni using a method of analysis, developed

by Spector and Grant (1970) and referred to herein as the

energy spectrum method,

(3) examine an alternate method of analysis for determining

source-depths, developed by Bhattacharyya and Leu (1975b,

1977) and referred to herein as the exponential approxima-

tion method, and to compare this method with the energy

spectrum method, and

(4) produce a thermal picture of the survey region, in par-

ticular the Cascade Range and Modoc Plateau.

This study delineated the near-surface structural and tectonic

elements, such as faults, fractures, and volcanic centers, which are

otherwise concealed by surface geology, by performing a direct

qualitative examination of the spatial distribution and gradients of

the anomalies in the total field magnetic anomaly map. However it

was impractical for this study to determine the burial depths,



thicknesses, source-bottom depths, and structural trends of subsur-

face sources directly from the spatial domain representation of

anomalies, because the anomalies due to sources distributed near the

surface are superimposed upon the anomalies due to sources distributed

at depth in such a manner as discouraged the isolation of an indi-

vidual anomaly.

In this study, the isolation of anomalies caused by individual

sources and the subsequent analysis and interpretation of the anoma-

lies to obtain a structural and thermal picture of the survey region

was performed in the spectral domain where anomalies are expressed

in terms of their wavelengths or spatial frequencies. It is possible

to separate and analyze the anomalies from multiple sources in the

frequency domain because shallow sources, are more likely to generate

anomalies of shorter wavelengths. Hence, to reveal the deeper struc-

tural trends in the survey area, the longer wavelength anomalies due

to the distribution of more extensive rock units at greater depths

were retained and the shorter wavelength features associated with

topographic sources were suppressed by performing a low-pass filter

operation in this study.

As a further consequence of the separation of anomaly wave-

lengths with burial depth, the determination of the depth to the top

of a magnetic source body and the depth to the bottom of a magnetic

source body, associated with either the depth to the Curie-point

isotherm or the depth to a lithologic contact consisting of magnetic

rocks overlying non-magnetic rocks, may also be accomplished in the

spectral domain. Of the relatively few ways to determine source-

depths in the spectral domain, this study utilized the methods of
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Spector and Grant (1970) and Bhattacharyya and Leu (1975b, 1977).

Spector and Grant (1970) and Bhattacharyya and Leu (1975b, 1977)

developed techniques for determining source-depths based on an ex-

pression derived by Bhattacharyya (1966) for the two-dimensional

continuous spectrum of the magnetic anomaly associated with a rec-

tangular prismatic body; consequently, both methods assume that mag-

netic sources within the earth's crust are reasonably described as

being rectangular and prismatic in shape.

However, Bhattacharyya and Leu (l975b, 1977) further predicated

their technique on the assumption that at depth in an area of ex-

tensive volcanism, such as the present study area, multiple source

bodies produce a magnetic expression reasonably approximated by the

anomaly due to a single magnetic unit. Based on this assumption,

they reexpressed the theoretical expression derived by Bhattacharyya

(1966) for the Fourier transform or spectrum of a prism-source anom-

aly in terms of a sum of exponential factors having exponents

which contain the depths to the top and bottom corners of the source

body. By systematically combining different portions of the spec-

trum, they formulated a system of equations, comprised of the expo-

nential factors, which allowed a numerical solution for the depths

to the prism corners.

In an alternate approach to determine the depths to the bottoms

of magnetic sources, assumed to be prismatically shaped, Bhattacharyya

and Leu (l975b, 1977) also expressed the spectrum of the anomaly of

the prismatic source in terms of "moments" of the spectrum. They

showed that a combination of the spectrum and its "moments" gives an

expression which can be solved for the average depth to the centroid



of the prismatic source. Hence it is possible to determine an average

depth to the bottom of a crustal magnetic source, as represented by a

rectangular prism, given the average depth to centroid, determined

from the "moments" technique, and given some means by which to esti-

mate the average depth to the top of the source. Using the theoreti-

cal expression derived by Bhattacharyya (1966), this study developed

and examined a technique of estimating the depth to the source-top.

This technique as well as the other techniques, just described and

used in this study to determine source-depths, are referred to col-

lectively herein as the exponential approximation method.

In addition to the exponential approximation method, this study

also used the energy spectrum method, developed by Spector and Grant

(1970), to determine source-depths. Spector and Grant (1970) pre-

dicated their method on the notion that the multiple sources within

the earth's crust are adequately represented as a collection or

ensemble of prisms where each ensemble may be treated as a single

magnetic unit. However, they indicated that several ensembles may

exist and therefore the problem of determining the source-depths of

a single magnetic source becomes that of determining average source-

depths for each magnetic unit or ensemble of prisms. Further,

Spector and Grant (1970) proposed that the total field anomalies

are the sum of the magnetic expressions from each ensemble of prisms

and that its spectrum may be treated as some combination of the spec-

trums from individual ensembles. However, instead of the spectrum

itself, Spector and Grant (1970) formulated their method on the

square of the spectrum, that is, its energy spectrum.



Because an ensemble is a statistical model, this permitted

Spector and Grant (1970) to use statistical arguments to derive an

expression for the energy spectrum associated with the anomaly of an

ensemble of prisms from the expression for a single prism. Subse-

quently, they used this expression to solve for the average depths

to the tops and bottoms of the magnetic source units, that is, en-

sembles of prisms, within a survey area.

Longer wavelengths associated with greater burial depth, as

previously mentioned, aid in the separation of the spectrums of the

ensembles represented in the energy spectrum of the total field

anomaly map. Hence, the energy spectrum method often resolved the

source-depths of more than one ensemble of prisms. This study used

the energy spectrum method, in part, to determine the source-depths

associated with the most deeply buried ensemble. From these source-

depths, the location of the Curie-point isotherm was inferred.

The results from the analysis and interpretation of the aero-

magnetic data of north-central California, presented herein, aid in

defining the structural relationships between the geologic provinces,

in assessing the potential of each province as a geothermal resource,

and in assessing which method of analysis indicated above is better.

The source-top depth determinations and the anomaly and filtered

anomaly maps aid in clarifying the structural picture, whereas the

source-bottom depth determinations, which indicate the depth to the

Curie-point isotherm, and estimates of the Curie-point temperature

and thermal conductivity of rocks aid in clarifying the thermal

conditions at depth.
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GEOLOGY AND PHYSIOGRAPHY OF NORTH-CENTRAL CALIFORNIA

Five major physiographic provinces are partially included in the

north-central California study area. Outlined in Figure 1, the pro-

vinces are: (1) the Cascade Mountain Range, (2) the Modoc Plateau,

(3) the Kiamath Mountains, (4) the Great Valley, and (5) the Sierra

Nevadas. Figure 2 shows the 305 meter (1000 feet) topographic con-

tours within the study area that extends from 400151 to 43°OO' N

latitude and from 120°45' to 122°45' W longitude.

MacDonald (1966) divided the Cascade Range in California into

the Western Cascade Range and the High Cascade Range. The rocks of

the Western Cascade Range extend along the west edge of the High

Cascade Range for approximately 55 miles south of the northern Cali-

fornia border (MacDonald, 1966). The rocks of the High Cascade

Range extend southward from the California border across the entire

length of the survey area and include two elongate lobes of high to-

pography with axes oriented east-west that are associated with the

volcanic centers of Mount Shasta and Medicine Lake volcanoes, and

Lassen Peak. The discussions of McBirney (1978) and Hammond (1979)

point out, respectively, the complexity of the volcanic history of the

Cascade Range and the uncertainty in the tectonic relationship between

the provinces of the Cascade Range and the Klamath Mountains.

The Modoc Plateau province lies east of and adjacent to the

Cascade Mountain Range. The fault-block terrain of the Modoc region

is related structurally to that of the Basin and Range province whose

western boundary lies east and north of the survey region. However

the structural features of the plateau have been masked by volcanism
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that occurred concurrent with Cascade volcanism. Due to this flood of

volcanics, the term "plateau" is commonly applied to the Modoc region.

Typically basaltic, the surface terrain of the Modoc Plateau is highly

permeable and results in a nearly complete lack of surface drainage.

The Pit River which flows southwestward across the Modoc Plateau and

Cascade Range and empties into Shasta Lake disappears from the surface

as the ground level rises above 1.2 km (4000 feet) in altitude

(MacDonald, 1966). Hannah (1973) discussed the tectonic affinities

of the Modoc Plateau to the Cascade Range and Basin and Range Pro-

vinces and pointed out the transitional character of the plateau.

The Kiamath Mountains lie west of and adjacent to the Cascade

Range. Magill and Cox (1980) described the geologic contact between

the Klamath Mountains and the Western Cascades in northern California

as being a depositional contact rather than a fault contact. The

basal rocks of the Cascade Range are observed to lie unconformably

on the pre-tertiary rocks of the Klamath Range. Dickinson (1976)

suggested that the Kiamath Range is part of the remains of a pre-

tertiary island arc which extends eastward beneath the Modoc

Plateau region. An eastward projection of the Klamath Mountains

between Mount Shasta and Lassen Peak nearly dissects the Cascade

Range and marks the transition from a north-south trend of the Cas-

cade axis north of and including Mount Shasta to a southeast trend

which continues south to end near Lassen Peak. Located south of

Mount Shasta, Shasta Lake and a region of dendritic water drainage

lie within a pre-tertiary sedimentary sequence of the Klamath

Mountains. This sequence terminates southward beneath the younger

sediments of the Great Valley and eastward beneath the volcanics
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of the High Cascades.

The northernmost terminus of the Great Valley occupies the

southeast corner of the study area. The elevation in this region

is less than 305 meters (1000 feet) and represents the topographic

low of the study area. Cut by the Sacramento River, the Great

Valley lies south of the city of Redding and marks the western

boundary of the Cascade Range and Sierra Nevadas and the southern

boundary of the Kiamath Range. Hackel (1966) gave a geologic sum-

mary of the Great Valley which he described as a thick sequence

of accumulated sediments underlain by a basaltic or ultramafic

basement.

A small portion of the Sierra Nevada Range is included within

the extreme southeast corner of the study area. Davis (1969), Hamil-

ton (1969), and Wright (1981) have identified lithologic and struc-

tural similarities between the Sierra Nevadas and Klamath Mountains.

Hence, it is commonly believed among geologists that the Klamath

Mountains may be the northwest continuation of the Sierra Nevadas

and that the two ranges may have been separated as a result of rift-

ing (Schweickert, 1976; Blake and Jones, 1977; Irwin, 1977; Hamilton,

1978). A cover of Cenozoic volcanic rocks masks the northward extent

of the Sierra Nevada province.

The Cascade Mountain Range

The rocks of the Western Cascades range in age from late Eocene

to late Miocene (MacDonald, 1966). Although rocks resembling those

of the Western Cascades are exposed in the Pit River gorge, MacDonald

(1966) indicated that rocks of the Western Cascades are not
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recognized south of Mount Shasta. This is supported by geologic evi-

dence northwest of Mount Lassen which indicates that the upper Plio-

cene Tuscan Formation of the High Cascade series lies on Cretaceous

and Eocene sedimentary rocks, and the Western Cascade volcanics are

absent (MacDonald, 1966). Williams (1949) estimated the thickness

of the Western Cascade series to be approximately 5 km where exposed

near the northern state boundary. LaFehr (1965) suggested that the

Western Cascades dip about 15° to the east and northeast and under-

lie at least a part of the High Cascades.

MacDonald (1966) suggested that the geologic and stratigraphic

units of the Western Cascades series in Oregon described by Wells

(1956) are indicative of the Western Cascade series in California.

Therefore, the following discussion of the Western Cascades is

summarized from the report by Wells (1956).

The Western Cascade series is divided into three units: (1) the

Colestin Formation, (2) the Little Butte Series, and (3) the Heppsie

Andesite. The Heppsie Andesite is comprised of massive andesite

flows which may exceed 450 meters (1500 feet) in thickness and are

late Miocene in age. The Heppsie Andesite overlies the Wasson

Formation which dips gently eastward. The Wasson Formation, early

Miocene in age, is the upper unit of the Little Butte Series and

consists of approximately 300 meters (1000 feet) of siliceous tuff.

The lower unit of the Little Butte Series consists of approximately

600 meters (2000 feet) of volcaniclastic material interbedded with

andesite flows and is late Eocene in age.

In California, the Western Cascade series is underlain by the

Elornbrook Formation (MacDonald, 1966). Near the California-Oregon
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border, the Hornbrook Formation is comprised of about 1.5 km (5000

feet) of marine siltstone, with some sandy interbeds.

Near the end of the Miocene, the Western Cascade series were

uplifted, gently folded, faulted, and tilted eastward and north-

eastward (Williams, 1949; MacDonald, 1966). Deep erosion reduced

the terrain to one of rolling hills before renewed volcanic activ-

ity built the High Cascades.

The geologic history and stratigraphic sequence of the High

Cascade series in northern California outlined by MacDonald (1966)

is briefly sumarized as follows: seventeen kilometers southwest of

Lassen Peak near the city of Mineral, exposed rocks, that are com-

prised of basic lava flows and that underlie the Tuscan Formation, are

considered to be part of the oldest unit of the High Cascades series.

West of Mineral, the Tuscan Formation is underlain by other rock

units, and basic lava flows are absent. The Tuscan Formation, which

consists largely of breccias formed by volcanic mudflows, forms the

western slope of the southern Cascade Range. The formation is

exposed along the east side of the Great Valley as far north as

Redding. The eastern part of the formation consists almost entire-

ly of tuff-breccia; the western part consists of tuff-breccia inter-

bedded with volcanic conglomerates and sands. Overall, the Tuscan

Formation averages about 305 meters (1000 feet) in thickness with a

maximum thickness of 457 meters (1500 feet) where exposed south-

west of Lassen Peak. At least four different sources are believed

to have formed the Tuscan as suggested by different rock types

prevalent in the breccias. However all sources lie within the

Cascade region. The age of the formation is generally accepted as
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being late Pliocene. The western part of the Tuscan Formation is

underlain by the Montgomery Creek Formation which consists predom-

inantly of massive sandstone. The Montgomery Creek Formation in

turn rests unconformably on Upper Cretaceous sedimentary rocks.

Overlying the Tuscan Formation are pyroxene andesites probably

of latest Pliocene age. These andesites were gently folded on east-

northeast-trending axes and were slightly eroded before being covered

locally by olivine basalts and basaltic andesites during the early

Pleistocene. Basalts and andesites were then faulted along north

and northwest trends. Subsequently, from Pleistocene to Recent time,

several successions of basalt, basaltic andesite and dacite were

erupted to form the high peaks, shield volcanoes, and extensive lava

flows of the High Cascade Range. Many of these last features exhibit

the normal magnetic polarity of the present, which indicates that they

probably are younger than 670,000 years B.P., the time of the last

magnetic reversal. Mount Shasta is the highest peak in the area

(14,162 feet) and is a composite cone formed of andesitic basalt and

andesite (LaFehr, 1965; MacDonald, 1966). Examples of basaltic shield

volcanoes include West Prospect Peak northeast of Lassen Peak

(Pakiser, 1964) and Eagle Rock and Secret Spring Mountains north of

Mount Shasta (MacDonald, 1966). Lassen Peak which is a plug or

dome volcano of dacite (Pakiser, 1964) formed in a caldera left

by the collapse of the andesitic shield volcano, Brokeoff Mountain

(MacDonald, 1966). Mount Hoffman is an example of a composite cone

of rhyolite and basalt (MacDonald, 1966). In addition, a great number

of cinder cones cover the study area in particular the Medicine Lake

Highlands. The cones probably mark the locations of faults and lava
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flow vents (LaFehr, 1965; MacDonald, 1966). The northwest and north

trending normal faults located within the High Cascade province most

likely correspond to basin and range faulting.

The Modoc Plateau Province

The extensive Quaternary basalt flows within the Modoc region

and the lack of major topographic features severely restricts infor-

mation concerning the lithology and age of the underlying older rocks.

Although the total thickness of the Tertiary and Quaternary volcanic

rocks in this region are unknown, Griscom (l980a) based on geologic

information from the Warner Range adjacent to the east-northeast edge

of the Modoc Plateau estimated the thickness to be at least several

kilometers. Powers (1932) first mapped the volcanics of the Modoc

Plateau and defined rock units petrographically.

Powers (1932), MacDonald (1966), and Hannah (1973) described the

Warner Mountains as marking the transition between the Basin and

Range Province and its basalt flooded counterpart, the Modoc Plateau.

They correlated stratigraphic sequences in the Warner Range with

lithologic units exposed in tilted fault blocks within the Modoc

Plateau and based on this correlation identified the Cedarville

Series as the lowest member of the rocks in the Modoc region. Rocks

similar to the Cedarville Series crop out on the southern and eastern

margins of the Modoc Plateau proper (Norris and Webb, 1976) as well

as in the Pit River gorge near Lake Britton located on the western

margin (MacDonald, 1966). The Cedarville Series' southern counter-

part may be the Tuscan formation of the southern High Cascades (Norris

and Webb, 1976). In the Warner Range, the Cedarville Series is about
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2290 meters (7500 feet) thick and consists of a series of pyroclastics

interbedded with andesite flows, minor basalt flows, and rhyolite

tuff (Powers, 1932; Hannah, 1973). These rocks were gently folded

and faulted near the end of the Miocene (Ford etal., 1963). Ford

etal. (1963) suggested that the Cedarville Series ranges in age from

late Oligocene to Miocene.

During the Pliocene, the Cedarville Series was overlain in part

by massive lava flows that are comprised chiefly of andesite which

erupted from a number of separate vents (Powers, 1932). Part of this

massive lava flow series is located north of Lake Britton and west of

Soldier Mountain along the boundary between the Modoc and High Cascade

regions. MacDonald (1966) observed that this massive lava group was

equivalent in part to late Pliocene volcanic rocks of the High Cas-

cade Series. The similarities in age and rock type in addition to

its close proximity to the High Cascades suggests that the massive

lava group may be related to Cascade volcanism.

The widely distributed and numerous volcanic flows within the

Modoc region have been given the collective name, Warner Basalt

(Hannah, 1973), however, the term does not imply the contemporaneity

of rock units within the region. The oldest rocks of the Warner

Basalt conformably overlie the Cedarville Series within the Warner

Range and hence Hannah (1973) considers them to be Miocene in age.

During the late Pliocene, the predominantly basaltic volcanism

of the Modoc region produced a number of small shield volcanoes

that extend along a line from Honey Lake to Fall River Mills (Hannah,

1973) and include Roop and Soldier Mountains (MacDonald, 1966). This
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line marks the western limit of Modoc Plateau volcanism and the tran-

sition to predominantly andesitic volcanism of the Cascade Range.

Pleistocene and Holocene rocks of the Warner Basalt include the

broad high-alumina basalts of the Burney, Devils Gardens, and Modoc

basalt flows. The Modoc Basalt was erupted from vents north and

south of Medicine Lake Highlands and comprises the rocks of the Lava

Beds National Monument area (Powers, 1932; MacDonald, 1966). The

Burney basalts erupted northeast of Lassen Peak and buried the

bases of the small basalt shields just described. The thickness

of the Warner Basalt ranges from 4.6 to 110 meters but probably aver-

ages about 30 meters (100 feet) (MacDonald, 1966).

Faulting and volcanism has been essentially continuous in the

Modoc province from Miocene to Recent. Faults in the region trend

north and northwest and are predominantly normal although strike-

slip faults such as the Likely and Honey Lake faults may enter the

study area at points along the eastern boundary. Hannah (1973)

suggested the great volume of basalt flows within the Modoc Plateau

may be related to arc tectonism or to back-arc spreading that resulted

from the collision of the Pacific and American plates 29 million

years ago and the subsequent release of the residual strain from

that collision.

Interbedded with the volcanic rocks of the Modoc series are

lacustrine deposits comprised of diatomite, tuffaceous siltstone,

ignimbrites, and olivine basalt flows (Hannah, 1973). Powers (1932)

and MacDonald (1966) suggested tectonism from Miocene to Recent time

helped disrupt the drainage patterns of rivers and created lakes in

which sediments accumlated. Jest of Alturas, lacustrine deposits of
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Plio-Pleistocene in age are referred to as the Alturas Formation and

overlie unconformably the Cedarville Series. Alturas type deposits

also occur southwest of Lower Klamath Lake, along Pit River and Hat

Creek, and around Lake Britton (MacDonald, 1966; Hannah, 1973).

The Kiamath Mountains

Irwin (1966) described the Klamath Mountains as a complex

assemblage of lower Paleozoic to upper Mesozoic eugeosynclinal rocks

that have been intensely folded, faulted and metamorphosed. During

the Jurassic, these rocks were intruded by numerous granitic and

ultramafic plutons (Irwin, 1966).

The rock types of the Klamath complex immediately adjoining the

western boundary of the Cascade Range are primarily sedimentary ex-

cept for an assemblage of ultramafic and mafic rocks which lie exposed

southwest of Mount Shasta. Irwin (1966) suggested the ultramafic

rocks constitute the exposed part of an ultramafic sheet whose roots

are buried eastward beneath the sediments and volcaniclastics which

comprise the Klamath province between Mount Shasta and the Great

Valley. Because much of the exposed ultramafic rock, as stated by

Irwin (1966), is serpentinized and includes some gabbroic rocks, this

assemblage of rocks may be highly magnetic (Cady, 1975). Based on an

aeromagnetic map of the entire exposure, referred to as the Trinity

complex, Griscom (1977) also suggested that the observed magnetic

highs are associated with the ultramafic rocks and that these associ-

ations are probably caused by serpentinization.

The northeasterly extent of the Klamath Mountains beneath the

Cascade province is unknown however the Klamaths probably continue
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southward beneath Cretaceous and younger sedimentary rocks of the

Great Valley (Irwin, 1966; Griscom, 1977) and possibly continue south-

eastward beneath the Cenozoic volcanic rocks of the Cascade Range

(Griscom, 1977; Burchfiel and Davis, 1981).

The Great Valley

The Great Valley has been filled with a thick sequence of

Mesozoic to Recent marine and continental sedimentary rocks (Hackel,

1966). The Great Valley may represent a depositional basin over-

lying the downdip part of the westward tilted Sierra Nevada block

(King, 1968; Norris and Webb, 1976) or may represent a separate piece

of oceanic floor which was moved northwestward to lie next to the

Kiamath and Sierra Nevada provinces and was subsequently overlain

with younger sedimentary rocks (Hamilton and Myers, 1965; Schweickert

and Snyder, 1981; Blake and Jones, 1981). Cretaceous marine sedi-

ments of the Great Valley sequence crop out at various points along

the eastern boundary of the Kiamath complex. Near the state boundary,

these sediments underlie the Western Cascades and comprise the Horn-

brook Formation described earlier. The Hornbrook sediments dip

northeastward between 10° and 300 where they overlie the pre-Creta-

cous rocks of the Klamath Mountains (Irwin, 1966). The presence

of Cretaceous marine sediments between the Klamath and Sierra Nevada

provinces indicate that if the two regions rifted, the separation

occurred no later than the Jurassic or Triassic (Blake and Jones,

1977; Magill and Cox, 1980). Within this section of the survey area,

Mesozoic marine sediments are overlain by Tertiary nonmarine sedi-

ments of the Great Valley sequence. These younger sediments, which
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include the Tehama and Montgomery Creek Formations, extend eastward

beneath the Cenozoic volcanics of the High Cascade Range.

The Sierra Nevada Range

The southeastern corner of the study area contains the north-

eastern corner of the Sierra Nevada province. Hannah (1980) des-

cribed the stratigraphic sequence in this area as older Paleozoic

deep water sediments overlain by younger Paleozoic volcanic arc type

rocks both of which were folded, thrust faulted, and metamorphosed

during the Jurassic Nevadan orogeny and then intruded by granitic

plutons in the Cretaceous. Later, the northern edges of the province

were overlain by Tertiary volcanic rocks (Hannah, 1980) identified

as Warner Basalts by Durrell (1966). Deposition of the Tertiary

volcanics was followed by an episode of faulting that lifted the

Sierra Nevada to its present height and produced the Diamond Mountain

block.

The northern terminus of the Sierra Nevada Range lies about 25 km

south of Lassen Peak and may represent an eastward continuation of a

major concealed fault of possibly Cretaceous age which passes across

the north end of the Great Valley (Rich and Steele, 1974; Oliver,

1980). It follows that both structural features may be related to

the postulated rift zone which separated the Sierra Nevada range from

the Klamath Range (Blake and Jones, 1977) leaving a gap which itself

was filled with Cenozoic volcanic rocks and sediments related to the

Cascade Range and Modoc Plateau (Hamilton, 1978).
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TOTAL FIELD MAGNETIC ANOMALY MAPS

During June, July, and August of 1980, personnel from the Geo-

physics Group at Oregon State Universtiy conducted an aeromagnetic

survey in the area between 400151 and 42°OO' N latitude and 120°45'

and 122°45' W longitude. Given in units above sea level (ASL), the

three observational levels of the flights in the survey are:

(1) 2.74 kilometers (9000 feet), (2) 3.35 kilometers (11,000 feet),

and (3) 4.57 kilometers (15,000 feet). The flight elevation of

2.74 kilometers was chosen to allow maximum areal coverage with min-

imum terrain clearance. Mount Shasta (14,162 feet) and Lassen Peak

(10,466 feet) which extend above 2.74 kilometers ASL interrupt this

flight line pattern and hence were covered at flight elevations of

4.57 and 3.35 kilometers ASL, respectively. Figures 3, 4, and 5

show the locations of approximately 25,000 kilometers (15,700 miles)

of flight lines flown over the survey area. At a sampling interval

of about 130 meters (430 feet), the survey yielded over 200,000

magnetic measurements. Most east-west lines were flown at 1.61 kilo-

meter (one statute mile) spacing while north-south tie lines were

flown at 8.05 kilometer (five statute mile) spacing. East-west

lines with 0.8 kilometer (0.5 statute mile) spacing were flown over

Medicine Lake Highlands and Lassen Volcanic National Park at 2.74

kilometers ASL and over Lassen Peak at 3.35 kilometers ASL. A radar

transponder navigation system provided horizontal positions accurate

to ±15 meters for each measurement and is summarized in Appendix A.

Gemperle and Bowers (1977) give a complete description of the system

used to acquire the data.
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Figure 6 shows the total field aeromagnetic anomalies of north-

central California prepared from the data collected at an elevation of

2.74 kilometers ASL, Figure 7 shows the total field aeromagnetic anom-

aly map of the Mount Shasta area prepared from data collected at 4.57

kilometers ASL, and Figure 8 shows the total field aeromagnetic anom-

aly map of the Lassen Peak area prepared from data collected at 3.35

kilometers ASL. The north-central California, Mount Shasta, and Las-

sen Peak maps are contoured at 100, 25, and 50 nanotesla (gamma) in-

tervals, respectively. Removal of the regional geomagnetic field

(IGRF 75), updated to July 1980, from the measurements produced the

anomaly maps. In addition, a modification made to the north-central

California map permitted anomalies from this survey to match those

from a survey immediately adjoining in Oregon (McLain, 1981). The

operation of a base station, located in Fall River Mills, California,

permitted the removal of diurnal magnetic variations from the data.

The precise navigation combined with careful monitoring of diurnal

changes of the geomagnetic field produced very small crossing errors.

The RMS uncertainty of individual anomaly values is 4.7, 4.0, and 1.3

nanoteslas (ni) for the north-central California, Mount Shasta, and

Lassen Peak survey areas, respectively. Appendix A describes in more

detail the collection and computer processing of the magnetic data.

The magnetic anomaly map of the survey shown in Figure 6 reveals

the general magnetic character of each physiographic province and

helps to define their regional extent. The very large-amplitude

(500 to over 1000 nT), short-wavelength and predominantly positive

anomalies on the west edge of Figure 6 coincide with the ultramafic

rocks and mafic intrusives of the Klamath Mountain Province. East
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of this area the very broad, low-amplitude (zero to -300 nT), nega-

tive anomaly generally coincides with the mapped extent of the Meso-

zoic sedimentary rocks of the Klamath Mountains. However, the long-

wavelength components of this anomaly appear to be superimposed with

the short-wavelength components of anomalies in the Cascade Range

southeast of Mount Shasta which indicates that rocks of the Klamath

complex may extend eastward beneath the rocks of the High Cascades.

The negative anomaly located near 41°45'N latitude and at the west

boundary of the survey area coincides with the northern edge of the

ultramafic and meta-volcanic rocks associated with the Klamath Moun-

tains. The southeast edge of the anomaly, line A-A' in Figure 9,

coincides with the axial trend of a fault system first mapped by

Strand (1963) and which Jennings (1975) later indicated to be a

system of thrust faults. The lower-in-amplitude and longer-in-

wavelength anomalies which lie immediately north and south of

line A-A' are associated with sedimentary rocks of the Klamath

Complex.

The north-south trend of high-magnitude, short-wavelength anoma-

lies located between Mount Shasta and the California-Oregon border and

the northwest trend of similar anomalies located southeast of Mount

Shasta in the central and southern portions of the study area, shown

in Figure 6, are associated with the volcanic cones of the High Cas-

cades. The high-magnitude, short-wavelength anomalies which trend

south-north between Mount Shasta and the California-Oregon border and

which trend northwest between 410251 and 41°50'N latitude (see Figure

6) are associated with the volcanic cones of the High Cascades. In

contrast to these anomalies, the anomalies associated with the Western
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Cascades located between 410201 and 42°00'N latitude and between

122°15' and 122°40'W longitude and the anomalies associated with the

High Cascades located near 4l°00'N latitude and 12l°50'W longitude

are lower in amplitude and longer in wavelength. This anomaly

pattern may be caused in part by the increased ground clearance of

the aircraft over areas with lower topographic elevation.

Anomalies associated with the Modoc Plateau occupy the eastern

portion of the study area shown in Figure 6. The anomalies vary

from low-amplitude, intermediate-wavelength anomalies in the northern

section to high-amplitude, short-wavelength anomalies in the southern

section. The north-south variation in the anomaly pattern may be

attributed in part to the relief of the terrain which increases in

elevation southward and becomes more rugged. However, the anomaly

patterns expressed over the Big Valley, the Lower Kiamath Lake Valley,

and the Tule Lake Sunip region may also be related to low-amplitude,

long-wavelength anomaly patterns characteristic of deep sediment-

filled structural depressions.

Table 1 lists the numbered locations shown in the magnetic anom-

aly maps, Figures 7, 8, and 9, and contains a more complete descrip-

tion of the magnetic anomalies and coincident topographic features.

The list in Table 1 shows that a high correlation exists between the

magnetic anomalies of Figures 6, 7, 8 and the topography of Figure 2.

A prominent positive anomaly, #33, at the extreme southwest cor-

ner of the survey area may be related to an intrusive source body as-

sociated with the Holocene volcanism located immediately east at In-

skip Hill. However, the anomaly's maximum amplitude and its westward

extension are coincident with Cenozoic sediments of the Great Valley





Index
no.

Location Elevation
in feet

Anomaly nT

1 Secret Spring Mountain 5672 <0 weak magnetic expression

2 Mahogany Mountains 6208 <-400

3 Eagle Rock 6993
>500 north flank
<-600 south flank

4 3 mi. east of Meiss Lake 4200 >700 not associated with topo feature

5 Ball Mountain 7780 >400

6 Goosenest Peak 8280 >900

7 Cedar Mountain 5990 >800

8 Mount Hebron 6143 <-500 small magnetic expression

9 Herd Peak 7071
>200 southeast flank
<-700 northwest flank

10 Antelope Mountain 6098 no magnetic expression

11 Deer Mountain 7006 >200

12 Garner Mountain 7248 <-800

Table 1. Index of magnetic anomalies and topographic features.
()



Index Location Elevation Anomaly fT
no. in feet

13 Haight Mountain 8081 <-600

14 The Whaleback 8528 >4c

15 Ash Creek Butte 8378 2300 largest positive

16 China Mountain 8554 >1100

17 Mount Eddy 9025 <-300

18 Indian Spring Mountain 5732 <-600

19 5 mi. SE of Indian Spring 3800 >600 not associated with topo feature
Mountain

20 Castle Crags 6544 no magnetic expression

21 Devil's Mountain "4100 <-500

22 Soldier Mountain 5540 no magnetic expression

23 Saddle Mountain 4938 <-500

24 Long Valley Mountain 4522 >600

Table 1 (cont.). Index of magnetic anomalies and topographic features.

(Ti



Index Location Elevation Anomaly - nT
no. in feet

25 Hatchet Mountains 5300 >600

26 Burney Mountain 7852 >900

27 Fraener Peak 720O >500

28 Magee Peak 8676 >1700

29 Sugarloaf Mountain 6555 no magnetic expression

30 Prospect and West Prospect 8200 >1500
Peaks

31 Badger Mountain 7000 <-1200

32 Brokeoff Mountain 9200 >600

33 6 mi. ESE of Little Inskip 600 >500 not associated with topo feature
Hill

34 Hamilton Mountain 7200 no magnetic expression

35 Mount Harkness 8045 >200 small niagnetic expression

36 Swain Mountain 6998 <-200

Table 1 (cont.). Index of magnetic anomalies and topographic features.



Index Location Elevation Anomaly - nT
no. in feet

37 Roop Mountain 7616 <-1600 largest negative

38 Round Valley Butte 6400 >600

39 Black Butte 7814 >200

40 Bogard Buttes 7590 <-1200

41 Crater Mountain "7500 >100 weak magnetic expression

42 Cal Mountain 6508 >200 weak magnetic expression

43 Cone Mountain '6600 no magnetic expression

44 Harvey Mountain 7370 <-500

45 Blacks Mountain 7298 >200 weak magnetic expression

46 Bald Mountain 5589 >300

47 10 mi. SSE of Imerson 4l00 >200 not associated with topo feature
Mountain

48 Baldy Mountain 6325 >800 part of Big Valley Mountains

Table 1 (cont.). Index of magnetic anomalies and topographic features.

()



Index Location Elevation Anomaly - fT
no. in feet

49 Timbered Crater "40OO >100 in Fall River Valley

50 Taylor Mountain 5509 no magnetic expression

51 NE flank of Whitehorse '4200 >400 not associated with topo feature
Reservoir

52 Black Fox Mountain 6510 <-700

53 Buck Mountain 6474 >300

54 Rainbow Mountain "7700 <-500

55 Black Mountain 6984 >700

56 Medicine Mountain 7000 >600

57 Mount Hoffman 7913 >300 small magnetic expression

58 Timber Mountain 5086 <-600

59 Wild Horse Mountain 6048 >1000

60 Cinder Butte 5200 <-600 one of several buttes

Table 1 (cont.). Index of magnetic anomalies and topographic features.



Index
no.

Location Elevation
in feet

Anomaly nT

61 Double Head Mountain 5582 <-300

62 Sheep Mountain 6210 <-1200

63 Clear Lake Reservoir 4469 >100 not associated with topo feature

64 Tulelake Sump 40OO <-200

65 Mount Shasta 14162 >175 @ 15,000 feet

66 Table Mountain 6800 >0 @ 11,000 feet

67 Chaos Crags %9400 >0 @ 11,000 feet

68 Lassen Peak 10466 >200 @ 11,000 feet

69 Red Mountain "7200 >150 @ 11,000 feet; weak magnetic
expression

70 Black Butte 8300 >0 @ 11,000 feet

71 Red Cinder Cone 8000 >300 @ 11,000 feet

72 Mount Hoffman 7800 >200 @ 11,000 feet; small magnetic
expression

Table 1 (cont.). Index of magnetic anomalies and topographic features.

c)
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sequence which suggests a buried source associated with the Great

Valley. Furthermore, the somewhat steep magnetic anomaly gradients,

associated with the curvilinear magnetic lineation B-B' in Figure

9 and the magnetic lineation B'-B" in Figure 9 which are located

along the eastern and northern edges of the anomaly, respectively,

are indicative of faults or lithologic contacts. The curvilinear

lineation B-B' generally correlates with a broad fracture zone mapped

by Jennings (1975) and located south and east of Inskip Hill. The

lineation B'-B" generally coincides with a fault trace inferred by

Strand (1963). However, because these mapped fractures occur within

an extensive cover of Tertiary volcanics that exhibit minimal topo-

graphic relief, the coincident magnetic lineations are more likely

generated by rock magnetization contrasts which occur at greater depth.

One explanation for both the magnetic lineations and the positive

anomaly may be related to Blake and Jones' (1981) proposal that oce-

anic rocks comprise the basement rocks of the Great Valley and that

these rocks (possibly causing anomaly #33) were moved along a strike-

slip fault (possibly located along B-B') to lie next to rocks of the

Klamath-Sierra Nevada Range before the range rifted apart producing

a rift edge (possibly located along B'-B").

Several magnetic anomalies within the north-central California

study area cannot be correlated with topographic features of volcanic

origin and may imply buried magnetic sources. For example, the prom-

inent positive anomaly #19, located approximately 5 kilometers south-

west of Indian Spring Mountain atthe northern end of Fall River Val-

ley, does not appear to be associated with any topographic feature. A

previously unmapped buried eruptive center may be the source of this



41

positive anomaly. Furthermore, the two positive anomalies located

east-southeast of Fall River Mills, the positive anomaly #49 associ-

ated with Timbered Crater, and anomaly #19 located at the northern

edge of Fall River Valley form a magnetic high, line C-C', in Figure

9. The magnetic high and its northwest oriented axis, which parallels

the axes of the faults observed just east and north of line C-C', sug-

gest a possible fracture zone where weak points along the fracture

zone may have allowed the upwelling of molten material and conse-

quently the emplacement of intrusive magnetic bodies.

Other anomalies which do not appear to correlate with topographic

features include the two positive anomalies located at the north-

east and southeast edges of the Big Valley Mountains. The source

of the positive anomaly #51 , located immediately east of Indian

Spring Mountain, may also be related to a buried eruptive center.

The anomaly is flanked by fractures located just north of White-

horse Flat Reservoir which were mapped by Chapman and Bishop (1968)

and which Jennings (1975) indicated are Pleistocene in age. As

previously mentioned, fractures allow the upwelling of molten

material. However, the source of the anomaly may also be related to

a portion of the Big Valley Mountain Range because the anomaly lies

just north of and in alignment with anomalies associated with the

Big Valley Mountains. The markedly linear northeastern border of

this magnetic anomaly transverse to a relatively steep magnetic

gradient indicates a fault or fracture. Oriented S 40°E, the axis

of this magnetic lineation, appears to trend southeastward on strike

with a negative anomaly associated with Immerson Mountain in the Big

Valley Mountain Range. Jennings (1975) also mapped a northwest-
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southeast oriented fault located immediately east of Immerson

Mountain. Therefore, the magnetic lineation, line D-D' in Figure 9,

is interpreted to be a fault. Located at the southeast edge of the

Big Valley Mountains near 41°05'N latitude, the second positive anom-

aly #47, whose axis trends east-west across the north-south boundary

between the Big Valley and Big Valley Mountains, is bounded by two

faults (lines E-E and E'-E' in Figure 9) mapped by Chapman and Bishop

(1968) and Jennings (1975) respectively. This suggests that the

source of the anomaly may be a downdropped portion of the Big Valley

Mountain Range which is buried beneath the sediments of the Big

Valley.

A heretofore previously unmapped fault may be the cause of a

steep slope in the magnetic gradient located northwest of Eagle

Lake in the MoLoc Plateau near 40°47'N latitude. The transverse

component of the gradient, line F-F' in Figure 9, which trends east-

west on strike with an aligned series of small lake depressions, pos-

sibly sag ponds, and cinder cones for a distance of 14 kilometers,

indicates the trace of the proposed fault. In the same area, two

negative anomalies associated with a topographic ridge northeast of

Harvey Mountain and Harvey Mountain, form a magnetic low, line F'-F't

in Figure 9. The axis of the low is oriented southwest on strike

with a fracture zone north of Ashurst Mountain mapped by Lydon etal.

(1960), suggesting a possible southwest extension of the fracture

zone.

A prominent magnetic lineation which trends southeast for approx-

imately 18 kilometers, line G-G' in Figure 9, and then bends and con-

tinues northeastward for approximately 2 kilometers, line Gt-G' in
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Figure 9, roughly correlates with the surficial geologic contact

between Mesozoic metavolcanic rocks south of the lineation and an

assemblage of Mesozoic granitic rocks and Tertiary volcanics and sed-

iments north of the lineation (Lydon etal., 1960). However the

steepness of the magnetic gradients associated with the two linea-

tions indicates either a significant contrast in magnetization or a

geologic contact with a large vertical extent. Because lineation

G-G' exhibits an axial trend which parallels the axial trends of

more clearly defined geologic contacts within rock units of the

Sierra Nevadas located further west and south, the prominence of

lineation G-G' is probably more due to a vertically extensive geo-

logic contact.

Located near the center of the study area, a prominent linea-

tion, H-H' in Figure 9, whose axis is oriented N 50°E, cannot be

correlated with the topography or clearly correlated with contacts

between surface materials of different rock type or age and there-

fore is interpreted as originating from a magnetization contrast

associated with a structural discontinuity at depth. The nature

of the discontinuity is unknown, however it is postulated that the

discontinuity giving rise to lineation H-H' is related to one edge

of the rift zone proposed by some geologists to have separated

the Klamath Mountains from the Sierra Nevada Range. This structural

discontinuity may extend further northeastward for 20 to 30 kilo-

meters to point H" in Figure 9, because a lineation which forms

the northwest edge of anomaly #51 is on strike with lineation

H-H'. In addition, the buried source associated with anomaly #19

lies directly on the extension of the lineation to H". Because the
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reversely polarized, then the negative magnetic expressions of the

larger, buried volcanoes would diminish the positive magnetic ex-

pressions of the smaller, overlying volcanoes. Alternatively the

small amplitude anomalies associated with volcanoes which have large

elevations, such as those from Blacks Mountain to Crater Mountain

with elevations between 6500 and 7300 feet, may be due to a shallow

Curie-point isotherm.

Anomalies associated with an area northeast of West Prospect

Peak, an area east of Prospect Peak, and a topographic high adjacent

to Butte Lake, form a magnetic low, whose axis, indicated by J-J' in

Figure 9, is oriented N 35°W and is coincident with the axis of a

fault inferred by Lydon etal. (1960). The negative anomalies

associated with Ash Butte, two basaltic plugs which are located

southeast of Red Cinder Cone (#71), and Long Lake may imply that the

magnetic low and thus the inferred fault continues further southeast

for approximately 15 kilometers.

A magnetic low, whose axis is indicated by line K-K' in Figure

9, and which is formed from anomalies associated with Badger Mountain

(#31), an area adjacent to the northwest flank of Sugarloaf Peak

(#29), Cornaz and Brown Buttes, and an unnamed butte approximately 2

kilometers west of Crystal Lake, trends northwesterly on strike with

Hat Creek and thus is interpreted as indicating a fracture zone.

Lydon etal. (1960) mapped similarly trending faults within the area

of the magnetic low, however their faults do not indicate the contin-

uity and length of the fracture zone as indicated by the magnetic

low. Immediately west of the magnetic low, anomalies associated

with Bear Wallow Butte, Logan Mountain, Fraener Peak (#27), and



46

Burney Mountain (#26) form a magnetic high that also trends north-

westerly. The axis of the magnetic high, line L-L' in Figure 9, is

also on strike with a line of cinder cones. Because eruptive fea-

tures such as cinder cones often mark the locations of volcanic

vents (MacDonald, 1966) and because the volcanic peaks are aligned,

the magnetic high, line L-L', is suggested as indicating a line

of fractures.

A positive magnetic anomaly located just east of Meiss Lake

(#4) within the Modoc Plateau region does not correlate with topo-

graphy and hence indicates a buried magnetic source body. Because the

anomaly is on strike with the trend of a magnetic lineation west of

Sheep Mountain (#62) which correlates with a fault mapped by Chapman

and Bishop (1968), and because it is also on strike with the edge of

a positive anomaly, located approximately 7 kilometers east of Secret

Spring Mountain (#1), that is associated with a small horst type

topographic high, the source of the anomaly east of Meiss Lake may

be a heretofore unmapped buried eruptive center that is constructed

over and thus is masking part of the fracture zone observed west

of Sheep Mountain and east of Secret Spring Mountain. Line M-M' in

Figure 9 shows the location of the axis of the proposed fracture zone.

Negative anomalies associated with a topographic high 12 kilo-

meters northwest of the Mahogany Mountains, the Mahogany Mountains

(#2), as well as a lineation located approximately 10 kilometers

east of Sheep Mountain and associated with a topographic high, form

magnetic lineation N-N' (Figure 9) that correlates well with a some-

what curvilinear fault oriented N 40°W mapped by Chapman and Bishop

(1968).
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Low-amplitude negative anomalies associated with a butte south-

east of Barber Ridge, Barber Ridge, Donica Mountain, Webb Butte, an

area 6 kilometers east of Black Mountain (#55), and an area of

Quaternary volcanic flows, cinder cones, and small buttes located

approximately 12 kilometers northeast of Medicine Lake (#56), form a

broad magnetic low, whose axis, indicated by line 0-0' in Figure 9,

is oriented N 45°W. The magnetic low between 41°lO' and 4l°20'N

latitude marks the eastern extent of the low-amplitude magnetic

anomalies associated with the sediment filled structural depression

of the Big Valley (Huppunen etal., 1982). The magnetic low between

410201 and 41°40'N latitude does not correlate well with either topo-

graphy or surface geology and therefore suggests the anomaly pattern

may be due to changes or discontinuities in the subsurface structure

(Couch and Gemperle, 1981).

The largest positive anomaly within the survey area is associ-

ated with Ash Creek Butte (#15) located northeast of Mount Shasta.

The large amplitude of the anomaly is due in part to a minimal ter-

rain clearance of approximately 122 meters, between the 2.74 kilo-

meter observation level and Ash Creek Butte. At the 4.57 kilometer

flight level (see Figure 7), the amplitude of the anomaly of Ash

Creek Butte is larger than that of Mount Shasta (#65) and implies

a higher magnetization of the near surface rocks. The largest

negative anomaly is associated with Roop Mountain (#37) located at

the southeastern boundary of the Modoc Plateau, but the magnitude

of the anomaly is reasonable for the low flight clearance and the

large diameter of the mountain. When terrain clearance is considered,

the most prominent anomalies are associated with the buried magnetic



sources located east of Meiss Lake (#4), west of Indian Spring Moun-

tain (#19), and east of Redding (#33) in the Great Valley.

Several prominent peaks within the Cascade Province exhibited

only weak magnetic expressions. Pegleg Mountain (7041 feet) is one

of several peaks located in the southeasternmost section of the

Cascade Range that are greater than 7000 feet in height and yet

show little magnetic expression. North of Lassen Peak, the magnetic

expression (#29) of Sugarloaf Mountain (6555 feet) is lost within a

large magnetic gradient. East of Lassen Peak, low amplitude anom-

alies are associated with Red Mountain (#69), Mount Harkness (#35),

and Swain Mountain (#36). Peaks located near the northern boundary

of the survey area which show little magnetic expression include:

Secret Spring Mountain (#1), the Mahogany Mountains (#2), Mount

Dome, and Clear Lake Hills (west of #63). In addition, peaks within

the Klamath Range which correlate with sedimentary and granitic

rock units such as Salt Creek Mountain, Castle Crags (#20), Grey

Rocks, and Antelope Mountain, expressed little or rio magnetic ex-

pression.
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LOW-PASS FILTERED MAPS

In general, short-wavelength magnetic anomalies are associated

with topography and near-surface sources and long-wavelength magne-

tic anomalies are associated with deep sources. The difference in

wavelengths with source-depth allows filtering techniques to be use-

ful in enhancing deep structural trends while suppressing surface

trends.

Using the same filtering technique on aeromagnetic data from a

similar survey in south-central Oregon, McLain (1981) found that the

correlation between the magnetic anomalies and topography persists

when wavelengths shorter than 15 kilometers are attenuated. This

suggests that for the present study the suppression of wavelengths

shorter than fifteen kilometers would not remove the correlation be-

tween magnetic anomalies and topography. Subsequent analysis of the

frequency spectrums of large portions of the north-central California

data set (Figures 14 and 15) gave this study a further indication that

anomaly wavelengths shorter than eighteen kilometers would correspond

with topographic and near-surface magnetic sources. However even

after wavelengths shorter than thirty kilometers were removed, mag-

netic anomalies continued to correlate with topography. Figures 10,

11, 12 show the north-central California data where wavelengths short-

er than 35, 65, and 85 kilometers, respectively, have been eliminated.

In Figure 10 (where wavelengths shorter than 35 kilometers have

been removed), some correlation still remains between topographic

features and magnetic anomalies. Positive anomalies of shorter wave-

length associated with Medicine Lake Highlands, Magee Peak, Prospect
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and West Prospect Peaks, and the buried source south-southwest of

Indian Spring Mountain are still present in Figure 10. This means

that deeper sources may exist beneath the topographic features or

that surface features are continuations of broader sources at depth.

Because two prominent northwest trending positive anomalies at the

southern boundary of the study area also remained after filtering,

the sources of the anomalies probably extend to several kilo-

meters deep in the crust. The same may be said for the northeast

trending positive and negative anomalies associated with the rocks of

the Klarnath Range. However the axis of the magnetic low in the north-

eastern portion of the survey area did not retain its northwest-south-

east orientation after filtering. Suppression of shorter-wavelength

anomalies produced a magnetic low with an east-west oriented axis

(see Figure 10). This suggests that in this area, the short-wave-

length anomalies, which are probably associated with shallow source

bodies, generated the northwest-southeast component of the magnetic

low's axial orientation (Huppunen etal., 1982).

Trends indicated in the unfiltered map (Figure 9) which persist

in the filtered map of Figure 10 include the northwest-southeast

trending fault zones in the northern half and southernmost sections

of the study area and the northeast-southwest trending fractures in

the central and eastern sections of the study area. The broad nega-

tive magnetic trend associated with the Klamath sedimentary sequence

is shown in Figure 10 to extend northward beneath the volcanic peaks

of the northern High Cascades and Western Cascades, southeastward

beneath the volcanic peaks of the southern High Cascades, and east-

ward beneath the central portion of the Modoc Plateau. The eastward
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extension of the magnetic low transects the positive magnetic anoma-

lies of the eastern side of the survey area and suggests the normally

polarized magnetic material beneath the northern and southern portions

of the Modoc Plateau and High Cascades may not be related. The weak

magnetic expression of the positive magnetic anomaly coincident with

Red Mountain could be explained by its location over the southeastern

extension of the magnetic low. Similarly, the negative magnetic

anomaly associated with Swain Mountain may be low in amplitude because

it is positioned over the magnetic high associated with the source in

the sourtheastern corner of the study area.

In a similar magnetic study of south-central Oregon, McLain

(1981) suggested that the magnetic low located over the Kiamath Graben

may continue southward into California near l21°50'W longitude based

on trends in his filtered anomaly maps where wavelengths shorter than

15 and 35 kilometers were suppressed. However, this magnetic low,

observed on the similarly filtered map of Figure 10 where wavelengths

shorter than 35 kilometers were suppressed, is transected by a south-

west trending magnetic high which extends further northeastward into

Oregon. The anomaly pattern, therefore, does not support the notion

of a major southern extension of the Klamath Graben into northern

California but instead favors the notion of the Kiamath Graben chang-

ing trend to remain almost entirely within Oregon (McLain, 1981).

In Figure 11 (where wavelengths shorter than 65 kilometers have

been removed), the structural trend of the deep sources in the north-

ern half of the survey area retains a northwest-southeast orientation.

The positive anomaly in the central portion of the study area merges

westward into the positive anomaly associated with the Klamath Range
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as the negative anomaly associated with sedimentary rocks of the

Klamath Range disappears.

In Figure 12, where wavelengths shorter than 85 kilometers have

been removed, the trend of the deepest crustal sources has clearly

changed to east-west in the southern portion of the survey area.

The persistence of the anomaly patterns associated with the magnetic

materials beneath the Klamath Mountains and northeasternmost Sierra

Mevadas as well as the persistence of relatively steep magnetic

gradients over the two physiographic provinces are an indication that

the sources of the anomalies are probably of upper crustal thick-

nesses, that is 10 kilometers or more.
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MAGNETIC SOURCE-DEPTHS FROM ENERGY SPECTRUM ANALYSIS

Gudmundsson (1967), Spector (1968), Naidu (1969), Spector and

Grant (1970), Mishra and Naidu (1974), Bhattacharyya and Leu (1975b,

1977), and Shuey etal. (1977) have discussed the determination of

magnetic source parameters from aeromagnetic anomalies using spec-

tral analysis. The approach of each author has produced relation-

ships useful in the determination of depths to magnetic source tops

and to magnetic source bottoms. In later sections of this study

methods similar to Bhattacharyya and Leu (1977) are applied. In the

present chapter, however, the approach developed by Spector and Grant

(1970) is employed where the earths crust is assumed to consist of a

number of independent ensembles of rectangular vertical-sided prisms.

Spector and Grant (1970) showed that the spectrum of the magnetic

anomaly field of a single prism could be used to derive the energy

spectrum of an aeromagnetic anomaly map, represented by (x,y). Ex-

pressed in polar wavenumber coordinates, the energy spectrum is given as

E(r,e) = F(r,e) F*(r,@) (1)

where F(r,e) is the spectrum or Fourier transform of (x,y);

r = (u2+v2)"2 for spatial frequencies u and v in radians/km in the

x (E-W) and y (N-S) directions respectively; 8 = arctan (v/u); and

* denotes the complex conjugate. Spector and Grant (1970) then de-

rived the energy spectrum of anomalies caused by an ensemble of

vertical-sided prisms and found that the energy spectrum expression

could be simplified for prisms with vertical magnetization in a

vertical geomagnetic field (see Appendix B). This simplified
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equation, radially averaged over e, is given as

= 2g2 -2hr (letr)2><2(r)> (2)e

where

<> indicates the expected value

= average magnetic moment/unit depth

h = depth to top of a single prism

t = thickness of a single prism

S = geometrical factor averaged over which depends on the

horizontal size of a prism (see Appendix B).

Other assumptions on which equation (2) is based include

1) The anomaly field ç(x,y) is the realization of a real,

stationary, random process,

2) the magnetization is zero, except in discrete, uniformly

magnetized bodies located at random,

3) the parameters of the prisms (e.g. length, width, thickness,

body center location, depth of burial, and magnetization)

vary independently of one another with uniform probability

distributions, and

4) the magnetization direction is approximately parallel to

the geomagnetic field direction (within ±200).

For surveys, such as this survey, which encompass more than one

geologic province, the stationary anomaly field condition given in

assumption (1) may be violated (Naidu, 1970). Assumption (2) may

fail for areas where anomalies appear in an aligned or clustered

grouping (Shuey etal., 1977). Several such patterns appear in the

present study area and even help serve to distinguish one geologic



province from another. Assumption (3) which allows prisms to over-

lap is supported by Spector and Grant (1974) as a common sense ap-

proach to the geologic picture. The notion of overlapping prisms is

realized in nature when a gradation zone exists between two magnetic

regions. Spector and Grant (1974) cite several examples for the

occurrence of such zones. Assumption (4) appears to be satisfied

for this study area since anomalies look 'normal'.

Spector and Grant (1970) give an approximation for

in equation (2) as

-2hr -2hr
<e >e (3)

where source depth h, which falls in the range O.51i< h< l.5h, assumes

the value }, the mean ensemble depth, for r< 1/h. The range for h

is given as E-th<h<h+Ah. From experience, Spector and Grant

(1970) have found that the factor <e2> exerts the most influence

on the shape of the energy spectrum. Hence, a plot of the energy

spectrum of a single ensemble of prisms against angular frequency

r should yield a straight line whose slope is directly proportional

to the average source depth for that ensemble. For each additional

ensemble represented in the energy spectrum another straight line

segment should result.

The approximation given in equation (3) is derived in Appendix

B based on an assumed variation in h of 2Ah. Further demonstrated

in Appendix B is the effect of source depth variation 2h on the true

decay of the energy spectrum. Large values of 2h cause the energy

spectrum to decay less rapidly and hence source depths are under-

estimated. A further underestimate may result from the thickness



factor <(1 _e_tr)2> because the factor increases as r increases. How-

ever, the shape factor <2(r)> which decreases as r increases tends

to produce an overestimate for h at lower frequencies and for

prisms of reasonable size. Source-depth determinations from spec-

tral analysis, then, give only "ballpark" estimates for the true

source depths.

The application of this spectral analysis technique required the

north-central California aeromagnetic anomaly map shown- in Figure 6

to be reduced to a grid of uniformly-spaced points (Appendix A).

This resulted in a 594 x 681 point grid the boundaries of which are

shown in Figure 13. After gridding, smaller subgrids of the data

were detrended and tapered to zero at the boundaries before being

transformed into the frequency domain by a fast Fourier transforma-

tion. The data was finally rotated-to-the-pole from which a radially

averaged energy spectrum was computed. The logarithm of this energy

spectrum normalized with respect to the zero frequency estimate E(o)

is plotted versus r/2ir (frequency, f) as a visual aid in the deter-

mination of source depths. Figure 14 shows one such spectral plot.

Figures 14 through 32 show the computed spectral plots for

two overlapping 512 x 512 subgrids and seventeen overlapping

256 x 256 subgrids extracted from the main grid. The larger sub-

grids cover two-thirds of the total grid and the smaller subgrids

cover one-sixth of the total grid. Compared to even smaller grids,

these subgrids are more capable of probing for sources of greater

depths and have been overlapped in order to increase resolution.

The lines fit to the spectral plots were chosen to minimize the

standard deviation of the slope. Source depths corresponding to
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Figure 18. Radially averaged spectrum of aeromagrietic data
over the subarea NC2.
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Figure 19. Radially averaged spectrum of aeromagnetic data
over the subarea Medicine Lake.
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Figure 20. Radially averaged spectrum of aeromagnetic data
over the subarea NC3.
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Figure 21. Radially averaged spectrum of aeromagnetic data
over the subarea NC4.
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Figure 22. Radially averaged spectrum of aeromagnetic data
over the subarea NC5.
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Figure 23. Radially averaged spectrum of aeromagnetic data
over the subarea NC6.
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Figure 24. Radially averaged spectrum of aeromagnetic data
over the subarea NC7.
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Figure 25. Radially averaged spectrum of aeromagnetic data
over the subarea NC8.
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Figure 26. Radially averaged spectrum of aeromagnetic data
over the subarea NC9-NW,
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Figure 27. Radially averaged spectrum of aeromagnetic data
over the subarea NC9.
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Figure. 28. Radially averaged spectrum of aeromagnetic data
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Figure 29. Radially averaged spectrum of aeromagnetic data
over the subarea NC1O.
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Figure 30. Radially averaged spectrum of aeromagnetic data
over the subarea NC11.
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Figure 31. Radially averaged spectrum of aeromagnetic data
over the subarea NC12-W.
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Figure 32. Radially averaged spectrum of aeromagnetic data
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each line slope are given in kilometers beneath the 2.74 km flight

elevation. The uncertainty given for each source depth refers to

the error in fitting a straight line to a number of points and not

to the accuracy of the source-depth value itself. Indicated mean

and minimum terrain clearances were estimated from 1:250,000 U.S.G.S.

topographic maps of the area. A minimum terrain clearance of zero

indicates that some part of the topography extended above the flight

elevation.

Fitting lines to points which suffer from aliasing effects

would produce source depths that have little meaning. For this

reason no lines were fit to spectral points corresponding to wave-

lengths shorter than the flight-line spacing, or frequencies greater

than about .6 cycles/km.

Table 2 summarizes the source-depth information obtained from

the 512 x 512 and 256 x 256 subgrids as well as the topographic

information. The source depth values given are with respect to

sea level rather than flight level and are qualitatively grouped.

Most spectra show shallow source depths within .2 km of the

estimated mean terrain clearance. However subgrids NC7, NC9-NW

and NC1O underestimate the average source depths corresponding

to topography by .35 km, .26 km and .36 km respectively. Subgrid

NC9-NW which lies close to the center of the survey area encompasses

the Big Valley and the Big Valley Mountains. The block faulting

in this region produces a large source-depth variation 2h which

may account for the shallower than expected source depth. Sub-

grids NC7 and NC1O represent the extreme southwest corner of the

of the survey area. In this part of the survey area magnetic



Grid Location

North (512 grid)
40041_42o0O N lat.
120055r_1220381 W long.

South (512 grid)
40015_4l034 N lat.
l20045_l22028 W long.

Nd (256 grid)
41°21'-42°00' N lat.
l21°53'-122°45' N long.

NC2-W (256 grid)
41021_420001 N lat.
121°34-l22°26 W long.

NC2 (256 grid)
4l021_42000 N lat.
121°21'-122°13' N long.

Medicine Lake (256 grid)
4l015_41054 N lat.
12l012122o03 N long.

NC3 (256 grid)
41°21'-42°00' N lat.
120°50'-121°4P N long.

NC4 (256 grid)
40059_41038I N lat.
121°53-122°45 N long.

Mean Terrain
Clearance of
Survey in km
(estimated)

1.2

1.3

1.2

1.0

1.1

1.0

1.2

1.1

Mean Elevation Source-top Depths in km
of Terrain below(-) and above(+) Sea-Level
in km ASL
(estimated) Deep Intermediate Shallow

+1.05±. 03
1.5 -3.62±.68 +1.70±.01

+0 . 05± . 07

1.4 -3.51±.45 +0.53±.03 +l.50±.03

+1.05±. 09
1.5 -1.61±.1l +l.70±.02

+0 . 30± . 07

+1.02±. 03
1.7 +1.84±. 05

+0.01±. 15

1.6 -0.06±.09 +l.07±.05 +l.82±.05

+l.80±.06
1.7 -0. 26±.09 +1.20±. 07

+1. 68± . 03

1.5 -0.50±.14 +0.92±.04 +l.68±.03

1.6 -l.67±.35 +0.36±.lO +l.51f.Ol

Table 2. Source-top depths from energy spectrum analysis of aeromagnetic anomaly data.



(rid Location

NC5 (256 grid)
40059_4l038 N lat.
l21°2l'-l22°l3 W long.

NC6 (256 grid)
40059_41038 N lat.
120050_1210411 W long.

NC7 (256 grid)
40037_410161 N lat.
121°45-l22°37' W long.

NC8 (256 grid)
40037t_41016 N lat.
l2l0l5_l2200] W long.

NC9-NW (256 grid)
40048_4l027I N lat.
121002_121054 W long.

NC9 (256 grId)
40037_410l6 N lat.
120045._1210371 W long.

NC9-S (256 grid)
4O026_4l0O5 N lat.
1200451_1210371 W. long.

NCIO (256 grid)
40015_40054 N lat.
121045_1220371 W. long

Mean Terrain
Clearance of
Survey in km
(estimated)

1.2

1.2

1.7

1.4

1.3

1.2

1.1

2.1

Mean Elevation Source-top Depths in km
of Terrain below(-) and above(+) Sea-Level
in km ASL
(estimated) Deep Intermediate Shallow

+1.02±. 04
1.5 -- +1.70+. 02

+0 . 02±. 10

1.5 -0.541.25 +0.33±.06 +1.361.05

1.0 -3.741.62 +0.351.08 +1.351.01

1.3 0.74±.11 +1.201.08

+0.83±.05
1.4

+0.471.18

1.5 -- +0.831.07

1.6 -- +0.951.05

+1.661.04

+l.61±.02

+1.821.04

+1.52±. 04

0.6 -3.411.49 +0.961.04 +1.491.02

Table 2 (contd). Source-top depths from energy spectrum analysis of aeromagnetic
anomaly data.



Grid Location Mean Terrain Mean Elevation
Clearance of of Terrain
Survey in km In km ASL
(estimated) (estimated)

Source-top 1)epths in km
below(-) and above(+) Sea-Level

Deep Intermediate Shallow

Mdl (256 grid)
400l5_40054 N lat. 1.2 1.5 -l.93±.46 +l.0l±.09 +l.47±.0412l0l5_l22007 W long.

NCI2-W (256 grid)
4001540054 N lat. 1.0 1.7 -0.70±.11 +0.86±.09 +l.79±.02
l20°58'-121°50 W long.

NC12 (256 grid) +0.94±.05400l5_40054 N lat. 1.0 1.7 +l.79±.02l20045_121037 W long. +0.78±.29

Table 2 (contd). Source-top depths from energy spectrum analysis of aeromagnetic
anomaly data.



volcanic rocks at higher elevations are separated by non-magnetic

sedimentary rocks at lower elevations at separations large compared

to the grid size. These changes of topographic relief for the

magnetic units also create large source-depth variations 2Ah and

account for finding shallower than expected source depths. Alterna-

tively, the near surface sources within this region may violate

assumption (1) and this may account for the shallower than expected

source depths.

The 256 x 256 subgrids which lie principally over the Cascade

Mountain Range and the Modoc Plateau regions exhibit a source depth

level near 1.0 km ASL (above sea level) which extends across the

entire north-south extent of the survey area. Correlation with

surface geology suggests this source depth level may represent the

depth to tertiary volcanic rocks of the Western Cascade range which

lie beneath the quaternary volcanics of the High Cascade range.

For subgrids north of 4l°N latitude, the proximity of the inter-

mediate to deep source-depths to sea level in conjunction with the

surface geology suggests these source-depths are also related to

the Western Cascade range. In addition, because these source depths

are the depth to the deepest discernable source, they represent

the depth to magnetic basement. The depth to magnetic basement

for the area north of 4l°N latitude ranges from .3 km ASL in the

west to .54 km BSL (below sea level) in the east and hence indicates

that the magnetic basement dips slightly downward to the east in

this part of the Cascade range and Modoc Plateau.



At the California-Oregon border, the Modoc Plateau terminates

against the Basin and Range province while the Cascade Range con-

tinues northward into Oregon. McLain (1981) described a survey in

south-central Oregon and determined source-top-depths to magnetic

source layers using the same energy spectrum technique as the present

study. Assuming that the magnetic source layers close to and on

either side of the California-Oregon border are similar, a comparison

of the intermediate and deep source-depths from the Oregon study with

those of the present study suggests that magnetic sources in Califor-

nia are elevated with respect to their counterparts in Oregon by as

much as .5 km. This relative difference in burial depths further

supports this study's hypothesis that the Klamath graben in south-

central Oregon does not extend significantly into northern California.

Source-depths deeper than those already discussed have been

determined for subgrids Nd, NC4, NC7, NC1O, NC11 and NC12W.

Subgrids Nd, NC4, NC7 and NC1O extend from north to south along

the western border of the survey area and lie over and/or next to

portions of the Klamath Mountain complex and Great Valley. Subgrids

NC1O, NCll and NCl2[ extend from west to east along the southern

border of the survey area and cover a portion of the Great

Valley and the buried northern terminus of the Sierra Nevada. Sub-

grid NC1 and NC4 show source-depths of 1.61 km and 1.67 km BSL.

These source-depths may correspond to intrusive bodies of the

Klamath Mountains which are often described as dipping downward

to the east and possibly beneath the Cascade Mountain range.

A source-depth of 1.3 km BSL was similarly explained by McLain

(1981) for an area in Oregon which lies north of subgrid NC1.



Subgrids NC7 and NC1O show source-depths of 3.74 km and 3.41 km BSL.

Subgrid NC7 lies principally over heavily eroded sedimentary rocks

of the Kiamath Complex whereas subgrid NC1O also lies over the

younger sedimentary rocks of the Great Valley. Because the two sub-

grids are adjacent and partially overlapping and because the values

of the source-depths are similar, a magnetic source which is common

to both subareas appears likely. This common source may correspond to

eastward and southward buried extensions of the ultramafic and mafic

rocks of the Kiamath Complex. Source-depths of 1.93 km BSL and .70

km BSL were determined for subgrids NC11 and NC12W respectively and

are most likely due to the buried northern terminus of the Sierra

Nevada. A source-depth similar to NC12W was not determined for sub-

grid NC12 as would be expected for grids which share three quarters

of the same spectral information. Although the slope of the spectral

estimates at lower frequencies vary in a way which might suggest a

second slope and consequently a second deeper source, the variation

was not enough to justify making two source-depth estimates.

The 512 x 512 subgrid represents a composite of the source-

depths discerned by the 256 x 256 subgrids. The north subgrid

shows intermediate sources at .05 km and 1.05 km ASL which corre-

spond well with the intermediate level sources of the northern

256 x 256 subgrids. The shallowest source at 1.7 km can be asso-

ciated with the terrain. The 3.62 km BSL source is deeper than the

average of the deep sources for the 256 x 256 subgrids and yet some-

what more shallow than the deep source discerned in the lower left

quadrant by subgrid NC7. This may in part be due to the ability of

the larger 512 x 512 spectral subgrid to include deeper sources of



longer wavelength. In addition, the horizontal sides of the deep

source may be large relative to the size of the 256 x 256 subgrid and

yet small relative to the size of the 512 x 512 subgrid. As pre-

viously discussed the effect due to this shape factor may often cause

mean source-depths to be interpreted deeper than their actual depth.

This effect may further explain the greater depth value for the

256 x 256 subgrid as opposed to the value for the 512 x 512 subgrid.

The same arguments may be applied to the south 512 x 512 sub-

grid. The 3.51 km BSL source is also deeper than the average source

level for the corresponding 256 x 256 subgrids and yet somewhat shal-

lower than the mean of the two deepest levels discerned in subgrids

NC7 and NC1O. The intermediate source level of .53 km BSL does not

correspond well with the individual source levels of the 256 x 256

subgrids. This source-depth level may have been influenced by the

deeper source levels located at the southern end of the survey area.

Alternatively, the sources may be less distinctive at intermediate

depths in the southern half of the survey area. The shallowest

source can be associated with the terrain.

Although the effect of a finite window or subyrid length on

the resolution of a source-depth, whether this depth be the depth

to the top of a source as discussed in this chapter or the depth to

the bottom of a source as discussed in the following chapter, is

treated rigorously in the next chapter, it is useful to state the

result here.

For a subgrid which is 146 km x 146 km in length, the practical

range of source depths, for which the corresponding wavelengths

exert an influence on the energy spectrum, is between 23 and 37 km



below flight level (BFL). In other words, for a window this size,

the resolution of source-depths greater than 37 km BFL is not con-

sidered realizable. The length of the subgrid divided by 2 and by 4

gives the practical limits on the range of resolvable source-depths

(see Chpater VI). Hence, for the subgrid sizes used in this study

of 73 km x 73 km and 36 km x 36 km, the resolvable source-depth

ranges are, respectively, 12 to 18 km BFL and 6 to 9 km BFL.

Because a grid size of 73 km x 73 km (256 x 256) should be able

to see sources as deep as 12 km below flight level (BFL), it is

puzzling that most source-top depths, interpreted from the spectral

plots, were less than 4.6 km BFL and none were more than 6.5 km BFL.

Connard (1979) and McLain (1981), using the energy spectrum tech-

nique to analyze the data from aeromagnetic surveys in the central

and south-central Oregon Cascades, respectively, also found a

scarcity of deep sources. However, Boler (1978), using the energy

spectrum technique and a smaller grid size on aeromagnetic data from

eastern Oregon, found source-top depths between 5.5 and 7.3 km BFL

throughout her entire survey area.

Because Boler (1978) detected deep source-top depths in her

study area whereas only one deep source-top depth of 8.6 km BFL was

detected in his survey region, Connard (1979) offered an explanation

for the scarcity of deep sources obtained in a volcanic region by

the energy spectrum technique. He proposed that in areas of extensive

volcanism, such as the present study area where igneous sills, dikes,

and plutons are numerous, no weakly magnetic layers may exist to aid

in the spectral separation of sources. In addition, Wasilweski etal.

(1979) pointed out that viscous magnetization is enhanced and the



remnant component of magnetization in rocks is diminished with an in-

crease in depth and temperature. Because non-magnetized layers may

acquire viscous magnetization, the magnetization contrast between

magnetic and non-magnetized layers may become indistinct at depth.

In regions with high geothermal gradients, such as the present area,

this effect is probably further enhanced.



CURIE-POINT ISOTHERM DEPTHS FROM ENERGY
SPECTRUM ANALYSIS

Volcanic sills intruded into sedimentary layers and volcanic

flows overlying non-magnetic materials are examples of depth-limited

magnetic sources associated with lithology. In these cases, the bot-

tom of a magnetic source body may be interpreted as a lithologic

contact. However, the bottom of a magnetic source may also indicate

the thermal boundary at which magnetic materials lose their ferro-

magnetic properties. This thermal boundary is referred to as the

Curie-point isotherm and the depth to the bottom of a magnetic

source in areas exhibiting recent volcanism, hot springs, and high

heat flow is often interpreted to be the depth to the Curie-point

isotherm.

The lithologic boundary interpretation is applied to the bottom-

depth determinations made in the Kiamath Mountains region. The vis-

ible absence of geothermal surface manifestations in the area in

addition to the Paleozoic and Mesozoic ages of the rocks supports

this interpretation.

The recent volcanic history of as well as the current geothermal

activity in the Cascade Mountains and Modoc Plateau suggests that the

computed depths to the bottom of a magnetic source may be interpreted

as the depth to the Curie-point isotherm rather than the depth to the

bottom of an individual volcanic flow. This interpretation is also

supported by the spectral plots in Figures 14 through 32 which in-

dicate that the ability to resolve the depth to an individual mag-

netic layer decreases as the depths to the sources increase. Boler

(1978) suggested further that at deeper depths volcanic layers
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interbedded with non-magnetic or weakly magnetic layers may appear as

a single magnetic unit, with a magnetization intermediate between that

of either layer. This single-unit effect may also be enhanced by in-

trusive bodies. The final support for interpreting source-bottom-

depths as the Curie-point isotherm depth in this study are the source-

bottom-depths themselves. Their values yield heat flow values which

are in reasonable agreement with heat flow values reported by Mase

et al. (1982) for the study area.

Vacquier and Affleck (1941) and Shuey etal. (1977), among others

mentioned below, have used matching techniques to determine depths

to the bottom of a magnetic source to locate the depth to the Curie-

point isotherm. Methods which utilize matching involve the comparison

of the real anomaly of a magnetic source with the theoretical anomaly

of a chosen model. Hence, the parameters of the chosen model are

estimates for the unknown parameters of the true source body. Com-

parisons may also be made using the derivative of or a spectral form

of the real anomaly rather than the anomaly itself.

Vacquier and Affleck (1941) used the anomaly and Bhattacharyya

and Morley (1965) used the first derivative of the anomaly for match-

ing individual observed anomalies with the theoretical anomalies of

vertical-sided prisms. Shuey eta]. (1977) also attempted to deter-

mine the depth to source-bottom using prism models to match indi-

vidual anomalies. However with their data set, the fit obtained

using a bottomless prism was not significantly worse than the best

fit obtained using any prism model. Byerly and Stolt (1977) used

the frequency spectrum of individual anomalies to examine aeromag-

netic data taken in Arizona. They used vertical prisms and cylinders
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as models, and by varying the model parameters, they obtained the

best fits possible between the spectra of the real anomaly and the

model anomalies. However, success in matching real anomalies to model

anomalies is dependent upon finding an anomaly which is sufficiently

isolated from neighboring anomalies so that information contributed

to it from the surrounding anomalies is minimized. As pointed out

by Shuey etal. (1977) and Byerly and Stolt (1977), isolated anoma-

lies are difficult to find and prism models, although useful, are

not always good approximations for crustal sources.

Assuming a magnetic body is reasonably described by a particular

model shape such that the true anomaly is adequately represented by

the anomaly due to the model, several investigators have determined

methods which solve for the source parameters of the model directly

from the frequency spectrum due to the true magnetic source. Bhatta-

charyya and Leu (1975a, 1975b, 1977) used the spectral representation

of a prismatic model, which may be expressed in terms of a sum of

exponentials, to estimate the average depths to the centroid, top,

and bottom of a prismatic source. Described in following sections,

similar methods are employed to determine the depths to centroids,

tops, and bottoms of magnetic sources to infer the average depth to

the Curie-point isotherm. Graf and Hansen (1982) have also employed

techniques similar to Bhattacharyya and Leu's (1975b, 1977) to de-

termine the location of the centroid of a magnetic source from which

a Curie-point depth is inferred. Soto eta]. (1983) used the spectral

representation of a right circular cylinder, which may be expressed

in terms of a Bessel function and the sum of two exponentials, to

estimate the depths to the top and bottom as well as the radius of
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a cylindrical magnetic source.

In this section, the north-central California study follows the

method of spectral analysis developed by Spector (1968) and Spector

and Grant (1970) and employed by Smith etal. (1974), Boler (1978),

Connard (1979), Connard eta]. (1983), and McLain (1981) to determine

the depth to magnetic-source-bottom. Referred to as the energy

spectrum method, the depth to the bottom of a magnetic source is

determined by examining the effect of the factor <(1 _e_tr)2> on the

shape of the energy spectrum (see Appendix B).

In equation (2) of the previous chapter, the factor <(1 _e_tI')2>

increases with r while the factor <e2'> decreases with r. Spector

(1968) and Spector and Grant (1970) observed that the combination of

these two factors introduces a spectral peak into the energy spectrum.

When a source-bottom is being resolved, that is when the depth to the

bottom of a source is shallow enough relative to the size of the

sampled area, the factor <(1 _e_t')2> representing the bottom-depth

d through the relation, t = d - h, will shift the spectral peak into

a frequency range which is visible on the spectral plots. This means

the frequency of the spectral peak is larger than the first and second

frequencies, namely the zeroth and fundamental frequencies, of a plot.

The fundamental frequency is the smallest discrete frequency obtain-

able, other than zero, and corresponds to the longest wavelength

possible in the Fourier transform of the mapped anomalies. This

wavelength may be the length of the mapped area, L.

Before discussing the manner in which an expression for d is

obtained, the effect of a finite length for the mapped area on re-

solving the depth to the bottom of a magnetic source is addressed.
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Shuey etal. (1977) indicated that the length of a mapped area,

L, restricts the resolution of the depth to magnetic-source-bottom

and provided a rule of thumb relation to estimate the maximum depth

at which a magnetic-source-bottom may be resolved, namely dmax L/27r.

However, they did not justify this relation. Bhattacharyya's (1966)

work may be used to develop the expression because Spector and Grant

(1970) employed Bhattacharyya's (1966) formula for the Fourier trans-

formed anomaly of a single prism source in their development of the

energy spectrum method. The principal consequence of this is that

Bhattacharyya (1966), Spector (1968), and Spector and Grant (1970)

found similar expressions for the relation between the frequency of

a spectral peak, rmax and the depths to the top, h, and bottom, d,

of a single prism and an ensemble of prisms, respectively. This

similarity leads to the use of a plot provided by Bhattacharyya (1966)

(his Figure 3) showing rmaxh as a function of d/h. Given dmax equal

to h, that is d assumes its shallowest possible value, then d/h = 1.0

and the value of rmax.h, taken from the plot just described, is

equal to 1.0. Hence, rmax = 1/h or rmax = 1/d. So, for a spectral

peak which occurs approximately at the fundamental frequency, namely

rmax 2n/L, the desired expression dmax L/2ir immediately follows

from r = l/d.
max

It also follows from the above that for dmax greater than h

equal to 27r/L, the inverse of the fundamental frequency, the frequency

of the spectral peak is smaller than the fundamental frequency and

hence the source-bottom-depth may no longer be determined from a

spectral plot. In practice, a spectral peak consisting of more than

one point at the fundamental frequency is required to confirm that
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the source-bottom has been discerned.

To obtain an expression for the average depth to the bottom of

an ensemble of prisms, d, requires an examination of the relation

rmax [1og(d/K)]/(_K) (4)

where K is the average depth to the top of an ensemble of prisms.

Spector and Grant (1970) stated equation (4) without deriving it,

however they indicated that equation (4) follows from the two ex-

pectation factors in equation (2) of the previous chapter, namely

<(1 _e_t')2> and <e2'>, which when combined produce a peak in the

energy spectrum. For .75f< t < 1 .25E, .75h< h < 1.25K, and

r<min(l/t, 1/h), it can be shown that the product of the expectation

factors may be approximated by

<(1
-tr 2 -2hr -r 2 -2Kr

-e ) ><e > (l-e ) e (5)

where Fi and = are the mean depth-to-bottom and mean thickness

of the prism ensemble. The formulation of the approximation given in

equation (5) is outlined in Appendix B. Finally by maximizing

equation (5) with respect to frequency r, the location of the spectral

peak can be found and is seen to be equivalent to equation (4):

1

max 2
2Tr(d-h)

log(d/h) (6)

where is given in cycles/km. Solving for d gives

t

1 exp(_2Trtfmax)

(7)



Equation (7) points out the dependence of d, the mean source-

bottom-depth, on the mean source-thickness t. For a particular
1max'

the depth to source-bottom becomes shallower for thinner source bodies

and deeper for thicker source bodies. In this study, the depth to the

top of the deepest discernable source in each subgrid of mapped anom-

aly data is used in conjunction with
max

to determine the mean depth

to the bottom of the deepest discerriable source which may be interpret-

ed to be the average depth to the Curie-point isotehrm. Curie-point

depths inferred from these bottom-depth values are upper limit values

and correspond to a source with maximum thickness. However, to es-

timate the lower limit for Curie-point depths required choosing a

minimum value for the thickness of the source. Following Shuey etal.

(1977), Connard (1979), and McLain (1981), the source thickness was

constrained to a minimum value of 5 km. The detection of a deeply

buried source with a lesser thickness would have required the value of

the magnetization to be unreasonably large (Connard, 1979; McLain,

1981).

Other factors which may effect Curie-point isotherm depth cal-

culations include: (1) variations in the source depth factor, 2h,

(2) uncertainty in visual estimates of from spectral plots,

(3) variations in the thickness factor, 2tt, and (4) the presence of

the shape factor <S(r)>. As a result of (2), Curie-point isotherm

depths are allowed to vary within an estimated error range for

max
In the figures which follow, the limiting values for

max

are used to constrain the range of error in Th The effect of factor

(2) as indicated by equation (5) is to shift the location of the

spectral peak. According to Figure Bl, any variation in Twou1d
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cause
max

to shift to larger frequencies, therefore values chosen

for
max

may be overestimated and consequently values for d are

underestimated. The effect of factor (3) would again be to shift

the location of the spectral peak, however, as discussed in Ap-

pendix B, the error in <(1 - e_tY')2> due to 2t is negligible.

The shape factor <(r)> may also effect the position of the spec-

tral peak. Shuey etal. (1977) showed that the effect of a body

with horizontal dimensions comparable to the subgrid size is to dis-

place the spectral maximum to zero frequency. To remove this effect,

which is equivalent to removing a regional anomaly gradient, the

anomalies are detrended before computing the spectrum (Connard,

1979). Such detrending ensures greater power in the spectral es-

timate at the fundamental frequency as opposed to the spectral

estimate at zero frequency. Hence, for spectral plots analyzed in

this study, those with a one point maximum occurring at the funda-

mental frequency indicated that the Curie-point isotherm depth was

not being resolved.

As previously discussed, the size of an area or subgrid of

mapped anomalies constrains the ability of this "window" to sample the

wavelengths of the mapped anomalies associated with deeper magnetic

sources. However, the larger the "window", the more regional becomes

the calculation of the Curie-point isotherm depth. A smaller "win-

dow", on the other hand, may offer greater resolution in determining

undulations, if any, in the Curie-point isotherm. In this study

"window" sizes of 146 km x 146 km, 73 km x 73 km, and 36 km x 36 km

were used.



One point spectral peaks were exhibited by the north 146 km x

146 km (512 x 512) subgrid and by two-thirds of the 73 km x 73 km

(256 x 256) subgrids (Figures 14, 16, 21-25, 28-32). This implies

that the spectral peak lies at a frequency less than .007 cycles/km

for the 512 x 512 north subgrid and lies at a frequency less than

.014 cycles/km for the 256 x 256 subgrids. Close inspection of the

spectral plots for the 256 x 256 subgrids NC9-S, NC12-W, and NC12,

which lie in the extreme southeast corner of the study area, in-

cidate that the true spectral peaks may be shifted towards slightly

larger frequencies. Assuming a minimum source-thickness of 5 km,

the most shallow Curie-point isotherm depths permissible for spectral

peaks occurring at frequencies less than .017 and .014 cycles/km

are shown in Figure 33 to be 12 km BFL and 14 km BFL (below flight

level) respectively. Similarly for the north grid with a spectral

peak less than .007 cycles/km, Figure 34 shows the shallowest

permissible Curie-point depth to be 25 km BFL.

The spectrum of the south 512 x 512 subgrid (Figure 15) and

the spectra of the 256 x 256 subgrids, namely NC2-W, NC2, Medicine

Lake, NC3, NC9-NW, and NC9 (Figures 17-20, 26, 27) exhibit spectral

peaks at frequencies greater than the fundamental frequency. The

spectral peak of the south 512 x 512 subgrid was formed by two fre-

quency estimates of equal value and permits taking the midpoint

frequency, .01 cycles/km, as the peak frequency. From Figure 34,

the allowable range of Curie-point isotherm depths was found to be

18 km and 31 km BFL by assuming the minimum (5 km) and maximum

(deepest E) source-thickness conditions respectively. The deepest

source-top depth h discerned from the spectral plot was 6.25 ±.45 km.
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The NC2-W, NC2, and Medicine Lake subgrids exhibit spectral peaks

between .030 and .038 cycles/km. Figure 35 shows the ranges of per-

missible Curie-point isotherm depths to be between 8 and 10 km BFL,

8 and 9 km BFL, and 8 and 9 km BFL for subgrids NC2-W, NC2 and Medi-

cine Lake respectively. These Curie-point depths also depend on the

depth to the top of the deepest discernable source which was found to

be 2.73 ± .15 km BFL, 2.8 ± .1 km BFL, and 3.0 ± .1 km BFL for subgrids

NC2-W, NC2 and Medicine Lake respectively.

Subgrid NC3 exhibits a spectral peak between .021 and .027

cycles/km. Assuming the source-thickness is no less than 5 km, the

range of allowable Curie-point depths is found to be between 9 and

15 BFL as shown in Figure 36. These depths also depend on the deepest

h value of 3.24 ±.Ol km BFL.

Spectral peaks are also exhibited by subgrids NC9-NW and NC9

and occur between .035 and .049 cycles/km. Figure 37 shows the range

of permissible Curie-point isotherm depths which was found to be be-

tween 7 and 8 km BFL and 7 and 9 km BFL, respectively, for subgrids

NC9-NW and NC9. These Curie-point depths are dependent on h values of

2.27 ±.18 km BFL for subgrid NC9-NW and of 1.91 ± .07 km BFL for

subgrid NC9 as well as on the minimum source thickness of 5 km.

The spectral plots of subgrids NC2 and NC9 show "noise" at the

low frequencies. Hence, to insure that the range of permissible

Curie-point depths found was reliable, the study was expanded to

analyze subgrids NC2-W, Medicine Lake, NC9-NW, and NC9-S. The "near"

peak exhibited by subgrid NC12 prompted the additional analysis of

subgrid NC12-W.
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The spectral plots of the 256 x 256 point subgrids, which in-

dicated the possibility of shallow Curie-point isotherm depths

( 5 km BSL), warranted a further study of the survey area using a

smaller subgrid size or 'window". Hence, a grid size of 128 x 128

points or 36 km x 36 km was used to sweep across the survey area in

an overlapping manner referred to as a "moving window" technique.

Distances between centers of adjacent "windows" vary. For the most

part, a minimum separation between the centers of 32 grid-space

units, or 1/4 of the dimension of the window, was used. At locations

where clarification was sought, smaller separations were also used.

A total of 198 128 x 128 spectral plots were produced for anal-

ysis. As a result of the "moving window" technique, several regions

of shallow magnetic-source-bottom depths were mapped. These areas

are: (1) the Secret Spring Mountain and Lava Beds National Monument

areas, (2) the Mount Shasta area, (3) the Mount Eddy area, (4) the

Big Valley Mountains area, and (5) an area northeast of Lassen Peak.

The source-bottom depths determined in areas (1), (2), (4), and (5)

are interpreted to be Curie-point isotherm depths. The source-bottom

depths determined in area (3) are intrepreted to be the depths to a

lithologic horizon.

To determine the range of Curie-point depths for each of the five

regions described above, the minimum depth to source-bottom was esti-

mated employing equation (7), using the average value of the spectral

peak frequencies, and assuming a minimum source thickness of 5 km. The

average value of the peak frequencies, exhibited in the spectral plots

of the 128 x 128 subgrids, was used in order to compute a value of the

magnetic source-bottom depth common to all subgrids within a region.
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In addition, the depth to the bottom of the magnetic source was max-

imized by using the smallest value in the spectral peak frequency

range and the shallowest value of h.

The area extending southward from Secret Spring Mountain, located

on the Oregon-California border, and then eastward across the Lava

Beds National Monument was outlined with thirty 128 x 128 point sub-

grids. Ten of these thirty subgrids produced spectral plots which

exhibited spectral peaks. One such plot is shown in Figure 38.

Determined from each spectral plot, the values of the peak frequencies

fall between .033 and .053 cycles/km with an average value of .041

cycles/km. and the corresponding values of h, the depth to the deepest

discernable source-top, fall between 2.1 and 3.3 km BFL (below flight

level). Based on these values, the average Curie-point isotherm depth

is estimated to fall between 7 and 9 km BSL.

The Mount Shasta area was outlined with twenty-six 128 x 128

point subgrids. Eight of these twenty-six spectral plots exhibited

spectral peaks and hence resolved the magnetic source bottom. The

peak frequencies range in value from .033 to .053 cycles/km with an

average value of .047 cycles/km. Figure 39 shows a typical spectral

plot from a subgrid located within the Mount Shasta area. Six of

the eight spectral plots indicated no discernable source-top depth

deeper than 1.9 ±.l km BFL. Based on this value of h and the average

value of the peak frequency, the range of Curie-point isotherm depths

is found to be 6 to 10 km BFL. Two of the eight spectral plots

from subgrids, located at the eastern boundary of the Mount Shasta

area, indicated source-top depths of 2.27 and 2.39 km BFL.
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Figure 38. Representative radially averaged spectrum for the
Secret Spring Mountain-National Lava Beds Park area.
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Eight 128 x 128 point subgrids were used to outline the area of

shallow source-bottom depths beneath a portion of the Eddys Mountain

Range. Spectral plots from two subgrids resolved a magnetic source

bottom and exhibited peaks with the same frequency of .041 cycles/km.

The probable error for this frequency is estimated to be ± .007

cycles/km. One of these two spectral plots is shown in Figure 40.

The depths to the top of the deepest discernable source, determined

from the two spectral plots, are 2.4 and 2.52 km BFL. Based on the

source-top depths and the peak frequencies, the calculated source-

bottom depths fall between 7 and 8 km BFL. These depths are inter-

preted as indicating the depth to a lithologic boundary rather than

the depth to the Curie-point isotherm.

Thirty-nine spectral plots from 128 x 128 subgrids were used

to outline the shallow Curie-point isotherm depths underlying the Big

Valley Mountains area. Seventeen of these thirty-nine plots ex-

hibited spectral peaks with peak frequencies between .035 and .055

cycles/km, and an average value of .042 cycles/km. Figure 41 shows

a spectral plot typical of the seventeen spectral plots which re-

solved the magnetic source bottom. The deepest discernable source-

top depths h, determined from the spectral plots, fall between 2.0

and 2.6 km BFL. The calculated depths to magnetic source bottom

based on the average frequency value and h indicates that the Curie-

point isotherm is located between 7 and 9 km BFL beneath the Big

Valley Mountains area.

Thirty-four spectral plots were used to outline the area of

shallow Curie-point depths beneath a part of the Lassen Peak National

Park located north-northeast of Lassen Peak. Fifteen of these
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thirty-four spectral plots resolved the magnetic source bottom. The

frequencies of the exhibited spectral peaks fall between .035 and .055

cycles/km with an average value of .048 cycles/km. A typical example

of one of the fifteen spectral plots is shown in Figure 42. Fourteen

of the fifteen spectral plots indicated no discernable source-top

depth deeper than l.9±.2 km BFL. Based on the values of Eand the

peak frequencies, the computed magnetic source-bottom depths indicate

the average location of the Curie-point isotherm beneath Lassen Peak

National Park to be between 6 and 10 km below flight level (BFL).

The fifteenth spectral plot representing a subgrid centered at the

extreme northeast corner of the Lassen Peak area indicated a value of

hof 2.72 km BFL.

Additional 128 x 128 subgrids were centered at various points

throughout the main (594 x 681) grid. None of the spectral plots

from these subgrids exhibited spectral peaks, thereby indicating

that the Curie-point depth beneath these areas was deeper than the

depth a 128 x 128 subgrid can adequately resolve, or approximately

9 km BFL (see Figure 33).

Table 3 summarizes the magnetic source-bottom depths determined

from the spectral plots for the two 512 x 512 point subgrids, the

seventeen 256 x 256 point subgrids, and the 128 x 128 point subgrids

described above. Interpreting these depths to the bottom of a mag-

netic source as the depth to the Curie-point isotherm, average values

of heat flow and the geothermal gradient were calculated based on

possible Curie-point temperatures of 300°C and 580°C and a conduc-

tivity of 1.7 Wm°C.
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10-300c TcS80C 10300C T>580C T0300°C Tc580C T0300C T.5S0C T0300C T58OC T>300C T5i0CVettloaltemp ---- --______________________ ______________ ____________ ________________________gradloot 22 43 - - - - - - - -. - -C/krn

Surfaco hoot
(100* W/m2 37 13 - - - - - - - - - -

float flow values based on conductivity of 1.7 Wm1Cl an average value for the Cascade Mountains.

Table 3 (cont.). Estimated depths to Curie-point isotherm and/or magnetic source bottom from
spectral analysis of aeromagnetic anomalies, and corresponding surface heat
flow and geothermal gradients.



Grid io>tion NC9-NW (256 grid) 6C9 (256 grid) NC9-S (256 grid) NCEO (256 grid) NC!! (256 grid) 9C12-W (256 grid)4048-4P27' N lot 4037-4116 N lot 4026'-4Il15' N lot 4015-4054' N lot 40°l5-4054 N lot 40!5'-4054' N l.t12!02-!2!'54' H Song !21)45-12!37 H long 12045-l2!37' H long !2145'-122°J7' U long l2115-l2207' W long l2058-!2150' U longGrid olin 73 km i 73 km 73 km x 73 km 73 km x 73 km 73 k x 73 km 73 km a 73 km 73 km c 73 km
H.an terrain
.nlmnation AOL 1.4 1.5 1.6 0.6 1.5 1.7Frnnoy >1

(Inc opoctral
peak i> .035.049 .O35.049 .017 .014 .011. .017

MINIMUM 1SEPT11 TO SOURCE BOTTOM (5 km thick monroe)
Source-depth

14 14 12
km ilL 7 7 <12

km NIL 4 4 >9 >11 '11 >9

T-300C T0-580C T<-300C T0-580C 10-300C T0S8OC T0-300C T<-58OC C0300C T580C 10300C 10SU0CVertIcal temp
56 107 55 105 {5 <26 >50 <281

:::<
11*0* mW/n2 95 182 94 179 <93 <44 '85 >1.8

MAXIMUM DEPTH TO SOURCE BOTTOM (depth to moorce top controlled)
Depth (kn)BFL
to source top 2.21 + .18 1.91. + .07 - - - -.
So or c-do p tIn
knoIFL 8 9 - - - -knolL 5 6 - - - -

T<-300°C T0-580C T<-300°C Tc5HOC T0-300C T<-580°C T0-300C 10..5805C T0300C T0-580C T<300C T>-580CVorlicol temp
gradlont 47 91 40 77 - - - - - - - -C/knm

Starloce hoot
floO* ok/mn2 80 155 68 131 - - - - -
* bat flow valnes based on conductivity of 1.7UmlC . an average value for the Camcade tbnntalns.

Table 3 (cont.). Estimated depths to Curie-point isotherm and/or magnetic source bottom from
spectral analysis or aeromagnetic anomalies, and corresponding surface heat
flow and geothermal gradients.



Grid location NCI2 (256 grid) Secret Spring Mm, - Mount Shanta Area Eddyn Moontain Area Nig Valley Moon. Area ME of Lanson Peak Area40'15'-40'54' N lam NatE. Lava Bcds Area (6 128 gridu) (2 128 grids) (17 1.28 1rids) (14 128 grids)120'4S'-1l1'37' U long (10 128 gtids)

Grid sIze 73 km u 73 ka 36 km a 36 km 36 km a 36 km 36 km 36 km 36 km 36 Ia, 36 km a 36 km

Mean terrain
elevation AlL 1.7 1.5 1.8 1.8 1.2 1.7
Frequency Of
the spectral .017 .033-,053 . 033-.053 .034-048 .035-.055 .035.055peakf>>

MiNIMUM DEPTH TO SOURCE BOTTOM (5 km thick moorce)

Source-depth
km NFL >12 6.9 6.4 6.9 6.8 6.4
km AOL >9 4.2 3.7 4.2 4.1 3.7

Te3OO'C T>58O'C T0-300'C T-58O'C T-30O'C T-58OC T-3OO'C T-58O'C Tc3O05C 1>_SUOnC T>'3005C Tc58O'CVertical temp
gradient c2 c54 53

I
102 55

r
105

i-
SO

I 97 17 109
I

56 107C/krn

Surface zeaL
ilawn sf1/s2 >48 '92 90 573 94 179 85 165 97 185 95 182

MAXIMUM DEPTH TO SOURCE BOTTOM (depth to source top controlled)

Depth (kzu)BFL
to oozzrce top - 2.7 ± .6 1.9 ± .1 2.5 + .1 2.3 + .3 1.9 ± .2
Saurce-Jcptk
km VFL - 9.1 9.9 7.8 8.6 9.5
km ESL - 6.4 7,2 5.1 5.9 6.8

T>300'C t8'C Tc3C Tc50'C Tc300'C Tc58O5C 1c300'C T-58O'C y>300'C T>54O't T>30S'C T05U0'CVertical temp
--vgradient - - 38 73 33 64 43 84 42 82 35 68

::c. izeat

fiou 014/52 - - 65 ] 124 56 109 73 143 71 139 60 ISo
* flea t flow vaSues based on conductivIty of 1.7 SCS C1 an average value [or the Cascade Moailta Ins.

Table 3 (cont.). Estimated depths to Curie-point isotherm and/or magnetic source bottom from
spectral analysis or aeromagnetic anomalies, and corresponding surface heat
flow and geothermal gradients.



118

A standard assumption in Curie-point depth analysis (Bhatta-

charyya and Leu, l975a; Shuey etal., 1977) is to use the Curie-point

temperature of magnetite (Fe304), or 580°C. However values as low

as 300°C may occur for the Curie-point temperature in the earth's

crust due to low temperature oxidation (Haggerty, 1978). The aver-

age geothermal gradients listed in Table 3 were calculated using both

300°C and 580°C for the Curie-point temperature.

Stacey (1977) gave a thermal conductivity of 2.5 for

igneous rocks, but in situ measurements for rocks characteristic of

the High Cascade Range in Oregon by Blackwell etal. (1978) suggest

lower values. Therefore, heat flow values, listed in Table 3, were

estimated using the average value of the thermal conductivity of

1.7 Wm°C, determined by Blackwell etal. (1978), for rocks from

the High Cascade Range. Because no other conductivity values for the

rocks in the other geologic provinces was available, the use of this

single value for the thermal conductivity of rocks was used for the

entire survey area. However, as the area of most recent volcanic,

and presumably geothermal, activity consists of the Cascades and

adjoining Modoc Plateau, the use of this single value is reasonable.

The following paragraph discusses the results of Mase etal.

(1982) who summarized the heat flow measurements for northern Califor-

nia. Heat flow values reported for the Klamath Mountains were few

but suggested a uniformly low value of about 40 mW/m2. Data for the

northern Sierra Nevada is also sparse but may be related to values

determined further south. The southern heat flow values were less

than about 40 mW/rn2 and hence suggested that the Sierra Nevada may

2
be described as a region of low heat flow. The one value of 46 mW/rn
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measured at 40°l0'N latitude and l21°35'W longitude in the northern

Sierra Nevada is consistent with the observed values farther south.

Heat flow in the northern Great Valley was given as less than 30 mW/rn2.

Data for the Modoc Plateau is somewhat scattered, however the region

is characterized by high and variable heat flow which ranged in value

from 70 to 100 mW/rn2 and gave an average value of 86 ± 12 mW/rn2. The

scatter may be due to near surface hydrothermal convective systems

and to deeper convective processes related to lithospheric extension

and thermal mass upwelling. Heat flow values for the Western Cascades

in California ranged from 0 to 60 mW/rn2. In the High Cascades, sites

north of Mount Shasta yielded values of 60 to 80 mW/rn2 and sites

south of Lassen Peak yielded values of 0 to > 100 mW/rn2 with an aver-

age value of about 70 mW/rn2. The drop in heat flow values from Mount

Shasta to the Klarnath Mountains suggests that a steep heat-flow grad-

ient may exist over the Western Cascade Range. East of Mount Shasta

and Lassen Peak, anomously low heat flow ( < 30 mW/rn2) forms an elongate

region which encompasses two broad areas of zero heat flow within

the Medicine Lake Highlands and northeast of Lassen Peak, respectively.

Heat flow values for the California Cascades were expected to be

similar to the 100 to 120 mW/m2 values characteristic of the Oregon

Cascades (Blackwell etal., 1978). Trends in ground water temperatures

which increased from the Medicine Lake Highlands towards the north

(Butte Valley and Klamath-Tule Lakes area) and south (Fall River-Big

Valley area) suggest topographic highs affect water drainage; hence,

convective water circulation near the surface may conceal conductive

processes related to magmatic sources cooling at depth.
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If hydrologic patterns conceal conductive flux in excess of

100 mW/me as suggested by Mase etal. (1982), the calculated

heat flow values of Table 3 indicate a Curie-point temperature closer

to 580°C for north-central California. In similar studies of the cen-

tral and southern Oregon Cascades, respectively, Connard (1979) and

McLain (1981) also found that an estimate of 580°C for the Curie-

point temperature yielded values in agreement with heat flow measure-

ments.
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MAGNETIC SOURCE-DEPTHS FROM EXPONENTIAL
APPROXIMATION ANALYSIS

This chapter describes an approach employed by Bhattacharyya

and Leu (1975a, 1975b, 1977) to map the spatial variation of the

Curie-point isotherm depth by applying spectral analysis techniques

to aeromagnetic data. An interpretation of magnetic source-bottom

depths as Curie-point isotherm depths, as has been suggested, may be

warranted for the north-central California study area. In an area

such as north-central California, where hydrothermal and fumorale

activity are evident, the Curie-point isotherm might be expected to

be conspicuously shallow relative to adjoining regions.

The method of Bhattacharyya and Leu (1975a) might be useful in

determining undulations which may occur in the Curie-point isotherm,

as well as in providing Curie-point depth estimates, against which

the location and variation of the Curie-point isotherm determined

from the Spector and Grant (1970) method may be compared. The two

methods are similar in that both consider the spectral content of map-

ped magnetic anomalies in order to determine the depth to the bottom

of a magnetic source. However, in addition to determining the depth-

to-bottom indirectly by estimating the depths to the centroid and the

top of a magnetic source, the method of Bhattacharyya and Leu (1975a)

may also determine the depth to the bottom of a magnetic source

directly. The success of this approach depends on the success of the

model properties in representing the true crustal magnetic source pro-

perties. Assumptions upon which algorithms are developed are:

1) crustal sources collectively form a magnetic unit which can

reasonably be described as a rectangular vertical-sided prism,
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2) the source is uniformly magnetized with a magnetization vec-

tor of intensity I (= magnetic moment/unit volume = M/AaAb)

and direction-cosines L, M, N,

3) the total magnetic field is measured in a direction given

by the direction-cosines of the earth's field , m, and n.

A standard assumption made in magnetic studies is that rock mag-

netization is primarily induced in the rocks by the earth's dipole

field. Hence, the direction-cosines L, N, and N of the source body

are principally aligned with the known direction-cosines £, m, and n

of the earth's present geomagnetic field. The equality of the direc-

tion-cosines is used later in obtaining a useful relation to determine

the centroid of a prism source. The assumption of uniform magnetiza-

tion is also frequently made and was made for the bodies of the ensem-

ble model in the method of Spector and Grant (1970). Again, as in a

previous section, it is assumed that the magnetization value represents

an intermediate value for many magnetic sources which may appear to be a

single magnetic unit. As discussed in chapter VI, an ensemble of mag-

netic sources in areas of extensive volcanism may appear as a single

magnetic unit; hence, assumption (1) which approximates the source as

a single body may be appropriate. The somewhat continuous spectral

decay curves exhibited by the spectral plots in previous sections also

suggest assumption (1) may be a reasonable approximation for a crustal

magnetic source.

Spectra of a Magnetic Field

Based on the above assumptions, the Fourier transform of the

total field anomaly (x,y,0) observed at an elevation z above a
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prismatic source may be expressed as:

2irI J

F(u,v)
r J

exp[-(rz+iva+ivb)]dv (8)

V0

where r = (u2+v2)2 for spatial frequencies u and v;

J = -Lu -m1v2+ nNr2 - 12uv+ ir(13u+23v);

l3
= Ln+N;

23
= Mn+Nm;

12
= Lm+M; i= (l)h/2; and

V0 = volume (Bhattacharyya, 1966).

For a body with infinite vertical extent, equation (8) yields

-2TrI J

F'(u,v) = exp(-rz){exp[-i(ua1 +vb1)]
uvr

-exp[-i (ua1 + vb2)]

-exp[-i (ua2 + vb1)]

+exp[-i(ua2+vb2)]} (9)

where (a, b1, z), (a1, b2, z), (a2, b1, z), and (a2, b2, z) are the

coordinates of the top corners of the prismatic body.

When the prism has a finite depth extent, the expression for the

spectrum of the magnetic anomaly can be written as

F(u,v) = F'(u,v) -

z=h z=d
(10)

where the depths to the top and bottom of the prism are h and d, re-

specti vely.

Before proceeding to the mathematical development of the centroid

equation and of the "exponential approximation" method for locating

the centroid and the top and bottom, respectively, of a magnetic body,
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a quantity referred to as the "moment" needs to be defined and its

spectrum described.

Bhattacharyya and Leu (1975b) define the nth moment of a function

(x) about the origin as Mn = X(X). For a function of two variables

x and y, the nth moments are described as

and

Mx(x,y) = Xn(X,Y)

M(x,y) = y(x,y)

(Bhattacharyya and Leu, 1977). The Fourier transforms of these nth

moments are given as

and

F(u,v) = J1x(xY)exP-i(ux+vY)dxdY

F(u,v) = JJY(xy)exp[i(ux+vy)]dxdy. (11)

An iterative relation between transforms of moments of successive

order can be derived from equation (11). For example, the relations

between the Fourier transforms of the first x and y moments and the

Fourier transform of the function itself (zeroth moment) may be ex-

pressed by

and

F1X(u,v) = i F(u,v) = i F(u,v)

a
F1'(u,v) = i -a- F (u,v) = 1 F(u,v). (12)

av 0

These Fourier transform expressions have been shown to be useful for

magnetic as well as gravity data in determining source depths (Bhat-

tacharyya and Leu, l975a, 1975b, 1977).
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Centroid of a Magnetic Body

A combination of equations (8) and (12) yields the expressions

from which an approximation to the depth of the centroid of an anom-

alous magnetic source can be derived. For a finite volume V0, eleva-

tion z ranges from h to d and the spectra of the x and y moments are

and

where

and

-i2711 U
x p 1

uzF1 (u,vj
r

r
V0

exp[-(rz + iva + ivb)]dv
0

F1'(u,v)
i2irIJ

r j

[__+Y-4-ib]
r

V0

exp[-(rz+iva+ivb)]dv (13)
0

H = 2u(nN-L)-12v+i( +a r+u
23 r 13 r

I = -2v(mM-nN)-a12u+i(a
13 r 23 r

(14)

Utilizing the theorem of the mean for integrals, equations (13) may

be rewritten as

-i2iil U
F1x(u,v) = P [ia

r o r 2 J
r

jexp[-(rz + iva + ivb)]dv0

and
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-i2711 J z V
F1'(u,v) = [ib

I

r 0 r 2j
r

J exp[-(rz+iva+ivb)]dv0 (15)

V0

where a0, b0 and z0 approximate the coordinates of the centroid lo-

cation provided exp[-(rz+iva+ivb)] does not change sign on the

interval of integration. The °integrand sign change condition' is

used in an additional manner discussed below.

Taking the ratio of equations (8) and equations (15) and rear-

ranging yields the approximate relations:

and

x,
uzF1 U,V)

+ i(U2 H) . ox
F(u,v)

-as-i
r

r

F1(u,v)

F(u,v)
+ i(-)b0 - O

(16)

Equations (16) are not valid when u and v are both zero because for a

prism with finite depth extent F(u,v) = 0 at u = v = 0. At high

geomagnetic latitudes or for data which have been rotated to the pole,

the ratios Hid and lid reduce to 2u/r2 and 2v/r2, respectively, and

equations (16) simplify to

and

x,
F1 u,v) uz

F(u,v)
a - i

ox
2 0 r

r

F1'(u,v)
. v

vz

F(u,v)
- 1 b - i . (17)

0 r
r
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Substitution of equations (12) into equations (17) yield

and

uz
i

ox
i (logF(uv)) - 1 a

r
r

uz

b -i . (18)-i (1ogF(u,v)
r2

0 r

Since F(u,v) = jF(u,v)exp(i) for complex F(u,v), equations (18)

may be separated into real and imaginary parts. -The imaginary parts

contain the depths to the centroid Zox and Z0y and when rearranged

yield

and

Z
ox u 2 au

1og(F(uv))]
r

- - log(F(uv)I )] . (19)

r

The dissociation of equations (17) into real and imaginary parts

obviates the computation of the first order moment spectra F1.X and

F1. Only the Fourier transform of the magnetic anomaly data itself,

F(u,v), is needed to calculate the depth to the centroid z0.

Bhattacharyya and Leu (l975a) suggest that by using frequencies

higher than the fundamental, but not exceeding a few harmonics,

somewhat reliable and accurate values for the centroid depth can be

obtained. Furthermore, if the centroid depth is calculated at

several successive frequencies and the values averaged, the centroid

depth value should be more accurate.

To obtain accurate centroid depth values, optimal values for

frequencies u and v must be chosen. A method for choosing the optimal
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frequency range may be inferred from the work of Bhattacharyya (1966).

To illustrate the method an equivalent form for F'(u,v) in equation

(9) for the finite prism is required. Expressed in terms of sines

and cosines, the exponential form for F(u,v) may be rewritten as

8irI ti

F(u,v) = P
2
5ifl()5jn()

uvr

[exp(-hr)-exp(-dr)] (20)

where Aa(=a2 - a1) and b(=b2 - b1) are the horizontal widths of the

prism. Because of the sine terms in equation (20), the Fourier trans..

form F(u,v) is periodic with nodal lines parallel to the u and v axes.

The nodal lines parallel to the u axis and the v axis are given by

and

urn = 2mir/Aa

v = 2nTr/Ab

where m = 1,2,3,... and n = 1,2,3 ..... Since F(u,v) is periodic,

F1x(U,V) and F1(u,v) given in equations (15) are also periodic

functions of u and v. In order not to violate the "integrand sign

change condition" used to derive equations (19), centroid depths

should only be computed at frequencies less than the first nodal

frequencies u1 = 271/Aa and v1 = 2'ii/b. Unfortunately, the nodal

frequencies are also functions of the horizontal dimensions a and

Ab. In practice, the location of the nodal frequencies may be esti-

mated from the amplitude of the Fourier transform, jF(u,vfl, which

tends to zero as u and v approach u1 and v1 respectively.
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The computed value for the centroid can be used to estimate the

depth to the bottom of a source provided the depth to the top of a

source is known. The depth to source-top may be determined using

F'(u,v) in a form similar to F(u,v) in equation (20) having set

The depth to source-top and the depth to source-bottom, h and d, may

be determined simultaneously from a method which uses F(u,v) in a

form similar to F'(u,v) in equation (9). In the latter case, the

centroid value may be used to eliminate calculated values for h and

d which are unrealistic. In either case, the method of solution is

referred to as the exponential approximation method.

Top of a Magnetic Body

As mentioned above, the depth to source-top of a prismatic body

may be determined from F(u,v) as expressed in equation (20). When

the bottom depth is much greater than the top depth, the term exp(-dr)

is small relative to the term exp(-hr) and equation (20) may be ap-

proximated by

8TrI Li

F'(u,v) sin(-)sin(--) exp(-hr)
uvr

Rotating the magnetic data to the pole gives

8111

F'(u,v) P ua
uv

sin(--)sin(-)exp(-hr)

Taking the natural logarithm gives

log(F'(uv)) lO9e(8111p) - log(uv)+lo9(sin(-))

+ log(sin(Y4)) - hr . (21)
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On the right hand side of the equation, the first term is a constant

with respect to u and v. The third term is strictly a function of u

and similarly the fourth term is strictly a function of v. Taking a

partial derivative with respect to u of equation (21) yields

-a-- log (F'(u,v)) =--- loge(uv)+_ log (sin(-))
3u e au au e 2

-h---r (22)

which is in the form of a "straight" line y = b+mx with slope m and

y intercept b. The slope in this case is the depth to top h; hence,

an examination of the slope of the "line" log(F'(uv)) will yield

an estimate for h. The accuracy in the value of h will improve for

values computed at several successive frequencies and averaged. The

accuracy in the computed value for h will also improve for values

computed at frequencies which minimize the error introduced by the

term 1og(sin(ua/2)). The error in this term approaches a minimum

for frequencies u such that ua/2 r/2. The range of frequencies for

which the error is minimized lies centered within the range of fre-

quencies determined for the accurate calculation of the centroid

depth. As was discussed above, the maximum frequency value for the

calculation of the centroid depth is uAa/2 = ii. By taking a partial

derivative with respect to v of equation (21), an equation similar to

(22) is obtained so that additional values for h may be computed at

frequencies where vib/2 Tn2.
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Curie-point Depth

Given the centroid depth and the depth to the top of the magne-

tized body for a block of data, the depth to the bottom of the body

may be directly given as

where

d = (2z0) - h

z +z
z
0 2

Thebottom of a magnetic source is interpreted here as the Curie-

- point isotherm level, consequently the depth to source-bottom d is

the Curie-point isotherm depth. An alternate method for determining

both d and h is described below.

TOD and Bottom of a Maanetic B

The depth of the source-top and the depth of the source-bottom

may simultaneously be determined by a method of exponential approxi-

mation based on the form of F(u,v) in equation (9). The Fourier

transform of the magnetic anomaly due to a prism with finite depth

was given in equation (10). Substitution of equation (9) into equa-

tion (10) gives for u=v

where

F (u) = (A/u2)
j-1

1) exp(-uc.)
0

j=l 3

A= -I[-L-mM+2nN-c12+i/2(a13+c23)]

c1 = vh+i(a1+b1)



and

c2 = /h+i(a1+b2)

c3 = /2 h + j (a2 + b2)

c4 = v7hi(a2+b1)

c5 = /d+i(a1+b2)

c6 = /d+i(a1+b1)

c7 = /d+i(a2+b1)

c8 = /d+i(a2+b2)

F (u) = F(u,v)!0 UV
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Moving the factor u2 to the left of the equality defines a new function

referred to as

= u2F0(u) . (23)

Following Bhattacharyya and Leu (1975b), a quantity is defined by

where

= eXP(-Auc)

Au = u1 - u0 = u2 - u1 = ......
An additional factor is given as

= A(-1)ex(-u0c)

For a prism with eight corners, equation (23) yields

(24)
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8
q0(u0) = E D

i='

8

c (u ) =0 1
j=l

8

= E Dj2
j=1

8

(u8) = : Dv . (25)
j=1

Next, a function g() is considered where

g() = v+r1+r26+...+r8

12'8 ; (26)

the coefficients r are complex. Equation (26) is zero when

i = 1,2,... ,8; hence an equation described by D(v) is

always zero valued. Adding up the terms in each equation for

where j=1,2,...,8, yields an equation which is expressed

in terms of 0(u), namely

0(u8) + r10(u7) + ... + r (u ) = 0 . (27)8o o

A set of seven additional equations similar to equation (27) may be

formed by shifting the range of frequencies u0,u1,...,u8, which are

spaced u apart, seven times. Each shift of the frequency range is by

the same amount, Au. The set of eight equations generated in the

above manner are given as:
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= r10(u7) + r20(u6) + ... + r8q(u) ,

-0(u9) = r10(u8)+r2q0(u7)+ ... +r(u1)

-q0(u15) = r1q0(u14) + r2cp0(u13) + ... + r80(u) . (28)

Equations (28) contain a set of eight equations in eight unknowns,

r. Since the set of equations represents a set of simultaneous

equations, techniques of numerical analysis may be used to solve

equations (28) for r.

After solving for r. equation (26) is solved to determine the

complex roots
.,

j = 1,2,.. .,8. The factors contain the factors

c which are complex valued with real parts proportional to the depths

to the eight corners of a prism. From the expression in equation

(24), a relation for the depths of the top and bottom of a prism

may be obtained and is given by

z = - lo9e()jI) (29)

where z. = h. for j = 1,2,3,4 and z = d for j = 1,2,3,4.

Equations (28) and equation (26) are used to solve for the

unknown complex roots from a knowledge of the Fourier transform

F0(u) at frequencies u = v. Once the values of v are calculated,

equation (29) is used to compute the depths of the top and bottom of

the magnetic source, h and d, respectively. The depth-to-source

bottom d is interpreted as the depth of the Curie-point isotherm.
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Care is necessary to successfully compute depths by the above

methods (Bhattacharyya and Leu, 1975b). The following section con-

sists of a discussion of the procedures developed to apply the

exponential method and a discussion of the results obtained from the

method.
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CURIE-POINT ISOTHERM DEPTHS FROM EXPONENTIAL
APPROXIMATION ANALYSIS

The exponential approximation method of analysis for deter-

mining magnetic source depths requires the spatial frequency or

wavenumber representation of the magnetic anomaly data. The method

also requires that the data be rotated to the pole and that the

amplitudes of the complex-valued Fourier transformed values be ob-

tained. The steps taken to prepare the anomaly data for exponential

approximation analysis are the same as those taken for energy spec-

trum analysis. First, a grid of equally-spaced magnetic data is

constructed from the total field magnetic anomaly map of the entire

survey area. Next, subgrids of three lengths are extracted from

the total grid and the magnetic values of the subgrid are detrended

by removing the values of a plane fit to the subgrid values. After

tapering the outermost border values of the subgrid, the data is

in the desired form to be Fourier transformed into the spatial fre-

quency domain and then rotated to the pole. After the rotation

step, amplitude values are obtained.

For survey data which satisfy the interpretive assumptions of

equations (19), (22), and (28), the amplitudes of the Fourier trans-

formed anomaly data when plotted versus angular spatial frequency

should produce smoothly varying curves from which reliable estimates

of source-depths can be obtained (Bhattacharyya and Leu, 1977). How-

ever, the survey data produced non-smooth decay curves suggesting

that the true magnetic sources may deviate from the model assumptions

and that accurate source-depth values may be difficult to obtain

from the method. In order to 'smooth" the decay curves and possibly
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suppress errors due to "source-noise', three techniques, discussed in

Appendix C, were examined; however, these techniques proved ineffec-

tive and therefore prism model studies were used to investigate the

effect of "source-noise" on source-depth calculations. In addition,

Bhattacharyya and Leu (1977) discussed the inherent errors of the

method and pointed out that these errors may significantly effect

the resolution of source-depths. Therefore, test data from prism

model trials were used to examine the resolution and reliability

of the method for determining source-depths.

Although non-exhaustive, the prism model studies provided a

practical means by which the exponential approximation method

could be developed, examined for limitations, and correctly applied

in the analysis and interpretation of survey data. The method used

to generate the rotated-to-the-pole magnetic anomaly data due to

prism-shaped sources is discussed in Appendix C.

The application of the exponential approximation method of

analysis, represented by equations (19), (22), and (28), also re-

quires the selection of an optimum range of anomaly wavelengths

which, once the anomaly data is Fourier-transformed, corresponds

to the selection of an optimum band or group of angular wavenumbers

or angular spatial frequencies. In units of (2Tr) (# of cycles)!

(grid length in kilometers), the angular spatial frequencies u and v

in the x and y directions, respectively, are referred to simply as

frequencies in the discussions which follow. Because anomalies are

discretely sampled in the spatial domain, spectral estimates are

obtained at discrete frequencies which are simple integer multiples,

m and n, of the fundamental frequencies, (2rr cycles)grid length in
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x direction) and (2i cycles)/(grid length in y direction), respective-

ly, for any size grid. These multiples are also called harmonics where

m (or n) equal to one corresponds to the first harmonic or the funda-

mental frequency, where m (or n) equal to two corresponds to the second

harmonic or twice the fundamental frequency, and so forth. The spec-

tral estimates from a selected band of frequencies (or harmonics) are

then analyzed employing the exponential approximation method. Because

both the frequency and its spectral estimate are used in the method,

they are referred to interchangeably throughout this chapter.

The method of selecting the band of frequencies or the order

of the harmonics appropriate for each of the three variations,

equations (19), (22), and (28), of the exponential approximation

method is discussed more fully in the next section. Also given in

the section are the frequencies chosen and subsequently used in the

analysis of model data and survey data. The results from the analysis

of model and survey data are presented and discussed in later sec-

tions according to the variation or equation employed.

Selection of Frequency Bands

In general, the lowest frequencies (or harmonics) contain the

most spectral information on the depths to the deepest sources be-

cause these sources tend to produce longer-wavelength anomalies.

Therefore, spectral estimates most desirable for analysis correspond

to low-order harmonics (i.e. when m and n are small).

The exponential approximation method represented by equation

(28) employs a large number of spectral estimates and frequencies.

Referring to the expression in equation (28), it is clear that the
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spectral estimates at sixteen frequencies within a frequency band

ranging from the mth ( th) to the m+l5th ( n+l5th) harmonic are

required in the construction of the equation. The eight equalities

contained in equation (28) when solved simultaneously give a set of

four depth estimates to the top of a source body and a set of four

depth estimates to the bottom of a source body. Other sets of so-

lutions that estimate the depths to the top and bottom of a source

body may be obtained by using spectral estimates corresponding to a

different band of frequencies.

To obtain multiple solution sets, the band of frequencies was

changed in two ways. First, the lowest harmonic contained in the

equalities of equation (28) was changed by starting at a higher order

harmonic creating a frequency band which is "shifted° to higher

frequencies but has the same bandwidth. To retain the lowest fre-

quencies corresponding to those anomalies with the longest wave-

lengths, no higher than the tenth harmonic for a 256 x 256 point sub-

grid and the sixth harmonic for a 128 x 128 point subgrid was used

as the lowest starting frequency in a frequency band. Second,

the bandwidth was increased by "skipping" one harmonic between each

set of nine consecutive harmonics used in the construction of each

of the equalities in equation (28). This "skipping" of one harmonic

between the construction of each equality required the use of twenty-

three frequencies ranging from the nith (
th) to the rn+22nd

(= n+'1) harmonic. By skipping frequencies, a more stable matrix

solution of equation (28) may be obtained which may improve the

accuracy of source-depth estimates.
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Based on sampling theory only half of the 256 or 128 spectral

estimates along the u = v axis of a subgrid of Fourier transformed

anomaly data provide unique spectral information, therefore the num-

ber of harmonics available for use in the solution of equation (28)

is restricted to range from the first to the 128th
or

64th
harmonic

for a 256 x 256 point subgrid or a 128 x 128 point subgrid, respec-

tively. Furthermore, to avoid those frequencies which may be af-

fected by aliasing, as discussed in Chapter 5, the highest harmonic

employed in equation (28) should be restricted to the
46th

or the

23 harmonic for a 256 x 256 point subgrid or a 128 x 128 point

subgrid, respectively.

In this study, for those occasions where 256 x 256 point sub-

grids were analyzed employing the exponential approximation method re-

presented by equation (28), the selected frequency bands were gener-

ated by successively shifting the starting frequency from the first

to the tenth harmonic while not skipping harmonics between the con-

struction of each equality comprising equation (28) and by successive-

ly shifting the starting frequency from the first to the fourth har-

monic while skipping one harmonic between the construction of each

equality comprising equation (28). For each way, solutions of equa-

tion (28) that gave estimates for the depths to the top and bottom of

a magnetic source body were obtained over the same range of fre-

quencies. Similarly, for the analysis of 128 x 128 point subgrids,

selected frequency bands were generated by successively shifting the

starting frequency from the first to the fourth harmonic while

skipping and not skipping one harmonic between the construction of

each equality comprising equation (28). Although skipping harmonics
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meant harmonics greater than the 23rd harmonic were employed, namely

the 24th to the 27th harmonic, the accuracy of the trial and survey

results did not appear to be greatly affected.

Based on arguments presented in the previous chapter, optimal

values for the depths to centroid and to source top may be obtained

from equations (19) and (22) by using spectral estimates at fre-

quencies within the u v frequency plane less than the first nodal

frequency. Because the amplitudes of the survey data were observed

to first approach zero values near the sixth to the tenth harmonic,

for a 256 x 256 point subgrid, frequencies u and v less than the

tenth harmonic were used to calculate estimates of the centroid

depth. Depth-to-top values were estimated for the 256 x 256 sub-

grids using frequencies u and v which ranged between the third and

fifth harmonics. For a 128 x 128 point subgrid, the fundamental

frequency is twice that of a 256 x 256 point subgrid, therefore a

similar source would produce amplitude values which approached zero

near the third to the fifth harmonic. Thus, for 128 x 128 subgrids,

centroid depths were estimated using frequencies u and v less than

the fifth harmonic and depths to source-top were estimated usiny

frequencies which ranged between the zeroth and the third har-

mon i c.

Examination of Equation (28) Using Models

Using the bands of frequencies outlined above, equation (28)

was repeatedly solved for the depths of the top and bottom corners of

a model prism. In the first trials, the prism was placed 1.24 km

below observation level and its thickness varied from 4 km to 6.5 km
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(see Figure 43). Employing equation (28), the ability of the expo-

nential approximation method to resolve simultaneously the depths to

source top and source bottom noticeably decreased as the prism thick-

ness was increased. The method produced fewer reliable estimates and

a greater number of unrealistic or inaccurate estimates for source

depths as the depth-to-prism-bottom increased. Reliable estimates

for depths-to-bottom decreased more rapidly than estimates for depths-

to-top (see Figure 44). At 6.5 km, the maximum prism thickness used,

each shift of a frequency bandwidth produced two to four reasonable

estimates for depth-to-top whereas only two, one, or no reasonable

estimates were produced for depth-to-bottom. Because the 6.5 km thick-

ness placed the prism bottom at a depth of 7.74 km BOL (below obser-

vation level), the decrease in source-depth resolution was reasonable

based on the observation that a 36 km x 36 km subgrid may only "see"

to depths between 6 and 9 km BOL.

The effect of greater source-top depths on results obtained from

equation (28) was also examined. Fixing the prism thickness at 4 km,

the depth to source-top was varied from 1 km to 4 km (see Figure 45).

It was found in these trials that the number of reliable depth es-

timates was less affected by an increase in the burial depth than

by an increase in prism thickness as long as the depth-to-bottom

remained less than 9 km BOL (see Figure 46). At the maximum depth-

to-top value of 4 km, each shift of a frequency bandwidth produced

three or four reasonable top-depth estimates and one to three rea-

sonable bottom-depth estimates. Results were similar for shallower

burial depths.
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Figure 43. Single prism model of fixed source-top depth
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Figure 44. Diagram showing the relative number of estimates
obtained from equation (28) for a prism model
with variable thickness, such as in Figure 43.
Estimates for source-bottom start lower and
decrease more rapidly than estimates for
source-top.
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Figure 45. Single prism model of fixed thickness and variable
burial depth shown oriented with respect to the
observation plane.
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Figure 46. Diagram showing the relative number of estimates
obtained from equation (28) for a prism model similar
to that in Figure 45 where burial depth is varied.
Diagram indicates relative declines in estimate
numbers for thin prism (solid lines) versus a thick
prism (dashed lines).
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In addition, the above trials were made with magnetic data

which had not been rotated-to-the-pole. To simulate the effect

of remanent or permanent magnetization as opposed to induced mag-

netization, one assumption on which the exponential approximation

method is based, the prismatic source bodies were assigned a magnetic

inclination of 600 rather than 90°. Even with a 30° deviation from

vertical , the orientation of the field direction for rotated-to-

the-pole data, the method resolved depths to source-bottom as well

as source-top giving reasonably accurate estimates.

Because prism corner depths were known, reasonable source-

depth estimates were readily distinguished from unrealistic or in-

accurate estimates. Unrealistic estimates were classified as source-

depth values which placed the source top at or near the observation

level. These estimates were disregarded. Inaccurate estimates were

classified as source-depth values which did not correspond well to

either the top depth or the bottom depth. These estimates which may

represent some weighted average of top and bottom depth values were

also disregarded. Unfortunately, their occurrence increased the

difficulty of choosing between inaccurate and reliable bottom-depth

values when survey data were considered. To examine this problem

further, the magnetic source was complicated by constructing a

two-prism model.

In models with two prisms, their configuration was constrained

as shown in Figure 47, but they were given different polarization

strengths. To simulate a topographic source, the top prism was

given a 0.8 km thickness and placed 1.94 km below the observation

plane. To simulate a buried source, the bottom prism was given a
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Figure 47. Two prism model with fixed dimensions and variable
polarization strengths shown oriented with respect
to the observation plane.
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5 km thickness and placed 2.74 km below the observation plane. In

relative units, the polarization strengths assigned to the top and

bottom prisms were respectively, 10.0 and 6.7, 10.0 and 1.0, and 1.0

and 10.0. Summarizing the results, two to four reasonable estimates

for source-top depths were obtained for each frequency band while

only two to three estimates corresponding to bottom depths were

obtained overall. As expected, intermediate depth levels were also

obtained but were not used to determine average depth values. The

depth-to-top estimates from each model averaged between 0.2 and 0.5

km less than the depth to the top of the shallower prism. The

few estimates representing the deeper corners of the prisms were

within ±0.8 km of the bottom depth of the deeper prism. These re-

sults suggest that although more than one prism-bottom depth and a

non-uniform magnetization were involved, the exponential approximation

method defined in terms of equation (28) will try to resolve the

deepest source-bottom depth and the shallowest source-top depth.

In one additional two-prism model, the two prisms shown in

Figure 47 were separated by 0.8 km. As a result, averaged source-

top depth estimates came within ±0.1 km of the 1.14 km depth value

for the top of the shallower prism. An average of the deepest

source depths discerned gave a value of 6.44 km BOL which differed

from the correct value of 7.74 km BOL by 1.3 km. This difference

may indicate the minimum amount of uncertainty to be expected in

bottom-depth values determined from the exponential approximation

method represented by equation (28).
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Examination of Equations (19) and (22) Using Models

Using the same models as above, equations (19) and (22) were

examined for their ability to correctly determine the depths to the

centroid and top, respectively, of a magnetic source. Bhattacharyya

and Leu (1975a, l975b) have suggested that reliable estimates may be

obtained if depths are calculated at the lower harmonics and then

averaged. Accuracy, they suggest, may be kept fairly high by a care-

ful choice of frequencies. In terms of the model study, the fre-

quencies selected earlier, which range from the first harmonic to

the fifth harmonic, were found to produce acceptable centroid and

source-top depth estimates.

Using the centroid location estimates, source-bottom depths were

computed according to the formula, d = 2z - h, where d, z, and h are,

respectively, the depths to the source-bottom, estimated centroid, and

true source-top. The computed source-bottom depths were found to

correspond with the bottom location of the deepest prism in each

model. For the more complex sources comprised of two prisms, the

computed source-bottom estimates differed from the true bottom depth

of the deeper prism by ±2 km. This difference corresponds to a ±1 km

uncertainty in the estimated centroid location. Several computed

centroid depths were located deeper than 6 to 9 km BOL, the resolution

depth for a 36 km x 36 km subgrid, and were therefore disregarded as

being unrealistic.

Source-top depths were computed according to equation (22). The

estimated source-top depths were found to correspond with the top

location of the shallowest prism in each model. These estimates
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differed from the true top depth of the shallower source by approx-

imately ±0.6 km.

Generalizations from Model Studies Applied to Survey Study

Generalizations concerning results derived from the model data

may be applied to the survey data, because the frequency bands chosen

appear optimal for prism configurations which were based on realistic

constraints as well as the survey data (see Appendix C). Expressed

in terms applicable to the survey, these generalizations include:

(1) source-top depths represent ballpark estimates for the depth-to-

source-top of the shallowest prism, in other words an average value

for the elevation in a region with a volcanic terrain, (2) source-

bottom depths represent ballpark estimates for the depth-to-source-

bottom of the deepest prism, in other words the depth to a lithologic

boundary or the depth to the Curie-point isotherm, (3) source-depth

estimates may be disregarded if they appear to be unrealistic or

inaccurate, for example, depths located near the observation level

or located below the "visual" depth for a subgrid's size, and depths

of intermediate values where deep values are also obtained, (4) the

selected and previously defined frequency bands may be assumed to

be optimal for analyzing survey data because they produce acceptable

results from model data which had been closely patterned after survey

data, (5) the error in the model source-depth estimates gives an indi-

cation of the minimum error which might be expected for survey source-

depth estimates, and (6) the number of acceptable source-depth esti-

mates derived from equation (28) in the survey study was expected to

be no greater than the number derived from equation (28) in the model
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study.

Given the above generalizations, subgrids of magnetic anomaly

data located within the survey region were analyzed using the expo-

nential approximation method. To correlate results, subgrids pre-

viously analyzed using the energy spectrum method were reanalyzed

using the exponential approximation method. Thus fifteen 256 x 256

point subgtids, Nd, NC2, NC2-W, Medicine Lake, NC3, NC4, NC5, NC6,

NC7, NC8, NC9-NW, NC9, NC1O, NC11, NC12 were reanalyzed and one

hundred and five 128 x 128 point subgrids were reanalyzed.

Results for Survey from Equation (28)

As expected, repeated solutions of equation (28) gave variable

numbers of magnetic source depth estimates. For each of the 256 x

256 subgrids named above, the number of source-top estimates derived

from each solution varied between zero and four. Because the esti-

mates obtained from one solution were no less reliable than the esti-

mates from the other solutions, the approximate location to the top

of the magnetic source within each subarea was obtained by taking the

mean of all depth-to-top estimates.

Listed in Table 4, the mean of the source-top depths determined

from equation (28) gave a range of standard deviations between ±0.3

to ±0.5 km. In most cases, the mean of the estimates placed the

magnetic source-top below the mean level of the topography by approx-

imately 0.2 to 0.6 km. Although, the uncertainty in the mean of

the estimates permits a lower depth, the mean of the estimates for

subgrids NC7 and NC1O placed the magnetic source-top above the topo-

graphy. The energy spectrum method gave a similar result for the
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Grid Mean Mean Range Mean Value of
Location Elevation Elevation of Magnetic the Depths to

of of Magnetic Source-Bottom Magnetic
Topography Source-Top Depths Source-Bottom
in km ASL in km ASL in km BSL in km BSL

NC1 1.5 1.3

NC2-W 1.7 1.4 4-11 7

NC2 1.6 1.2 4-9 6

NC3 1.5 1.2 6,6 6

Medicine Lake 1.7 1.3 5-12 8

NC4 1.6 1.3 5,24 14

NC5 1.5 1.2

NC6 1.5 1.3 5-16 9

NC7 1.0 1.4 9

NC8 1.3 1.0 4-12 7

NC9-NW 1.4 1.2 5-10 7

NC9 1.5 1.3 5-13 9

NC1O 0.6 1.2 9-12 10

NC11 1.5 1.2 5

NC12 1.7 1.1 6

Table 4. Magnetic source-top and source-bottom depths obtained from
equation (28) for 73 km x 73 km subgrids. Mean topographic
elevations provided form Table 2.
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same two subgrids.

Whereas each solution of equation (28) gave two to three esti-

mates for source-top depths, few estimates for source-bottom depths

were obtained. Because so few values were generated, it is not

possible to determine the accuarcy of these estimates. For sub-

grids Nd and NC5, no estimates for the location of the magnetic

source-bottom were obtained from any of the solutions. For subgrids

NC7, NC11, and NC12 only one depth estimate was obtained and for sub-

grid NC4, two very dissimilar depth estimates were obtained. The

lack of bottom-depth estimates for these subgrids is interpreted to

mean that the depth to magnetic source bottom is close to or below

the resolution depth of 12 to 18 km BOL for a 73 km x 73 km subgrid.

For the other eight subgrids, three to seven depth estimates were

obtained with values spanning the depth range indicated from energy

spectrum analysis. Table 4 summarizes the depths to magnetic-

source-bottom determined from equation (28) and lists the mean value

for each depth range.

For the 105 128 x 128 point subgrids, equation (28) produced

an average of two to three source-top depth estimates for each so-

lution. As above, the estimates were averaged and gave a location

for the magnetic source-top which approximated the mean elevation of

the topography to within ±0.5 km. In the areas covered by the larger

subgrids NC7 and NC1O, the mean source-top depth computed for each

128 x 128 subgrid continued to underestimate the depth to the mean

elevation of the topography, however, overall the two depths were

closer than those determined for the larger subgrids.
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The source-bottom estimates obtained from equation (28) for the

128 x 128 subgrids are the least reliable. Two depth estimates, at

most, were produced from the total number of solutions generated for

each subgrid. These poor results may be the result of round-off

errors in the computations; however the more likely cause for these

poor results is that one or more of the interpretive assumptions was

violated, for example, (1) the magnetization of the source was not

entirely induced or (2) was not uniform, (3) the source did not appear

as a single magnetic unit or (4) have vertical sides. Of the few es-

timates generated, those areas within the survey region where a depth-

to-bottom was discerned are summarized in Figure 48. In Figure 48, the

centers of the subgrids which displayed a common value for the depth-

to-bottom have been enclosed by contours and are plotted against the

topography. Circular contours correspond to a single subgrid. The

depths are given in kilometers below sea level.

Results for Survey from Equations (19) and (22)

Before the depths to source-top and centroid could be computed

from equations (22) and (19), respectively, the decay rate of the

spectral amplitude data had to be smoothed to produce monotonically

decreasing values. To smooth the data with as little adjustment as

possible, a two-point running average was used where a seesaw decay

rate was observed. For a fixed value of frequency v, computations

over frequency u were performed until three consecutive values of

the spectral amplitude data were found to increase rather than de-

crease in value whether or not a two-point running average was used.
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Similar computations were performed over frequency v for a fixed

value of u.

No mean estimate for the depth to source-top could be determined

for the 128 x 128 subgrids using equation (22). The computed source-

top depths varied erratically over several kilometers. To produce a

depth value which appeared reasonable required averaging depth values

which were located both kilometers above the observation level and

kilometers below-sea level. These results may reflect the relatively

short range of frequencies over which computations are possible or may

reflect the fact that topographic changes significantly affect computa-

tions. Because these results were erratic, no summary of the source-

top depth values is presented in this study.

The values of the centroid depths computed from equation (19)

for the 128 x 128 subgrids were distributed unevenly in the depth

range, 0 km below sea level to 6 km below sea level (BSL). As be-

fore, computed depths deeper than 9 km BOL (the resolution depth for

a 36 km x 36 km subgrid) were disregarded. Using the mean of all

centroid estimates for each subgrid and using the mean topographic

elevation within the subgrid as the depth to source-top, the depth to

source-bottom was computed.

Figure 49 shows the source-bottom depths obtained for the 105

128 x 128 subgrids. The averaged source depths, located at the center

points of the subgrids, are plotted on a topographic map. Depths are

given in kilometers BSL. For clarification, those depths shallower

than 8 km BSL have been outlined. These outlined areas are all lo-

cated within the regions of the Cascade Range and Modoc Plateau.
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Large differences in source-bottom depths between adjacent sub-

grids which share much of the same area, although disturbing, are not

peculiar to this study. Bhattacharyya and Leu (1975a) also obtained

steep lateral gradients in source-bottom depth estimations. Compared

to the present study area, their study area also has a volcanic his-

tory which is recent and geology which is complex. The sudden changes

in the estimated depths to the bottom of a magnetic source between

adjacent subareas suggests that high temperatures constrained in a

horizontally narrow region are possible.

Table 5 lists the means of the source-top depths and associated

standard deviations computed for the 256 x 256 subgrids using equa-

tion (22). In contrast to the 128 x 128 subgrids, the number of

frequencies available to 256 x 256 subgrids for source-top depth cal-

culations was larger, however the results exhibit large uncertainties

which again may be due to changes in topography, or possibly due to

more than one distinct source-top depth within the subarea.

Although the magnitudes are uncertain, it is significant that

source-top depths are deepest beneath subgrids NC4, NC5, NC7, NC1O,

and NCll, coincident with portions of the Klamath Complex and Great

Valley where regional geology and the magnetic anomaly maps suggest

that major magnetic units may reside at depth. Similarly, it may

be significant that source-top depths are shallowest beneath sub-

grids coincident with the Cascades and Modoc Plateau where the sur-

face geology is comprised of Cenozoic volcanics.

The means of the centroid depths determined for the fifteen

256 x 256 subgrids from equation (19) are also listed in Table 5.

Calculated at frequencies within the preselected frequency range,
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Grid Mean Elevation Mean Centroid Estimated
Location of Magnetic Depth Depth to

Source-Top in km BSL Magnetic
in km Source-Bottom
ASL: + in km BSL
BSL: -

NC1 +0.1 ± 2.4 7.6 15

NC2-W -0.6 ± 1.4 4.6 9

NC2 +0.9 ± 1.4 5.1 11

NC3 +0.2 ± 1.4 3.2 7

Medicine Lake +1.4 ± 1.6 4.7 11

NC4 -2.6 ± 3.3 7.5 12

NC5 -1.9 ± 0.9 8.2 14

NC6 -0.2 ± 1.7 6.2 12

NC7 -0.8 ± 2.4 6.3 12

NC8 +0.6 ± 3.8 6.8 14

NC9-NW +0.7 ± 2.3 5.6 12

NC9 +1.2 ± 1.0 4.5 10

NC1O -1.1 ± 2.1 7.4 14

NC11 -1.6 ± 2.7 6.7 12

NC12 +0.44± 2.3 7.0 14

Table 5. Centroid, source-top, and associated source-bottom depths
computed using equations (19), (22), and d = 2z+h,
respectively, for 73 km x 73 km subgrids.
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centroid depths ranged between 0 km BSL and 16 km BSL, however most

centroid depth values occurred near the center of this range. The

deeper limit of the depth range was imposed by the "visual" limit

of a 73 km x 73 km subgrid, the shallower limit by the depths ob-

tained. Using the means of the centroid depths as well as the means

of the source-top depths, estimates for magnetic-source-bottom depths

were computed and are listed in Table 5.

The average values of the centroid depths and source-top depths

indicate two areas where source-bottom depths are less than 12 km BSL.

One area indicating an elevated Curie-point isotherm depth encompassed

parts of subgrids NC2-W, NC2, NC3, and Medicine Lake, which are lo-

cated in the northern portion of the survey area. The second elevated

area coincided with subgrid NC9 which is located at the eastern edge

of the survey area at approximately 410 N latitude. Over the re-

maining portions of the survey area, computed source-bottom depths

ranged between 12 and 15 km BSL.

Concluding Remarks

Results show that, with respect to the survey area, equation

(22) proved to be inadequate in estimating depths to magnetic-source-

tops. This may be due to signal noise generated by a complicated

magnetic source and to the narrow range of frequencies appropirate

for doing computations, or it may be an artifact of the method. In

another area where the geology is less complex, equation (22) may

be of more use.

Internally consistent values, obtained through the use of equa-

tions (19), indicate that this equation may be of value in mapping
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regional variations in depths to the Curie-point isotherm. In addi-

tion, equation (19) produced a regional pattern of Curie-point depths

which appears to be consistent with the pattern produced from the

energy spectrum method.

Results from equation (28) appear to be internally consistent

and in some agreement with results from equation (22) and from energy

spectrum analysis. However the actual number of depth estimates

obtained was quite small and therefore the method employing equation

(28) should be used with caution in mapping the depth to the Curie-

point isotherm. The method also appears to be more stable for larger

grids. This may be explained by the fundamental frequency (or lowest

harmonic) for a 73 km x 73 km subgrid which is half that of the funda-

mental frequency for a 36 km x 36 km subgrid. Consequently, twice

the number of spectral estimates are generated from a 256 x 256 point

subgrid as from a 128 x 128 point subgrid. Therefore, more informa-

tion on the longer-wavelength anomalies corresponding to deeper

source-depths is available for use in equation (28) from a subgrid

with a larger profile length.

Results from the exponential approximation method are compared

with those from the energy spectrum method in the following chapter.
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SUMMARY AND DISCUSSION OF REGIONAL STRUCTURE
AND CURIE-POINT ISOTHERM DEPTHS OF

NORTH-CENTRAL CALIFORNIA

Figure 50 summarizes the regional structural interpretation of

north-central California based on the analysis of the total field

magnetic anomaly data, the low-pass filtered anomaly data, and mag-

netic-source depths determined from energy spectrum analysis. The

survey marks indicate the centers of the seventeen 73 km x 73 km

(256 x 256) subgrids. Adjacent to each of the survey marks are

shown the depth-to-source-top values for the deepest discernable

magnetic sources. Labeled lines in Figure 50 locate magnetic

anomaly trends that may indicate fracture zones or faults. Figure

50 includes lineations first discussed by Couch and Gemperle (1981)

in a preliminary report which presented the total field magnetic

anomaly maps of north-central California, Mount Shasta, and Lassen

Peak.

Lines A-A', B-B', B'-B", D-D', F-F', G-G', G'-G", H-H', J-J',

and N-N', associated with lineations in areas of steep magnetic

gradients in the unfiltered anomaly map, are interpreted as faults

or discontinuities in the basement structure. Lines C-C', F'F", I-I'.

K-K', L-L', M-M', which indicate contiguous or aligned individual anom-

alies in the unfiltered map, appear to be coincident with eruptive cen-

ters or topographic rises, as located on geologic maps of the survey

area, and are interpreted as indicating fracture zones or faults. The

aligned set of anomalies, indicated by line 0-0' in Figure 9, however,

do not correspond well with topographic features and thus are inter-

preted as arising from a topographic change in the subsurface structure.
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Many of the magnetic lineations, interpreted as faults, in the

unfiltered anomaly map do not appear as trends in the filtered

anomaly maps of Figures 10, 11, and 12 (with cutoff wavelengths of

35 km. 65 km, and 85 km respectively) which suggests that contrasts

in magnetization across these fault contacts extend less than 3 km,

vertically, below sea level (BSL). Lineations which do appear on

the filtered maps, and as such suggest that magnetization contrasts

may persist to at least 3 km BSL, are labeled A-A', B-B', G-G', and

H-H'. Based on gravity, Griscom (1980b) proposed that a gravity

high located northwest of Mount Shasta, represents the buried, northern

extent of the Trinity assemblage, a probable ophiolite sequence in

the Klamath Range. Lineation A-A' coincides with the southeast edge

of Griscoms' (1980b) observed gravity high and therefore the magnetic

source associated with lineation A-A' may be related to the anomalous

mass associated with the gravity high. Lineation A-A' also follows

a fault trace first proposed by Strand (1963) and which Jennings

(1975) later interpreted as being a thrust fault.

Noted from an anomaly trend in Figures 9 and 10, lineation B-B'

is located on the northeast side of a cluster of gravity highs and

parallels the contours of the regional gravity gradient (Oliver and

Griscom, 1980). On the basis of gravity data within the Great Valley

Province, Oliver and Griscom (1980) proposed the gravity highs are

caused by rocks of the Kiamath Mountains Province. The magnetic

lineation B-B', interpreted here to be caused by a geologic contact

between basement rocks of different magnetization, may be related to

the suture zone, proposed by Hamilton and Myers (1966), Saleeby (1975,

1977) and Blake and Jones (1981), between a remnant of oceanic crust
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comprising the basement rocks of the northern terminus of the Great

Valley and continental rocks of the Sierra Nevada.

The prominent lineation G-G', oriented N 40°W in the unfiltered

anomaly map of Figure 9 and in the filtered anomaly map of Figure

10 with the 35 km cutoff wavelength, may be a fault or a lithologic

contact between different rock units of the Sierra Nevadas. This

trend terminates at the transition between the Sierra Nevada and

Cascade Provinces and 10 to 20 km south of the location suggested

by Blake and Jones (1977) and Hamilton (1978) for the southeast edge

of the rift zone first proposed by Hamilton and Myers (1966) that

separates the Klamath and Sierra blocks.

The lineation H-H', noted from the prominent trend oriented

N 45°E in the unfiltered anomaly map of Figure 9 and the low-pass

filtered maps of Figures 10 and 11, extends from the crystalline

rocks of the Kiamath Range on the west side of the High Cascades,

across the Cascade Range, to the volcanic rocks of the Modoc Plateau

on the east side of the High Cascades. Lineation H-H' may be caused

by a fault or a change in the basement composition. Because the

lineation persists in the filtered anomaly map of Figure 11, the

magnetization contrasts across the proposed fault or lithologic

discontinuity may extend to depths of 8 km BSL. Such a large dis-

continuity reflects a north-south division of the Cascade Range at

depth. Griscom (l980a) also proposed that the Cascade Range and

Modoc Plateau may be divided in two in California. His proposal

was based on the observation of a series of Bouguer gravity anomaly

highs that form a ridge separating two gravity lows associated with

Mount Shasta and Lassen Peak. Griscom (1980a) thought this gravity



165

ridge may be related to the northwest edge of the rift zone proposed

by Hamilton and Myers (1966). The magnetic lineation H-H' may be

similarly related because it is coincident with the southeast edge

of the gravity ridge. A structural elevation change across line H-H'

is also supported by the observed change in calculated magnetic-source-

top depths, of the deepest discernable sources, from shallower depths

south of to deeper depths north of lineation H-H'.

It is proposed here that the prominent negative magnetic anoma-

ly on the northwest edge of line H-H' may be caused by a continua-

tion, at depth, of rocks of the Trinity sequence within the Klamath

assemblage. Additionally, the Bouguer gravity anomaly data of Gris-

corn (l980a) indicates that a gravity high coincides with the magnetic

anomaly located north of lineation H-H' and that this gravity high

appears similar in shape, size, and magnitude to the gravity high

which Griscom (l980b) suggested is caused by rocks of the Trinity

sequence and which coincides with the magnetic anomaly located north

of lineation A-A'.

Based on magnetic data for south-central Oregon, McLain (1981)

suggested that the Mount McLoughlin fracture zone, proposed by

Lawrence (1976), may extend from Oregon into California and cross

the border at 42°N latitude and 121°37'W longitude, and that the

axis of the fracture zone is oriented N 50°W. Although McLain (1981)

proposed a fracture zone with a 20 km right-lateral offset at the

Mount McLoughlin fracture zone consistent with the strike-slip motion

proposed by Lawrence (1976), a right lateral offset of magnetic

anomalies located within the California study area is not observed.

Similarly, no offset is observed which might indicate the
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northwestward extension of the Likely strike-slip fault into the sur-

vey area near 4l°20'N latitude and l20°56'W longitude, or the Honey

Lake fault near 40°25'N latitude and 120°46'W longitude. The mag-

netic anomalies support geologic mapping (Chapman and Bishop, 1968;

Lydon etal., 1960) and mapping by ERTS imagery (Rich and Steele,

1974) which indicated both faults extend less than 5 km into the

survey region.

Source-top depth calculations show a basement source located at

levels of 3.5 to 3.7 km BSL beneath the entire survey area. This

level gives a maximum thickness of approximately 5 km for the total

thickness of the Cenozoic volcanics associated with the Cascade

Range and Modoc Plateau. This thickness is in good agreement with

values suggested by MacDonald (1966) based on geology and by Stanley

(1982) based on a magnetotelluric study.

Intermediate magnetic sources at mean depths within 0.5 km above

or below sea level and near 1 km above sea level in the area north

of 4l°l5'N latitude may correspond to the volcanic series of the

Western Cascades. The near sea level depths show a gradual deepening

from west to east of a magnetic source, thoughthere, to be associated

with the Western Cascade series. This source dips northeastward be-

neath rocks of the High Cascades. However, the source-top depths

indicate that the magnetic source may extend beneath the eastern edge

of the area of the Medicine Lake Highlands.

Intermediate source-top depths in the area south of 41°15'N lati-

tude relative to those north of this latitude are less consistent

between adjacent subareas. This may be explained by elevation changes

in rock layers associated with the horst and graben type structure
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of the Big Valley, Big Valley Mountain, and Fall River Mills Valley.

Source-top depths which are more consistent north of and less consis-

tent south of 41°15'N latitude may be a further indication of a pre-

viously proposed north-south change in the structure or composition of

the basement which underlies the Cascade and Modoc Plateau Provinces.

Also, the source depths south of 4l°15'N latitude, which vary between

0.74 and 0.94 km above sea level, may be due to sources associated

with the Modoc Plateau because a similar source-top depth is obtained

in the area east of the Medicine Lake Highlands and because rock

types of the Modoc Plateau series and the High Cascades near Lassen

Peak described by MacDonald (1966) appear to be similar. The deeper

source-top depths, between 0.7 and 1.93 km BSL in the southern and

northwestern sections of the survey region, are probably related to

the pre-Tretiary rocks of the Klamath and Sierra Nevada Ranges.

Magnetic source-bottom depths and/or Curie-point isotherm

depths, determined from energy spectrum analysis, are listed in Table

3 and are shown superimposed on the topography in Figure 51. Also

shown are the corresponding calculated heat flow values based on

a Curie-point temperature of 580°C and a conductivity of 1.7 WM1°C1.

Survey markers in Figure 51 indicate center locations of the

146 km x 146 km (512 x 512 point), 73 km x 73 km (256 x 256 point),

and 36 km x 36 km (128 x 128 point) subgrids used in the analysis

of anomalies in the study area. Open triangles indicate locations

and temperatures of thermal springs within the study area taken from

a Geothermal Resources of California map (California Division of

Mines and Geology, 1980).



Analysis of 36 km x 36 km subgrids, using the energy spectrum

method, indicated five regions of extremely shallow magnetic-source

bottoms and presumably Curie-point-isotherm depths: the Secret

Spring Mountain and National Lava Beds Monument area, the Mount

Shasta area, the Eddys Mountains area, the Big Valley Mountains area,

and an area along the northern edge of Lassen Volcanic National

Park.

The Secret Spring Mountain and National Lava Beds Monument area

(Figure 51) is bounded on the north by the Mahogany Mountain Chain

and the northern extent of the surficial lava beds, on the south

by the Medicine Lake Highlands, and on the west by Eagle Rock and

Willow Creek Mountain. The elevated Curie-point depths beneath this

area, 4 to 7 km BSL, appears to be the extension of a zone of ele-

vated Curie-point depths first mapped beneath the High Cascade Range

north of this study area by McLain (1981). In his zone, McLain (1981)

computed a Curie-point-isotherm depth of 4 to 6 km BSL. The recent

lava flows (Holocene) and reported thermal springs and wells located

in the area are also indicative of elevated temperatures in the upper

crust of the region.

A region of elevated Curie-point depths (4 to 7 km BSL) lies

beneath the Cascade Range near Mount Shasta. The region forms a

quarter ring about Mount Shasta terminating immediately to the north

and east of the mountain. Because Mount Shasta rises above the 9000

foot data acquisition level, the reference level used for magnetic

source-depth determinations, the inner border of the ring is dashed in

Figure 51 to indicate the zone could be larger. Thermal waters

located at the summit of Mount Shasta (California Division of Mines
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and Geology, 1980) supports this likelihood.

An area of shallow source-bottom depths, 4 to 5 km BSL, lies

beneath part of the Eddys Mountain Range within the Kiamath Mountains.

The rocks in this area, bounded on the east by Mount Bradley, on

the south by Castle Creek and on the north by Mount Eddy, are com-

posed of metamorphosed rocks of Mesozoic and Paleozoic age. Based on

the age of the rocks and the uniformly low heat flow (". 40 mWm2)

reported by Mase etal. (1982), the magnetic source-bottom, resolved

beneath the Eddys Mountains area, is interpreted as being a litho-

logic boundary rather than the depth level of the Curie-point iso-

therm (Couch and Gemperle, 1982).

Bounded on the south by Bald Mountain, on the west by Buck Moun-

tam and Lake Britton, on the north by the Medicine Lake Highlands,

and on the east by Pit River, an area of shallow Curie-point isotherm

depths, 4 to 6 km BSL, lies beneath the Big Valley Mountains. This

area encompasses Little Hot Springs Valley and a thermal spring lo-

cated 14 km east of Fall River Mills, but lies 24 km east of thermal

springs at Big Bend near Chalk Mountain and lies 3 to 7 km west of

thermal springs within Big Valley. A speculative explanation for the

close proximity of the Big Valley Mountains area to this latter set

of thermal springs is that geologic structures at depth are capable of

guiding and constraining geothermal waters to move first laterally

away from the heat source and then vertically to the surface.

Shallow Curie-point depths (4 to 7 km BSL) also lie beneath

an area located immediately north and east of the Lassen Peak area.

Bounded on the south by Prospect Peak, on the west by Burney Mountain,

and on the north by Bald Mountain, this region, which shows an
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elongation that is oriented approximately east-west, includes por-

tions of the Cascades and Modoc Plateau. The east-west elongation of

this area may be due to the same causal but unknown process which

produced the east-west patterns of the Cenozoic igneous rocks in

Nevada and Utah described by Stewart etal. (1977) or may represent

an overlap of Cascade and Modoc Plateau tectonic processes. Recent

(Holocene) volcanic flows, coincident with the Hat Creek fault zone,

occupy the western or Cascade portion of the region. The eastern

or Modoc Plateau portion of the region is occupied by volcanic cones.

Grose and McKee (1982) determined the ages of a small group of these

volcanoes, which form a line oriented N 50°W, and found that the vol-

canoes decrease in age northwestward. The causal process, which

produced the southeastward migration with time of the volcanoes

southwest of Eagle Lake within the Modoc Plateau, may be related to

the northwest-southeast oriented extensional axis discussed by

Roberts and Grose (1982) and located at the southern end of Eagle

Lake. Roberts and Grose (1982) found an accelerated rate of exten-

sional strain and an increased rate in vertical displacement for this

axis as compared to the rates for extensional axes located in the

Sierra Nevada and Basin and Range Provinces. Lachenbruch and Sass

(1977) used extensional tectonics, which enhances the upward flow

of thermal masses, to explain the high heat flow measured in the

Modoc Plateau Province. Their argument based on extensional tectonics

is used in this study to support the interpretation of shallow source-

bottom depths beneath the Modoc Plateau as shallow Curie-point depths.

The shallow Curie-point isotherm depths underlying the Secret

Spring Mountain and Mount Shasta areas represent a zone of elevated



172

Curie-point depths beneath the northern California High Cascade

Range and an extension of a similar zone beneath the southern Oregon

High Cascades, discussed by McLain (1981), and beneath the central

Oregon High Cascades, discussed by Connard etal. (1983). The seg-

mented nature of this zone may be explained by discrete thermal

bodies under the northern California High Cascades or by undulations

in a Curie-point isotherm surface whose depth level is near that

of the resolution depth of the subgrids used in the analysis. Al-

ternatively, the elevated Curie-point isotherm surfaces may represent

the tops of sill-like structures of hot rock emplaced in the upper

crust by means of narrow conduits. In this case, the source of the

sill rocks and the conduit by which the partial melt reaches the

upper crust need not underlie the areal surfaces of the elevated

Curie-point isotherm. A similar argument might explain the shallow

Curie-point isotherm depths beneath the areas of the Big Valley

Mountains, the Lava Beds National Park, and the region northeast of

Lassen Peak because each area extends into the young volcanic

province of the High Cascades.

Magnetic source-bottom depths obtained from the exponential

aproximation method of analysis are shown superimposed on the topog-

raphy in Figures 48, 52, 53, and 54. Computed directly from equation

(28), source-bottom depths having common ranges of values are shown

outlined in Figure 48 for 36 km x 36 km subareas and in Figure 54

for 73 km x 73 km subareas. Depth ranges shown in Figure 54 are

based on depth values listed in Table 4. Determined from centroid

depths using equation (19), source-bottom depths with comon values

are shown outlined in Figure 52 for 36 km x 36 km subareas and in
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Figure 53 for 73 km x 73 km subareas. Depth ranges shown in Figure

53 are based on depth values listed in Table 5. Figures 53 and 54,

also show the corresponding calculated heat flow values based on a

Curie-point temperature of 580°C and a conductivity of 1.7 Wm°C.

Analysis of the 36 km x 36 km subareas using equation (28) mdi-

cates that shallow magnetic source-bottom depths underlie fifteen

discrete areas within the survey region (Figure 48). A comparison

of Figures 48 and 51 shows that nine of these fifteen areas overlap

areas of shallow bottom-depths outlined using energy spectrum

analysis. Because some overlap was found, the exponential approxi-

mation method, represented by equation (28), may be a useful tech-

nique for determining the depth to the bottom of a magnetic source.

Three of these nine regions (4 km, 4 to 6 km, and 6 to 8 km

BSL) overlap parts of the Lava Beds National Park area described

earlier and shown in Figure 51. Based on seismic data, Evans (1982)

proposed a shallow feature, no more than 3 to 6 km BSL, as being the

source of a high velocity feature located just northwest of the

Medicine Lake caldera. Based on a model study of gravity data,

Williams and Finn (1982) proposed a shallow feature, no more than 5

km BSL, as being the source of a gravity anomaly coincident with the

edifice of the Medicine Lake volcano. Furthermore, they suggested

the source to be an intrusive body. Because the source-bottom depth,

4 to 6 km BSL, estimated from the analysis of magnetic anomalies is

similar to the depths estimated by Evans (1982) and Williams and

Finn (1982) from their analyses of seismic and gravity anomalies,

respectively, the source of the magnetic anomaly associated with the
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northwestern part of Medicine Lake Highlands may be related to the

source of the seismic and gravity anomalies.

Two of the nine regions described above (4 to 5 km and 4 km BSL

in Figure 48) overlap parts of the Mount Shasta area shown in Figure

51. The position of the 4 to 5 km BSL region (Figure 48) over the

area north of Mount Shasta (Figure 51) indicates that shallow source-

bottom depths may extend southward beneath the northern flank of

Mount Shasta and northeastward beneath Hebron Mountain.

The separation of the 4 to 6 km and the 4 km BSL areas in Figure

48 which overlap the northern and southern borders of the Big Valley

Mountains area in Figure 51, indicates that deeper source-bottom

depths may lie beneath Big Lake. Shown in Figure 51, an embayment in

the outline of the Big Valley Mountains area, determined from the

energy spectrum method, also appears to indicate that deeper source-

bottom depths underlie the area immediately west of Big Lake. Further-

more, results from equation (28) indicate that shallow source-bottom

depths may also underlie an area south and southeast of the Medicine

Lake Highlands. Evans (1982) attributed a low P-wave velocity ob-

served in seismic refraction data to a shallow feature located 20 to

30 kilometers southeast of the edifice of Medicine Lake volcano.

Based on the low velocity and the proximity of the feature to one of

the youngest lava flows on the volcano, Evans (1982) concluded that

the source was volcanic in origin and currently hot. This supports

the interpretation of shallow source-bottom depths (4 to 6 km BSL)

southeast of Medicine Lake Highlands as shallow Curie-point depths.

Results from equation (28) indicate that the region of shallow

source-bottom depths beneath the area north-northeast of Lassen
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Peak determined from energy spectrum analysis may indeed, as was

discussed earlier, be discontinuous. Thus, the deeper source-bottom

depths, indicated by the gap between the 5 to 7 km and 4 to 8 km

BSL regions in Figure 48, may denote the transition between the geo-

logic regimes of the Cascade Range and Modoc Plateau.

Of the fifteen regions of shallow source-bottom depths indicated

by the exponential approximation method, six of these regions were

not indicated by the energy spectrum method. These regions are:

(1) the three regions (7 km, 5 km, and 8 km BSL) located in the

Kiamath Mountain Province, (2) the 8 km BSL region, located south-

west of Lassen Peak, (3) the 4 to 5 km BSL region, located east of

Redding and primarily in the Klamath Mountain Province, and (4) the

4 to 6 km BSL region, located west of Fall River Mills and primar-

ily in the Cascade Range. The reason why one method resolved the

bottom of a magnetic source and the other did not is unclear. How-

ever it should be kept in mind that the exponential approximation

method based on equation (28) uses the Fourier transformed anomaly

data directly whereas the energy spectrum method radially averages

the transformed data. This difference in the form of the data may

account for the differences in the results obtained by the solution

of equation (28) and by the energy spectrum method.

The source-bottom depths (below sea level), given in Figure 49,

are shown superimposed on the topography and contoured in Figure 52.

These depths, obtained by the exponential approximation method, are

based on the centroid depths calculated from equation (19), and

source-top depths set equal to the mean elevation of the topography

within a 36 km x 36 km subgrid. A comparison of the source-bottom
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depths, determined from d = 2z h and shown in Figure 52, and those,

determined from equation (28) and shown in Figure 8, with those,

obtained by the energy spectrum method and shown in Figure 51, indi-

cates that the exponential approximation method yielded source-

bottom depths which are in some agreement with the bottom depths

yielded by the energy spectrum method. In particular, the results

from each method support the likelihood of deeper magnetic source-

bottom depths (>11 km BSL) beneath the Western Cascades, Klamath

Mountains, and Great Valley, and the likelihood of shallower mag-

netic source-bottom depths ( 7 km BSL) beneath portions of the re-

gions referred to earlier as the Secret Spring Mountain area, the

Mount Shasta area, the Big Valley Mountains area, and the area

north-northeast of Lassen Peak.

Centroid-depth calculations also indicate areas of shallow

source-bottom depths beneath the northern flank of Medicine Lake

volcano and an area approximately 25 kilometers southeast of the

volcano. The latter area which was discussed earlier may represent

an area of shallow Curie-point depths. In contrast, the former area

may correspond to the base of an intrusive body. This interpreta-

tion is supported by the studies of Williams and Finn (1982),

Stanley (1982), and Evans (1982) based on gravity, magnetotelluric,

and seismic data respectively. Relative to the rest of the seismic

line, higher P-wave velocities at Medicine Lake volcano led Evans

(1982) to describe the source as a shallow, cool body of rock. This

suggests that the 7 km BSL source-bottom depths obtained in this

region are caused by a lithologic boundary rather than the level of

the Curie-point isotherm.



The shallow source-bottom depths, 8 km BSL obtained by means

of equation (28) and shown occupying the western portions of the

study area in Figure 48,were not obtained when centroid depth cal-

culations (equation (19)) were employed (see Figure 52). This result

is problematical but may be related to the difference in spatial

frequency (or wavenumber) range used in the two equations. A small

range, selectively chosen to include the smallest possible fre-

quencies or the longest possible wavelengths, was used in equation

(19), whereas a much larger range, which necessarily included larger

frequencies or shorter wavelengths, was required to use equation

(28). It is speculated that "noise" in the spectral data is com-

pounded in the solution of equation (28) through the inclusion of

data at larger frequencies and by the larger number of computations

required. Therefore, the source-bottom depths resolved by equation

(28) as opposed to equation (19) are more likely to be in error.

Source-bottom depths obtained for 73 km x 73 km subareas from

energy spectrum and exponential approximation methods of analysis are

summarized in Figures 51, 53, and 54 from Tables 3, 4 and 5 respec-

tively. Energy spectrum analysis of magnetic anomalies observed

over the Western Cascade Mountains, represented by the NC1 subgrid,

indicates Curie-point depths greater than 11 km BSL. The exponential

approximation analytic method indicates Curie-point depths greater

than 12 km BSL. Such a deep Curie-point depth for the Western Cas-

cades appears consistent with low heat flow values reported by Mase

etal. (1982) and is consistent with the >11 km BSL Curie-point depth

reported by McLain (1981) for the Western Cascades immediately north

of the study area in south-central Oregon.
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Subgrids NC4 and NC7, analyzed using the exponential approxi-

mation method, gave Curie-point depths greater than 12 km BSL beneath

the Kiamath Mountains complex. Subgrid NC1O, similarly analyzed,

gave Curie-point depths between 9 and 14 km BSL beneath the Great

Valley. These depths are consistent with the > 11 km BSL Curie-

point depths obtained using the energy spectrum method. Addition-

ally, the large Curie-point depths beneath the Klamath Range and the

Great Valley, yielded by the energy spectrum and the exponential

approximation methods, are consistent with the low heat flow values

(0-60 mW/rn2) reported by Mase etal. (1982).

Although subareas NCll, NC12-W, and NC12 contain numerous thermal

springs and portions of a region of shallow source-bottom depths

outlined using smaller subareas, the analyses based on the energy

spectrum method indicate Curie-point depths greater than 9 km BSL

beneath Lassen Peak National Park. The greater depths within these

subareas may be caused by deeper source bodies or by the Curie-point

isotherm being too deep to influence the spectrum of the 73 km x 73 km

subgrid at the higher frequencies. The exponential approximation

method yielded somewhat deeper average source-bottom depths of

12 km BSL beneath subareas NC11 and NC12. However because of the

rather large uncertainty of ± 2 to 3 km in the source-top depth cal-

culations, source-bottom depths may be as shallow as 9 km BSL.

Analyses of magnetic anomalies, observed over portions of the

High Cascades and Modoc Plateau Provinces as represented by sub-

grids NC2-W, NC2, Medicine Lake, NC3, NC5, NC6, NC8, NC9-NW, gave

source-bottom depths based on the energy spectrum method which dif-

fered in magnitude from depths based on the exponential approximation
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method. However the trends towards deeper or shallower source-bottom

depths at various locations within the study area appeared to be a

feature common to both methods. With the exception of subgrid NC3,

Curie-point depths from centroid determinations (Figure 53) are

greater than those from energy spectrum analysis (Figure 51). For

subareas NC2-W, NC2, Medicine Lake, NC9-NW and NC9, energy spectrum

analysis indicated Curie-point isotherm depths of 5 to 7 km BSL and

4 to 6 km BSL, respectively, whereas centroid depth analysis in-

dicated averaged depth estimates of 9 to 11 km BSL and 10 to 12 km

BSL respectively. Taking into account the standard deviations of the

source-top depths, source-bottom depths, based on centroid calcula-

tions, are still greater, namely 8 to 9 km BSL and 9 to 10 km BSL.

However both methods indicate that the Curie-point isotherm deepens

beneath the areas of subgrids NC5, NC6 and NC8. The Curie-point

depths from the two methods agree best for subarea NC3, where shallow

depths on the order of 6 to 7 km BSL were resolved.

The deeper source-bottom depth estimates yielded by the centroid

determinations may be artifacts of the analysis technique. Graf and

Hansen (1982) applied a technique, similar to the centroid technique

in this study, to the aeromagnetic data collected by Couch and Baker

(1977) over the Cascade Range in central Oregon. Connard (1979) ana-

lyzed the Oregon data using the energy spectrum method. The Curie-

point depths found by Graf and Hansen (1982) were much deeper, by as

much as 100%, than those indicated by Connard etal. (1983), with the

exception of one depth of 8.3 km BSL which agreed with the 6 to 9 km

BSL depth range (Connard etal., 1983) for the southeasternmost sub-

area. However, Graf and Hansen (1982) used the derivative of the Fourier
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transformed magnetic intensity data where this study does not.

The Curie-point depths of between 9 and 11 km BSL, determined

from the centroid locations beneath subgrids NC2-W, NC2, and Medi-

cine Lake, are consistent with the depth of a crustal conductor

proposed by Stanley (1982) and based on magnetotelluric data ob-

tained over Mount Shasta and the Medicine Lake Highlands. Conversely,

Curie-point depths of between 6 and 7 km BSL, determined from the

energy spectrum method, underestimate the location of the possible

conductor. Because Stanley (1982) indicated that rocks in the conduc-

tor may be at temperatures as low as 400°C, this study interprets the

depth to the conductor as the depth to the Curie-point isotherm.

For some subareas, the technique employing equation (28) could

not resolve the depth to the bottom of the magnetic source; and where

source-bottom depths were resolved, values exhibited a great degree

of variation. In the former case, source-bottom depths greater than

the resolution depth may explain why no Curie-point depth estimates

were obtained for several subgrids. In the latter case, the reason

is less clear but may be related in part to the effects of round-off

errors in the many calculations required to solve equation (28).

Regardless, the east-west and north-south trends of shallower to

deeper Curie-point depths determined from equation (28) (see Figure

54) appears to be generally consistent with the trends indicated

by the centroid technique in Figure 53 and by the energy spectrum

method in Figure 51. Failure to resolve source-bottom depths within

subareas NC1, NC4, NC5, NC7, NC11 and NC12 is interpreted to mean

that the Curie-point isotherm may be deeper than approximately

12 km BSL beneath the Western Cascades, the Kiamath Mountains complex,
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and much of the High Cascade Range. The maximum source-bottom depth

of 16 km BSL within the range of depths resolved for subarea NC6

indicates that a deeper Curie-point isotherm may underlie the central

region of the Modoc Plateau, which is consistent with greater depths

reported by the centroid and energy spectrum methods. Also consistent

with these latter methods, equation (28) produced shallower Curie-

point isotherm depths, ranging from a minimum of 4 to 6 km BSL to a

maximum of 9 to 13 km BSL, beneath subareas NC2-W, NC2, Medicine

Lake, NC3, NC9-NW and NC9. In general these depths appear to en-

compass the range of depths determined by the centroid and energy

spectrum methods.

The average Curie-point depth range obtained from the spectral

methods of analysis yields heat flow values between 60 to 90 and

110 to 180 mW/rn2 for the northeastern and east-central portions of

the study area and generally less than 60 to 90 mW/m2 for the north-

western, southern, and probably the southwestern portions of the

study area. The heat flow values presented in this study generally

agree with heat flow values reported by Mase etal. (1982) except

over the Medicine Lake Highlands and northeast of Lassen Peak. Mase

etal. (1982) found near zero values for heat flow in these areas.

However it is in these areas where Curie-point depths produced the

highest heat flow values. Mase etal. (1982) also considered their

heat flow values unreasonably low for these areas and proposed that

the regional ground-water system, aided by numerous faults as well

as the high permeability of the volcanic rocks, is distorting and

concealing larger values. Thus near surface heat flow measurements

alone cannot be used to verify the Curie-point isotherm maps of
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Figure 48, and 51 through 54.

O1Brien and Jenkins (1982) measured helium abundances over most

of the High Cascades and Modoc Plateau and suggested they could

separate crustal helium from mantle helium abundances. They also

indicated that heat flow is directly related to crustal helium

abundances. Their preliminary results also showed that higher heat

flow values are indicated for the High Cascades and Modoc Plateau as

opposed to the northern Sierra Nevadas and Great Valley.

The depths to magnetic source-top and magnetic source-bottom

presented in this study were determined employing interpretive models

consisting of a single or an ensemble of box-shaped magnetic sources.

Based on these models, estimates computed from magnetic anomaly data

for the average depth to the Curie-point isotherm yield values con-

sistent with the available results from other data sets including

heat flow, magnetotelluric, P-wave velocity, and crustal helium

measurements. However, the larger variation in estimates of the

source-bottom depths from the exponential approximation method of

analysis may indicate that this method is less reliable than the

energy spectrum method.

The use of the energy spectrum method is herein preferred to

the use of the exponential approximation method in estimating the

depth to the top of a magnetic source because the former method is

less subjective in the computation of this depth. In the latter

method, the spectral estimates are chosen for analysis based on a

visual inspection of the decay rates in the Fourier transformed

anomaly data to confirm an acceptable range of spatial frequencies

for each subgrid. This process may inadvertantly bias the source-top
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not reliable. The energy spectrum method, by radially averaging the

spectrum of the magnetic anomaly, assists in making the source-top

depth calculation less dependent on the effect of body shape or

'noise' in the spectrum. However, one disadvantage of radially

averaging the spectrum is to remove the ability to access the error

in the determination. The uncertainty in source-top depths deter-

mined from the exponential approximation method were greater than

100% for some values, however at least the exponential approximation

method, as opposed to the energy spectrum method allows an uncer-

tainty to be estimated.

The range of error in the depths computed for the bottom of a

magnetic source are based principally on the range of error in the

estimates of the centroid depths. Because a wider range of frequen-

cies can be used in computing the centroid location from which depth

to source-bottom is obtained than for computing the source-bottom

depth from the energy method, an estimate for the depth to magnetic

source-bottom can be more readily obtained. However, the percent

error in the bottom-depth estimate is probably at best 30 to 50%

based on results from the modelling study and scatter in the values

determined for the survey area. In practice, the advantage of the

energy spectrum method over the exponential approximation method with

regard to source-bottom depth determinations is that the theoretical

model representing the magnetic sources within the earth's crust

assumes an initial variability in the source parameters which is

greater and this in turn reduces the degree of subjectivity involved

in estimating the depth to source-bottom. However it still remains
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difficult to ascertain the percent error in the source-bottom depth

estimates because the effect of source body length on the location

of the spectral peak is not included in the energy spectrum method.

The sparse number of estimates obtained for the source-top

and source-bottom depths using the exponential method based on a

solution of equation (28), appears to indicate that this technique

is the least reliable in making source depth determinations. How-

ever, it was the most attractive in that it is a more automatic and

hence a faster method to use. Unless tested further, possibly on

more model data, but preferably on survey data from areas both simi-

lar and dissimilar to the geothermal and volcanic manifestations of

the present study area, this method is not recommended for use be-

yond a crude estimation of source-bottom depths.
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APPENDIX A: THE NORTH-CENTRAL CALIFORNII\
AEROMAGNETIC SURVEY

Data Collection

During June, July, and August, 1980, personnel from the Geophys-

ics Group at Oregon State University conducted an aeromagnetic survey

over north-central California in the area between 4Q0]51 and 42°OO'N

latitude and 120°45'and 122°45'W longitude as part of a larger survey

which extended northward into south-central Oregon to 43°OO'N latitude.

Magnetic measurements were made aboard a Piper "Aztec" aircraft, which

was modified and equipped for the survey. Similarly equipped, a

base station on the ground was used to make magnetic measurements

which provided diurnal magnetic variation corrections to the aeromag-

netic data. A report by Gemperle and Bowers (1977) gives a complete

description of the aeromagnetic survey techniques and equipment used.

A Motorolla Mini-Ranger III range-range navigation system,

consisting of two ground-based radar transponders and a receiver-

transmitter and system console in the aircraft, provided horizontal

position control for the survey. The control module in the survey

aircraft interrogated the transponders every two seconds and deter-

mined the range from each transponder in meters. With a long range

19 db sector antenna used on the transponders, a maximum range of 80

kilometers (50 miles) with a resolution of ± 3 meters (± 10 feet) was

possible. From the two ranges and a knowledge of the flight level

elevation, a position or "fix" for the location of the aircraft was

obtained. The accuracy of the calculated "fix't varied over the area

being surveyed as a function of the angle of intersection of the two



antenna patterns. The variation resulted in an average postional

accuracy for the aircraft of approximately 10 meters (33 feet).

The transponders were located either close to (within 30

meters or 100 feet of) or over a geodetic triangulation station.

The State Plane Coordinates and the latitude and longitude of the

triangulation stations obtained from the U.S. Coast and Geodetic

Survey and based on the North American Datum of 1927 (Swick, 1932),

gave the horizontal coordinates for the transponders to 0.1 foot for

transponders placed on the triangulation stations and 3 feet for

locations surveyed in the field. The elevation uncertainty in both

cases is less than 10 feet. However, because the solution to the

equation determining the aircraft's horizontal position was not

sensitive to errors in elevation, the vertical uncertainty did not

increase the horizontal position uncertainty.

In addition, a 300 milli-second delay existed between a "fix"

and the corresponding magnetic reading. In this way, flying at

240 km/hr (150 mph) with the sensor about 20 meters (65 feet) behind

the plane, the magnetic data were obtained at the navigational fix

position. Variations in aircraft ground speed cause errors of less

than five meters (16 feet) in the location of the magnetic measure-

ment. Therefore, the total average positional accuracy of the data

is 15 meters (50 feet).

There were short intervals in some flights where unacceptable

"fixes" occurred due to the terrain which at times interrupted the

line-of-sight interrogation of the transponders or produced spurious

reflected signals. Where this occurred, aircraft locations were in-

terpolated between good "fixes" and thus increased the amount of
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usable data by about 5%.

To provide piloting information for steering of the aircraft,

the Mini-Ranger console transmitted the range information to a

Hewlett Packard HP-97 calculator which was programmed to calculate

the offset distance from a pre-selected flight line six seconds

after receipt of a good "fix". This system enabled the pilot to

keep the airplane within 15 meters horizontally of the desired

flight line in smooth weather.

In addition to the navigation system, the integrated aeromag-

netic system included a Geometrics model G-801/3 proton precession

magnetometer with a 100 foot towing cable, and a Rosemont pressure

altimeter. An acquisition system recorded the total magnetic field

measurement, altitude, ranges from the Mini-Ranger system, and time

of the measurement every two seconds on a Digi-Data seven-track in-

cremental tape recorder at 200 bpi (bits per inch).

During the entire survey, a base station located at a lodge

near Fall River Mills, California, recorded the outputs of a proton

precession magnetometer and a Rosemont pressure altimeter, identical

to those in the aircraft, on magnetic tape and on strip charts

every 10 seconds. This base station data provided diurnal correc-

tions for both the magnetic and pressure altitude measurements.

Base station personnel continuously monitored the base station

magnetometer and geomagnetic field activity forecasts from the Space

Environmental Service Center in Boulder, Colorado, to identify

periods where extreme geomagnetic field activity would make survey-

ing impossible.
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Figure Al shows a histogram of magnetic values obtained at the

base station. The modal value of the recordings over the entire

survey period established the "base reference value" (regional field

plus anomaly at the base station) to be used in the diurnal magnetic

correction.

To check for possible in-flight equipment malfunction and to

determine where data were or were not collected, a preliminary pro-

cessing of the raw data was conducted at the base station after each

flight on the Geophysics Group's Data General Nova 1200 computer.

Data Processing

Processing of the raw data from the aircraft data acquisition

system consisted of reformatting the magnetic tapes to make them

compatible with the Eclipse system, editing the data tapes for

errors, and converting the Rosemont altimetry readings to feet.

The magnetic and altimetric data from each flight were plotted in

profile form to further check for errors.

Base station data tapes were also made compatible with the

Eclipse system. Next, the data collected during flight periods was

extracted and edited for time sequence and data errors. Magnetic

and Rosemont pressure readings taken every 10 seconds were smoothed

using a five-point moving average and then interpolated to every

two seconds. The Rosemont pressure readings were converted to

altitude corrections to be applied to the Rosemont altitude readings

taken in the aircraft. Finally, the base reference value of 53,108

nanoteslas (nT) was subtracted from each magnetic reading to form

a diurnal variation correction to be applied to the magnetic readings
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taken onboard the aircraft. The entire processing procedure is des-

cribed by Gemperle etal. (1978) and Couch (1978).

Subsequently, aircraft data and base station data from each

flight were merged. The navigation ranges were converted to State

Plane Coordinates (California North Zone) and latitude and longi-

tude for each magnetic reading. Data points missing navigation

were located by interpolation. Finally, magnetic anomaly values

were calculated, using the equation:

A(x,y) = M(x,y,t) -. D(t) - R(x,y)

where A is the anomaly value, M is the measured value of the total

magnetic field at time t, D is the diurnal variation at time t, and

R is the regional magnetic field. The regional magnetic field R was

determined from the International Geomagnetic Reference Field of 1975

(International Association of Geomagnetism and Aeronomy, 1976) up-

dated to the survey time and then modified to allow anomaly values

in this study to match anomaly values in the survey adjacent to the

northern boundary (McLain, 1981). This matching technique involved

minimizing the crossing errors at the boundary and resulted in a DC

shift correction term of 7 nT for the data collected at the 2.74 km

flight elevation.

The following equations give the regional field values in nT

used in this study:
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R(9000 ft ASL) = 50,166.083 + (1.03900598 10-s) x

- (0.473232. 10-10)
. x2

+ (1.57310835. l0) . y

(0.575790. 10-10) 2

R(ll000 ft ASL) = 50,394.592 + (0.830215. 1o) x

+ (1.52514. 10) . y

R(15000 ft ASL) = 50,338.478 + (0.855628. io) x

+ (1.47816. 10) y

where x and y are in State Plane Coordinates. Applied to the regional

field for the survey area flown at 2.74 km (9000 feet) ASL, a quadrat-

ic fit was sufficient to reduce errors due to field curvature. The

regional field equation given above deviates from the true regional

field by no more than 2nT. For the areas surveyed at 3.35 km (11000

feet) and 4.57 km (15000 feet) ASL, plane fits applied to the regional

fields were sufficient to produce errors less than 2 nT. At this

stage of data processing, over 200,000 usable data points were pro-

duced from the three surveys.

Magnetic readings which were essentially duplications of other

readings were edited and not used. The remaining measurements were

plotted at a scale of 1:62,500 for hand contouring. The contoured

plots were then reduced by one-half to 1:125,000 for drafting. Ap-

proximately 190,000 magnetic measurements made at 9,000 feet were

used in the preparation of the north-central California survey map

shown in Figure 6. Similarly, the maps shown in Figure 7
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for the survey at 15,000 feet and in Figure 8 for the survey at 11,000

feet were prepared from approximately 7,000 and 11,000 data points,

respectively.

A simple statistical analysis of the differences at survey-line

and tie-line crossings yielded an estimate of the RMS uncertainty of

the final magnetic anomaly values. Figures A2, A3, and A4 are histo-

grams of 2,885, 44, and 191 crossing errors compiled for the surveys

at 9,000, 15,000, and 11,000 feet, respectively. Corresponding

statistics are listed in Tables Al, A2, and A3. The RMS uncertainty

per line attributes one-half of the rnistie to each of the flight

lines used in calculating the uncertainty, i.e.,

RMS uncertainty per line = RMS mistie/V2

The RMS uncertainties per line were found to be 4.7, 1.3, and 4.0

nT for the surveys over north-central California, Mount Shasta, and

Lassen Peak, respectively. These low uncertainties reflect the ex-

cellent navigation control and the careful monitoring of diurnal

changes. Estimates of the components of the uncertainty are as

follows:

1 nT - resolution of airborne magnetometer

1 nT - resolution of base station magnetometer

1 - 2 nT - diurnal correction

1 - 2 nT - x-y position determination in low gradient areas

1 - 2 nT - z position determination in low gradient areas.
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Total Crossings 2885

Mean 0-v'

Median -l-Y

Mode -l-'

RMS 6.6y

RMS uncertainty per line

Table Al. North-central California 9000 ft ASL survey crossing
error statistics.

Total Crossings 44

Mean ly

Median ly

Mode 2y

RMS l.9y

RMS uncertainty per line

Table A2. Mount Shasta 15000 ft ASL survey crossing error statistics.

Total Crossings 191

Mean Oy

Median Oy

Mode -ly

RMS

RMS uncertainty per line 4.Oy

Table A3. Lassen Peak 11000 ft ASL survey crossing error statistics.
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The frequency domain representation of the data used in the

aeromagnetic maps of Figures 6, 7, and 8 was required to perform the

energy spectrum and exponential approximation analyses and to apply

the operations of low-pass filtering, rotation-to-the-pole, and

vertical continuation to the anomaly field. To transform the data

into the frequency domain the data was (1) gridded, (2) detrended,

(3) tapered, and (4) Fourier transformed following the computational

procedures outlined by Boler eta]. (1978), Pitts (1979), Connard

(1979), and McLain (1981).

Flight-line data was interpolated onto an equally spaced grid

by minimizing the curvature of a surface through the value at each

grid point. The algorithm used is based on one reported by Briggs

(1975). The spacing between grid points was set at 0.285 km (900 feet)

in both the x (E-W) and y (N-S) directions. This is larger than the

average spacing between the measurements of 0.13 km (430 feet). Be-

cause low frequency representation is dependent on window size and not

grid spacing, the difference in grid spacing did not affect source-

depth determinations. A 581 x 694 point grid was obtained at this

spacing and enclosed the entire 9000 foot survey area as shown in

Figure 13.

From the main grid, grids of three sizes were extracted for anal-

ysis. Before applying the Fourier transform, a detrending process

removed any remaining regional field from the gridded data. The pro-

cess first fitted the values of a plane to a data grid by least squares

and then subtracted these values from the grid. To remove any offsets

at the edges of the grid a border of 10 grid points along the outside



210

edge of the grid was tapered using a cosine bell window.

The computer algorithm used in this study for two-dimensional

fast Fourier transformation (FFT) was transmitted to William McLain

of Oregon State University from Robert Clayton of Stanford University

and required that the data be spaced at equal intervals on a grid

with 2n grid points in each direction. The documentation for this

algorithm is given by McLain (1981). In this study, 512 x 512,

256 x 256, 128 x 128, and 64 x 64 grids were transformed and

studied.

For the purpose of determining magnetic source depths using

the energy spectrum method of analysis, the radial average of the

natural logarithm of the energy spectrum of selected grids was

computed (see Figures 14 through 32). The radial average was

obtained by averaging the squared amplitude or energy of each ele-

ment (m,n) of the complex two-dimensional frequency domain array

generated by the FFT operation. One point on the spectral plot

represents the average of all elements within a ring if wide. For

example, the 8 elements with 0.5 < (m2 + n2)1!2 1:5 are aver-

aged for the second point. The zero frequency element (m = 0,

n = 0), which is the first point on the plot, is not averaged

with any other element. Next, all spectral points were normalized

with respect to the zero frequency estimate (0). Finally, the

natural logarithm of each spectrum was taken and this value was

plotted versus frequency. Boler (1978) described this procedure

in detail. Lines were fit to the spectra by a least squares method.
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APPENDIX B: TECHNIQUES OF ANALYSIS OF THE
NORTH-CENTRAL CALIFORNIA
AEROMAGNETIC DATA

An analysis of the aeromagnetic data shown in Figure 6 provides

information on the surface and subsurface structure and thermal

regime in the geologic provinces of north-central California.

A direct qualitative examination of the spatial distribution and

gradients of the anomalies determined the trends and faults in the

near-surface structures. However to determine the burial depths,

thicknesses, and structural trends of subsurface sources directly

from the spatial domain representation of anomalies is not practical

in the study area, because the anomalies due to sources distributed

near the surface are superimposed upon the anomalies due to sources

distributed at depth in such a manner as discourage the isolation

of an individual anomaly.

The isolation of anomalies caused by individual sources and the

subsequent analysis of the anomalies may be accomplished in the spec-

tral domain where anomalies are expressed in terms of their wave-

lengths or frequencies. This alternate approach in the separation

and analysis of anomaly data works because shallow sources, as

opposed to deep sources, are more likely to generate anomalies of

shorter wavelengths. Spector (1968) describes four operations for

which spectral analysis is useful in the interpretation of aero-

mangetic data: (1) depth-to-source interpretations; (2) filtering

out short-wavelength anomalies from near-surface sources to enhance

deeper sources; (3) continuation of the field observed at one level
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to another level; and (4) "rotation-to-the-pole" for determining what

the anomalies would be if they were caused by the same sources with

vertical magnetization measured in a vertical field.

Bhattacharyya (1966) derived an expression for the two-dimen-

sional continuous spectrum of the magnetic anomaly associated with

a rectangular prismatic body. Bhattacharyya and Leu (1975a, 1977)

reexpressed the spectrum in terms of exponentials and developed

techniques for determining the mean depth to centroid and for de-

termining simultaneously the depths to the eight corners of the

prism. This study extended their techniques to include an expression

for determining the mean depth to source-top for a single prism

model.

Spector and Grant (1970) transformed Bhattacharyya's expression

for the spectrum into polar coordinates and developed a technique

for determining the mean depths of ensembles of rectangular pris-

matic bodies from the energy spectrum of the magnetic anomalies. The

ensemble model, also used in this study, is a statistical model and

corresponds to a collection of vertical-sided prisms of varying

depth, width, thickness, and magnetization which represent a single

magnetic layer in the earth's crust.

Shuey etal. (1977) and Bhattacharyya and Leu (1975a, 1977) em-

phasize the use of these methods in determining the depth of bottoms

of magnetic source bodies. The lower boundary of a source body

may be a lithologic contact such as produced by a basaltic sill in

a sedimentary layer or may be interpreted as the Curie-point iso-

therm depth. The Curie-point isotherm depth is the depth at which
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temperatures are high enough to demagnetize rocks. Hence, information

about the Curie-point isotherm depths is a great aid in the assessment

of the geothermal potential of an area.

The structure of the upper crust may also be examined by the

methods used in this study to determine the depth-to-source-top.

These analyses techniques include the method given in this study and

those suggested by Spector and Grant (1970) and Shuey etal. (1977).

The low-pass filter, rotation-to-the-pole, and upward continua-

tion operations also used in this study are conducted in the fre-

quency domain as well. To utilize the methods of analysis described

above, the data from the spatial domain is first transformed to the

frequency domain by applying a two-dimensional Fourier transformation.

Two-Dimensional Fourier Transform

If (x,y) represents the aeromagnetic data as a function of

spatial position, the two-dimensional Fourier transform of (x,y) is

F(u,v)
J

(x,y).e dx dy

- -

and the inverse Fourier transform is

1 1

(x,y) =
J I

F(u,v).ex+) du dv

cra w

where u and v are the spatial frequencies in radians per unit dis-

tance in the x and y directions, respectively. The Fourier transform

F(u,v) is, in general, complex and contains information about the
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amplitude and phase relationships of all the frequencies that make

up the function (x,y).

For aeromagnetic data sampled at discrete, even intervals (x

and Ay) and over the finite sample area (Lx and LY), the Fourier

transform becomes the discrete Fourier transform:

NY-i NX-1
F(u,v) = (mx, ny).e_imY)

n=O m=O

(Bracewell, 1978, p. 379) where NX and NY represent the number of

sampled points in the x and y directions, x = LX/NX and y = LY/NY.

In the frequency domain, the sample intervals are

2Tr_ 2 2Tr 2
V=i{=NY.y

Unfortunately, the discrete Fourier transform is sensitive to

finite data length and aliasing problems. Only a part of the total

magnetic field is observed through the rectangular "window" of the

aeromagnetic survey area. Hence, only an estimate of the true spec-

trum may be obtained as a result of the finite size of the "window"

and the discrete sampling of u and v (0, u, 2u, ...; 0, v,

2Av, ...). Also, in the frequency domain, the sharp edges of the

rectangular window cause a large amount of distortion at frequencies

higher than 4ir/width of the survey area (Spector, 1968). To minimize

these edge effects, this study applied a cosine-squared window, that

started ten grid space units inside the map boundaries, and tapered

the data smoothly to zero at the boundaries.
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The undersampling of the magnetic field, (x,y), may cause

higher frequencies to be mistaken for lower frequencies. To avoid

this problem of aliasing, Spector (1968) suggested choosing the

sample spacing such that Ax and AY are no greater than one-quarter

of the width of the sharpest magnetic feature observed on an aero-

magnetic anomaly map. This criteria was easily met by the small

sample spacing (Ax = = .285 km) used in this study.

Mean Depth-to-Source Calculations from the Energy Spectrum

Bhattacharyya (1966) derived the Fourier transform of the total-

field magnetic anomaly of a vertical-sided rectangular prism with

horizontal top and bottom. Spector (1968) recombined the terms

to give the Fourier transform as

h
2 21/2

t
2 21/2

F(u,v) = 2TrMe (1-e
(u +v ) - (u +v ) suvRpuvRguv

where M = magnetic moment/unit depth

h = depth to the top of the prism

t = thickness of the prism

S = factor for horizontal size of the prism

factor for magnetization direction of the prism

Rg= factor for geomagnetic field direction

and described the energy spectrum E(u,v) of the magnetic anomaly as

E(u,v) = F(u,v).F*(u,v)

where * indicates the complex conjugate. Transcribing the energy

spectrum into polar wavenumber coordinates in the u,v frequency

plane gives
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E(r,e) = 42.M2.e2.(1etr)2.S2(r,e).R2(o).R2(o)

2 2 1/2 -1
where r = Cu + ) and a = tan (v/u).

Spector and Grant (1970) used the notion of an ensemble of

prisms as a statistical model for representing the true magnetic

sources within any survey area. An ensemble is a collection of

prisms whose parameters (width, length, thickness, etc.) vary over

specified ranges and hence forms a volume in the n-dimensional para-

meter space with each point in the volume corresponding to a particu-

lar prism.

Assuming that the expected value of the energy spectrum of an

ensemble of vertical prism sources was equal to the ensemble average

of the energy spectrum, Spector and Grant (1970) gave the expected

value of the energy specturm E of an ensemble as

<e >.<(1..e j= 422<Rg2(0)><Rp2(ê) -2hr -tr2 2(re)>

where < > indicates the expected value. They also assumed M, the

magnetic moment, to be uniformly distributed in M± M, where M is

the mean value of the prism moments for an ensemble. Since the geo-

magnetic field direction does not vary appreciably over the region

2 2
of this survey s size, one may set <Rg (a)> = Rg (a). Further,

assuming that the inclination and declination of the magnetization

of the rocks do not differ appreciably (>20°) from the inclination

and declination, respectively, of the geomagnetic field, "rotation-

to-the-pole" gives

=
2 2 -2hr -tr 2

S2(r,a)>.ir M <e >.<(1e ) >.<
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This study satisfies the latter assumption, because individual anom-

alies within the survey area appear 'normal". In addition, because

the survey area is located at a high magnetic latitude (65°), the

"rotation-to-the-pole" operation has little effect on the energy

spectrum of the data set and may be considered optional.

Finally, taking the average with respect to a gives

2-2 -2hr -tr.,2
M <e >.<(1-e j

where E and S indicate the average over a. For each additional en-

semble of prisms represented in the observed energy spectrum, an-

other term whose parameters differ is added to the right hand side

of the above equality. Spector and Grant (1970) show a number of

aeromagnetic surveys that exhibit two distinct ensembles of sources

at two mean depths.

Assuming that h, the depth to prism top, is uniformly distri-

buted in h±Ah, a specific expression for <e2'> may be derived:

-2hr 1
h

e2' dh<e

[(+Ah) - (K-h)] h-Ah

(-

2rih -2rh
1 _2rh[e -e

2r,he 2

-2rh
= e sinh(2rh)/2rth.

where h is the ensemble average depth and 2ih is the depth variation.

-2hr .

Spector and Grant (1970) claim the <e > term is the dominant
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factor in determining the decay of the spectrum. To examine the

effect of this term, its logarithm is taken:

log[<e2>] = -4ifh 109e[siflh(4lrfAh)/47rfAh]

where the frequency f is expressed in cycles/unit distance. The

logarithmic term containing the sinh factor on the right hand side

of the equality can be omitted for small depth variations (2Ah< O.5h)

at low frequencies (f < l/2irT), thus making the slope of the log-

arithm of the energy spectrum equivalent to the mean depth-to-source,

h. As demonstrated in Figure Bl, the mean source depth h is under-

estimated when variations in source depths occur. This adverse

effect of the variations is also seen to increase as the frequency

increases. Hence, source-depths calculated from the energy spectrum

method represent, at best, the upper limits for the true source-top

depths.

Mean Depth-to-Bottom Calculations from the Energy Spectrum

If the surveyed area is large enough to include the long-wave-.

length anomalies caused by the lower boundary of sources, the factor

<(1 _e_tr)2> in combination with the factor <e2hr> introduces a

peak or maximum in the spectrum which shifts towards longer wave-

lengths with each increase in prism thickness t. A specific ex-

pression for <(1 _e_tr)2> may be derived assuming that t is uni-

formly distributed in ± tt:
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source-top depth, h, computed from the line slope.



220

f At

<(l-e ) > = (1-e ) dt
-tr2 1

J

-tr2

[(f+At) (f-At)]
f-At

= 1 - 2et(sinh(rAt)/rAt)

-2rt
+ e (sinh(2rAt)/2rAt)

where t is the ensemble average thickness and 2At is the thickness

variation. Assuming 2At < 0.5t and r < lit, then the 'sinh" factors

in the last equation may be set equal to one and the expression be-

comes

<(letr)2> l-2e + e2 (letr)2

2 hr
Since it has been shown that assuming 2Ah < 0.5h and r < 1/h, <e >

reduced -2r -tr 2 -2hr
(i e_tY')2 -2}r

o e , then <(l-e ) ><e > (e )

for r<min (lit, 1/h). Maximizing this expression with respect to

r, the equation

1
f =r /2T=
max max

2Tr(d-h)

log(d/)

is obtained where h is the mean depth to the top of the deepest

buried ensemble, d is the mean depth to the bottom of the deepest

buried ensemble, and 1max is the spatial frequency of the spectral

peak. Solving for ci, the equation becomes

f

1 exp(_2Trffmax )

where t is the mean ensemble thickness. Curves which illustrate the
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relations given above are shown in Figures 33 through 37. Unfortu-

nately, depth-to-source bottom calculations also depend on source

thickness which adds further uncertainty in calculating d. Note that

as E+o (laminar bodies) ±l/2Trfmax. However, thin bodies require

unreasonably large values of magnetization. This study uses a con-

straint suggested by Shuey etal. (1977) and sets the minimum thick-

ness for a source body at 5 km.

The last variable which affects depth-to-source bottom deter-

minations is the peak frequency,
max'

whose presence in the energy

spectrum indicates that the source bottom is being resolved. Thus,

factors which might affect the accuracy of the estimate for
1max

directly affects the estimate for d. To reduce the error involved

in picking
max

from the spectral estimates, larger areas may be

used to generate more spectral points in the low frequency end of

the spectral plots. However, the larger the area used, the more

regional the depth-to-source bottom calculations become and the more

difficult it becomes to observe any undulations which might exist

along the lower boundary. In addition, the value of
max

may be

affected by large variations in h and t, if the true peak frequency

occurs at higher values. This effect is suggested from Figure Bl

where variations in h shift part of the spectral decay curve to

higher frequencies. Variations in t also shift the spectral curve

to higher frequencies. However, at frequencies less than approx-

imately 0.06 cycles/km, the shift in the spectral curve due to vari-

ations in t and h is minimal.

The relation between the size of the subgrid or window and the

vertical extent of the magnetic bodies in the area also determines
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whether the depth-to-source bottom can be resolved. The spectrum

of a subgrid only contains meaningful depth information down to the

length of the window, L, divided by 27r (Bhattacharyya, 1966; Shuey

etal., 1977). Therefore if most of the magnetic bodies in the area

extend much deeper than L/2Tr, the spectral peak shifts below the

fundamental frequency of the window area (towards f = 0) and cannot

be seen at all. It should be noted that Spector (1968) puts the

practical limit for the maximum resolution depth at L/4.

The shape of the spectrum and the spectral peak are also affected

by the horizontal dimensions of the sources represented by the shape

factor S. As the horizontal dimensions increase, the short wavelength

side of the spectrum is depressed and the spectral peak moves

slightly towards longer wavelengths. Spector and Grant (1970) give

the shape factor as

S(r,e)
sin(ar.cose) sin(b.r.coso
arcose b.r.cose

for a rectangular body whose dimensions are 2a x 2b. Shuey etal.

(1977) show that for a body with horizontal dimensions comparable

to the survey area, the spectral maximum is displaced to zero fre-

quency. Because a regional anomaly gradient would be indistinguish-

able from such a body, anomalies need to be detrended before com-

puting the spectrum (Connard, 1979). Therefore spectral peaks that

consist of one point and occur at the fundamental frequency, are

inadequate for calculating depths to the magnetic source bottom or

depths to the Curie-point isotherm.
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Filter Operations in the Frequency Domain

Rotation-to-the-pole, upward continuation, and low-pass filter

operations applied to the aeromagnetic data appear as simple filters

in the frequency domain. Each spectral component (mu, nAy) is

multipled by the appropriate filter coefficient. These coefficients

are listed below.

Rotation-to-the-Pole

The rotation-to-the-pole operation is used to study the anom-

alies as if vertical magnetization of the rocks and a vertical geo-

magnetic field were present. From Gunn (1975) and Blakely (1977)

the rotation-of-the-field filter is 2l' where
l
corresponds to

the actual field (Rg) and magnetization configuration (Rp) and

corresponds to the desired final configuration of magnetization (Rp)

and field directions (Rg), For rotation-to-the-pole the magnetiza-

tion and field directions are brought to vertical. = RpRg has

the form

a1(mAu)2 + a2(nAv)2 + a3mnAuAv
(mAu,nAv)

2 2 1 2
[(mAu + (nAy) ]

b1mAu + b2nAv

[(mAu)2 + (nAy)2]112

where a1 = jL iN

a2 = kM - iN

a3 = jM + kL

b1 = -jN - 1L

= -kN - lM
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(j,k,1) = Magnetization direction cosines

(L,M,N) = geomagnetic field direction cosines

Upward Continuation

The upward continutaion operation takes data measured at one

elevation and computes what the data would have looked like if it

had been measured at a higher elevation. The upward continuation

filter is given (Spector, 1968) as

exp[-h((mu)2 (nv)2)2]

where Ah is the continuation distance (positive upwards).

Low-Pass Filter

To enhance deep structural trends and suppress the near surface

trends, low-pass filtering is applied. The spectral filter consists

of a weighting function W, where

W(mAu,nv) = 1 for (mAu)2 + (nAy)2

= 0 otherwise

and r0 is the desired cutoff frequency. The high frequency distor-

tion caused by this simple 'box car" weighting does not seriously

affect the low frequency anomalies of interest. To make the

594 x 681 (.285 kin spacing) main grid of this study into a 512 x 512

square grid which could be transformed, every other point was retained

(.57 km spacing) to form a new grid and the new grid was detrended.

Next, the border points along the west and east edges of the new
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smaller grid were used to extend the grid out to the 512 x 512 subgrid

size by plane-tapering the edge values to zero. Further, the north

and south edge points were used to fill in the rest of the grid by

again plane-tapering the edge values to zero. The detrended and

tapered data were then in the desired form for Fourier transforming

and applying the low-pass coefficients.
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APPENDIX C: DATA PREPARATION IN MODEL AND
SURVEY STUDIES EMPLOYING THE
EXPONENTIAL APPROXIMATION METHOD

Data Generation and Source Configurations

To examine the limitations and the practical aspects of the

exponential approximation method of analysis used in this study,

theoretical magnetic data from models of prism-shaped source bodies

were generated from a modified version of a program provided by

McLain (1981). Compared to McLain's (1981) program, the modified ver-

sion generates data at all grid points instead of a few. However,

both programs utilize the theoretical expressions derived by Bhatta-

charyya (1980) for the three components of the magnetic field due to

an inductively magnetized prism-shaped source as observed at discrete

points within a horizontal plane. McLain's (1981) program was modi-

fied to retain only the vertical component and compute its value at

each observation point within a square grid.

The values of the vertical components correspond to the values

of the magnetic anomaly due to a source body when the direction

of the external polarizing magnetic field is vertically oriented.

Therefore, rotated-to-the-pole anomaly data is obtained by setting

the inclination angles of the polarizing field direction and the

induced field direction of the earth and the prism source, respec-

tively, to 900. To simulate the magnetic anomaly due to a source

whose magnetization is not entirely induced by an external field

but which also possesses remanent or permanent magnetization, the

inclination angles of the field directions are set at less than

90°. In addition, the anomaly pattern due to more than one prism
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can be obtained by adding the vertical field components due to each

prism in a source configuration.

In keeping with subgrid size and data spacing used in the sur-

vey study, 128 x 128 point grids of magnetic anomaly model data were

computed at equally spaced intervals in the model study. The sam-

pling interval was chosen to produce a grid size approximately that

of a 128 x 128 point subgrid in the survey study, namely 36 km x 36 km.

For simplicity, prism sources were located at the center of a grid

with their horizontal edges oriented parallel to the borders of the

grid as shown in Figures 43, 45, and 47. The grids of computed anom-

aly data were then detrended and tapered to zero values at the bound-

aries before being converted to the spatial frequency domain for exam-

ination and analysis.

An examination of the spectrums of the survey data indicated the

decay rates of spectral estimates along the u and v frequency axes

were similar thereby suggesting that the lengths of the horizontal

edges of sources are nearly equal (see Bhattacharyya, 1966). Con-

sequently, prism models were constructed with square horizontal

cross-sections. In addition, the edges of the prism models were

assigned a realistic length of approximately 7 kilometers because

this length also appeared to generate first nodal frequencies of

model spectrums, i.e. frequencies at which spectral estimates

become zero-valued, similar to those observed in the spectrums of

survey data (see Bhattacharyya, 1966).
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Survey Data Processing

For survey data, which satisfy the interpretive assumptions

of the exponential approximation method formulated by Bhattacharyya

and Leu (1977), the amplitudes of the spectral estimates or Fourier

transformed anomaly data when plotted versus angular spatial fre-

quency should produce curvilinear lines which vary smoothly. Lines

which do not display smooth decay curves may indicate that the true

magnetic source does not satisfy the interpretive assumptions of

the model source, that the numerical conversion of survey data from

the spatial domain to the spatial frequency or wavenumber domain is

performed incorrectly, or that the method of gridding survey data

based on a method formulated by Briggs (1975) is inadequate.

To insure that the second possibility was not the cause of non-

smooth decay curves, a second program, other than the program listed

by McLain (1981), was used to compute the two-dimensional discrete

Fourier transform. The second program used, called DHARM, is part

of the math library for an IBM system (IBM, 1970). No significant

difference in the computed Fourier transformed survey data between

the use of either program was observed. In addition, the program

listed by McLain (1981) was converted from single precision to double

precision to determine if any improvement in the exponential approx-

imation method could be achieved. Because no improvement was ob-

served, the Fourier transformation of model and survey data is

performed in single precision in this study.
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To insure that variations in the spectral curves were not an

artifact of the initial gridding and smoothing scheme based on a

minimum curvature algorithm (Briggs, 1975), a second gridding scheme

based on bicubic spline interpolation was employed. Bhattacharyya

(1969) demonstrated the reliability and accuracy of the interpo-

lation scheme for the gridding of potential field data. Bhatta-

charyya and Leu (l975a) used a bicubic spline interpolator to con-

struct uniformly spaced grids of magnetic anomaly data from uneven-

ly spaced, hand digitized, anomaly data collected over Yellowstone

National Park. A discussion of the mathematical procedure for 'spline-

fitting of data is not necessary for the present study, however

some general remarks clarifying the method are appropriate.

The fitting of a polynomial curve to a set of data may be con-

sidered through the point of view of a draftsman. Points along a

curve can be connected through the use of a flexible strip called

a spline. The line described by the strip preserves not only the

continuity of the points but the slopes (first derivative) and

curvature (second derivative) along the entire curve. This method

of fitting a polynomial curve to data in one dimension can be ex-

panded to two dimensions and thus an entire area of observed data

can be fitted with a polynomial surface.

It was thought that either the digitizing interval of .285 km

used to initially grid the magnetic anomaly data for the survey

area or the process of smoothing the values within a grid may have

introduced the contaminating effects of high frequency components

into the spectral data. To test this notion, a larger initial
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digitizing interval was used and the bicubic spline interpolation

scheme was employed to increase the density of grid points in a

smooth and continuous fashion. Gridpoint values spaced .57 km apart

and 1.14 km apart were retained from .285 km digitized detrended

subgrids with 128 x 128 and 256 x 256 gridpoints. To obtain a

smooth tapering of anomaly data at the edges of a subgrid, a rim of

zero-valued gridpoints was added at a distance of four spatial units

from the grid of retained values. The density of gridpoints within

the expanded subgrid was then increased by interpolation to produce

grid sizes of 128 x 128 or 256 x 256. The bicubic spline algorithm

used for the interpolation process was that listed in the Interna-

tional Mathematical and Statistical Libraries (IMSL, 1979) package

of computer programs.

After Fourier transforming, values from the interpolated grids

were compared with values from the original grids and were found to

be similar in magnitude and decay rate. However, the irregular

variations in the decay rate or curvature of the transformed field

values also persisted in the interpolated grids. Since the decay

rates were little improved by its use, the interpolation gridding

scheme was discontinued.

Non-smooth spectral decay curves may also be due to a config-

uration of magnetic sources which violate the simple assumptions on

which the exponential approximation method is based. Bhattacharyya

and Leu (1975a) in their study of Yellowstone National Park indi-

cated topographic magnetic sources could adversely effect the ac-

curate determination of magnetic source-bottom depths using equa-

tion (19). They attempted to reduce the influence of surface sources
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by differentially suppressing wavelengths about a specified wave-

length which most closely corresponded to topographic anomalies. In

this study, the anomaly data was upward continued to 3.74 and 4.74

kilometers above sea level (ASL) as a means of reducing the shorter-

wavelength components of the anomaly map corresponding to shallow-

seated structures. However when inspected, the spectrums of upward

continued data exhibited only slight changes in their degree of

variation. In addition, solutions of equation (28) using upward

continued data gave the same magnetic source depths with respect to

sea level as using the 2.74 ASL data.

As a second means of suppressing shorter-wavelength anomalies, a

"low-order" polynomial surface was fitted to grids of magnetic anomaly

data. An algorithm called SURFIT, obtained from the Oregon State

University plot library, *PLOTLIB, was used and could accomodate a

30 x 30 order polynomial. Sixth, eighth and tenth order polynomials

were tested on two 128 x 128 point subgrids to determine the tech-

nique's usefulness in reducing the shorter-wavelength components.

The study was not completed due to the excessive cost of running

the program on the available computing system, however preliminary

findings showed polynomial values reproduced the variations in the

spectral curves at lower frequencies or longer-wavelengths while

removing virtually all variations at higher frequencies or shorter-

wavelengths. If this technique is pursued, a model study of the

exponential approximation method comparing source depth calculations

from data which has and has not been modified by a polynomial surface

fit is suggested.
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APPENDIX D: LISTINGS OF COMPUTER PROGRAMS

Listings of the computer programs written for this study are

given in this appendix. The listings include: program LINSYS with

its function subroutine SIMUL, which solves the linear system of

equations given in equation (28) for the complex coefficients

program ZCDRIVER, which calls subroutine ZCPOLY, obtained from the

IMSL (1979) Program Library, and uses from LINSYS, to solve the

eighth order complex polynomial, given in equation (26), for the

eight complex roots v; program ZCALT, which solves equation (29)

given for the depths, with respect to sea level, of the magnetic

source-top and magnetic source-bottom; program QUADRANT, which is

used to extract the first quadrant from a subgrid of Fourier trans-

formed, reduced-to-the-pole, magnetic intensity data; program

AMPLITUDE, which computes the amplitude of the data extracted by

QUADRANT and which is used to select the spectral estimates to

be analyzed by CENTOP; program CENTOP, which uses the transformed

and reduced anomaly data, extracted by QUADRANT, and an input file

containing the selected frequency range, to compute the depth to

the centroid of a magnetic source and the depth to the top of a mag-

netic source. Subroutines Infile and Outfile are input/output sub-

routines which are internal to the computing system. Subroutines

CIN and COUT are input/output subroutines, listed by McLain (1981),

which process contiguous files.

All programs were written in Fortran V for use on the ECLIPSE

computer system in Geophysics.
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PROGRAM LINSYS
HUPPUNEN 1/22/83

PURPOSE: RECEIVES THE REDUCED TO POLE FOURIER
TRANSFORMED MAGNETIC ANOMALY DATA
( IN A SQUARE GRID OF 2**N); AND CALLS
FUNCTION SIMUL TO COMPUTE RVECT, AN
INTERMEDIATE SOLUTION VECTOR, BY SOLVING
A SET OF SIMULTANEOUS EQUATIONS USING
GAUSS-JORDAN ELIMINATION; AND OUTPUTS
SOLUTION VECTOR, RVECT, AS WELL AS
ERRORS IN VECTOR, RES]D.

NOTES:
THIS PROGRAM SOLVES THE INTERMEDIATE SET OF EQUATIONS
-PHI (I )=RVECT( I )*PHI (I-I )+RVECT(2)*PHI (I-2)+RVECT(3)*

PHI(I-3)+RVECT(4)*PHI(I-4)+ ..... +RVECT(7)
*PHI(I-7),

WHERE THE NUMBER OF EQUS. WILL BE = 8.
RVECT = INTERMEDIATE SOLUTION VECTOR.
EQUATION TO BE SOLVED : CPHI*RVECT=',)ECT
RESID = RESIDUAL VECTOR AND IS EQUAL TO

CVECT-CPHI *RVECT.

HOW USED: ENTER SUBGRID SIZE M (128,256) ,NEQS=8,DELTX=
.285(1(M); ENTER A DISK INPUT FILE(CHANNEL 3)
WHICH CONTAINS NSKIP (THE NUMBER OF HARMON-
ICS TO SKIP BEFORE CONSTRUCTING THE 8 EQS.),
AND N8t4 (THE # OF HARMONICS TO SKIP BETWEEN
EACH SHIFT OF THE FREQUENCY RANGE); ENTER
IANS=1 TO CONSTRUCT FURTHER EQUATION SETS.
CHANNEL 3 INPUT FILE FOR THIS STUDY
HAS A FORMAT(I2,IX,I1), 12=NSKIP, I1=NSt4,
NSKIP 8, 1, 2,..., 9; = 0, 1, 2, 3.
NSW=1 ,1 ,I , . . . ,1 ; =2,2,2,2.

SUBROUTINE CIN LISTED IN MCLAIN 1981.
FUNCTION SIMUL LISTED IN HUPPUNEN 1983.
FUNCTION SIMUL ADAPTED FROM FUNCTION SIMUL
IN ; APPLIED NUMERICAL METHODS BY CARNAHAN, ET.AL.,
1969, P. 296.

IMPLICIT REAL (A-H2O-Z)
REAL DATA(2,256)
DOUBLE PRECISION W(129),WLEN,AR,AI
COMPLEX DETER, DATAC( 129)
DOUBLE PRECISION COMPLEX PHI(8,9),RVECT(8)
DOUBLE PRECISION COMPLEX PHITMP(65),CPHI(8,8)
DOUBLE PRECISION COMPLEX CVECT(8),SUM
DOUBLE PRECISION COMPLEX BPHI(8,8),RESID(8)

233



C

C

C

C

C

DATA EPS/1 .D-15/
ACCEPT " GRID SIZE M M,M

CALL IN FRED. FILE AND RESERVE RADIAL VALUES ONLY,
ALSO CONVERT VALUES TO COMPLEX ARRAY.

LEN 1 =M*8

I HALF=(M/2) + 1

CALL CIN(1 ,LEN1 ,6HDATAIN)
DO 281 K=1,IHALF
CALL READR(1,K,DATA,1,IER)
CALL CHECK(IER)
DO 200 I=1,IHALF
IF(I.NE.K) GO TO 288
DATAC ( K) =CHPLX ( DATA ( 1, K> , DATA (2 , K> )

GO TO 281
288 CONTINUE
281 CONTINUE
ACCEPT STATEMENTS FOR PARAMETER VALUES...

ACCEPT U NUMBER OF EQUATIONS, NEQS: ,NEQS
ACCEPT ' GRID SPACING OF X AND Y, DELTX: ",DELTX
TYPE " HAVE SET N-H, SQUARE GRIDS
N=M
WLEN=DFLOAT(M-1 )*DELTX
PI=ASIN(8 .5)*6.

CONSTRUCT RADIAL ANGULAR FREQS.
W(1)=8.B
DO 68 I=2,IHALF

68 W(I)=(2.D8*PI*(DFLOAT(I)-1 .D0)>/WLEN
CALL OUTFILE(2)
T'(PE INFILE NAME OF NSKIP, NSL4U
CALL INFILE(3)

1 READ(3,69) NSKIP,NS4
69 FORHAT(12,IX,I1)

CALC. PHI VALUES FOR NEQS, NS4, NSKIP.
NEQSMI=NEQS-1
11=2
IF(NSKIP.NE.0) II=NSI<IP+2
IF((II+15*NSW).GT.65) GOTO 1810
JIP8=II+8
DO 61 III,11P8
PHITMP( I )=(W( I )**2)*DATAC( I)

61 CONTINUE
JJ=I 1P8+1

JJPM=JJ+NSW-1
DO 63 1=1 ,NEQSHI
DO 62 J=JJ,JJPM
PHITMP(J)=(W(J)**2)*DATAC(J)

62 CONTINUE
J J= J J +N34

JJ PM=JJPM +NSW
63 CONTINUE

CONSTRUCT CONST. VECTOR AND COEFFT. MATRIX FROM

234
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C PHITMP VALUES...
DO 64 1=1 ,NEQS

64 PHI(I,9)=-PHITMP( NS}<IP + 10 +(1-1)*NSW)
NI4HI GH=NSKI P+ 1 O+NSt4*NEQSMI -1

NEQSPI=NEQS+1
DO 66 J=l,8
DO 65 1=1 ,NEQS

65 PHI(NEQSPI-I,J)=PHITMP(NWHI6H-(1-1)*NSW-J-1)
66 CONTiNUE

C SIMUL. EQS. SOLVED BY GAUSS-JORDAN ELIMIN.
C WITH FULL PIVOTING...

DO 91 J=1,8
DO 98 1=1,8

C BPHI(1,J)=DcMPLX(8.D8,8.D8)
90 CPHI(1,J)=PHI(I,J)
91 CVECT(J)=PHI(J,9>

DETER=SIMUL(8,EPS,PHI ,RVECT)
C COMPUTE RESIDUAL VECTOR, RESID, WHERE RVECT IS
C SOLN. FROM SIMUL. EQS.

AR=1 .BDO
A1=8 .ODO

WRITE(2,681) AR
WRITE(2,681) Al
DO 88 1=1,8
SUM=DCMPL)<(8 .D0 ,8 .D8)
DO 89 J=1,8

89 SUMSUM+CPHI(I ,J)*RVECT(J)
RESID< I )=CVECT( 1)-SLIM

AR=DREAL(RVECT( I :
A1=DIMAG(RVECT< I))
WRITE(2,601) AR

601 FORMAT(D38.14)
WRITE(2,601> Al
WRITE(10,688> AR,AI

688 FORMAT(IX,' RVECT=',D28.18,SX,D20.18)
AR=DREAL(RESID< I))
Al=DIMAG( RESID( 1))
WRITE(10,599) AR,AI

599 FORMAT(1X,' RESlD='D20.10,5X,D20.10)
88 CONTINUE

WRITE(2,683) M,NEQS,DELTX,NSKIP,NSW
683 FORMAT(15,]2,F18 .3,15,12)

ACCEPT ' 1=ANOTHER FILE, 0=STOP ',IANS
IF(IANS.EQ.1) GO TO I
GO TO 1011

1818 TYPE ' END (iF NO OUTPUT, M/2 +1 TOO LARGE>'
1011 CALL RESET

STOP
END
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FUNCTION SIMUL(N,EPS,A,X)
C*********************************************

C

C

C FUNCTION SIMUL(N,EPS,A,X)
C

C--THIS FUNCTION PERFORMS A GAUSS JORDAN NUMERICAL
C--METHOD OF SOLVING A SET OF SIMULTANEOUS EQUATIONS.
C--THE NUMBER OF EQUATIONS EQUALING THE NUMBER
C--OF UNKNOWNS. THIS PROGRAM WAS ADAPTED FROM
C--FUNCTION SIMUL, A PROGRAM WHICH IS
C--LISTED BY CARNAHAN, ET. AL. (1969),
C--P.298.: APPLIED NUMERICAL METHODS.
C

C N= NUMBER OF EQUAS. = NUMBER OF UNKNOWNS
C EPS = MEASURE OF SMALLNESS
C A = N * (Nfl) MATRIX OF COEFFTS. AND CONST.
C VECTOR VALUES.
C*********************************************
C COMPILER DOUBLE PRECISION

IMPLICIT REAL (A-H2O-Z)
COMPLEX DETER, SIMUL
DOUBLE PRECISION COMPLEX AIJCK,Y(8)
DOUBLE PRECISION COMPLEX A(8,9),)((8),PIVOT
DOUBLE PRECISION EPS
INTEGER IROW(8) ,JCOL(8) ,JORD(8)
MAX=N4 I

C--BEGIN ELIMINATION PROCEDURE...
DETER=DCMPLX( I .D8 ,O .D8)

DO 18 K=1,N
KM I =K- 1

C

C--SEARCH FOR THE PIVOT ELEMENT...
PIVOT=DCMPLX(6 .D8 ,B .Dt3)

DO 11 J=1,N
DO 11 J=l,N

C-SCAN IROW AND JCOL ARRAYS FOR INVALID PIVOT
C-SUBSCRI PT

IF(K.EQ.1) GO TO 9
DO 8 ISCAN=1,KM1
DO 8 JSCAN=1,KMI
IF(I.EQ.IROW(ISCAN)) GO TO 11
IF(J.EQ.JCOL(JSCAN)) GO TO 11

8 CONTINUE
9 IF(DCABS(A<I,J)).LE.DCABS(PIVOT)) GO TO 11

PIVOT=A(I ,J)
JROW(K)=I
JCOL ( K) = J
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11 CONTINUE
C--INSURE THAT SELECTED PIVOT IS LARGER THAN EPS...

IF<DCABS<PIVOT:.GT.EPS GO TO 13
SIMUL=DCflPL:x<0 .D8 ,8 .D8)

RETURN
C--UPDATE DETERMINANT VALUE...

13 IROWK=IROW<K)
JCOLK=JCOL <K)
DETER=DETER *p I VOT

C

C--NORMALIZE PIVOT ROW ELEMENTS...
DO 14 J=1,MAX

14 A<IROWK,J)=A<IROt4K,J)/PIVOT
C

C--CARRY OUT ELIMINATION AND DEVELOP INVERSE....
IROWK JCOLK)=DCMPLX( 1. DO ,0 . DO )./PIVOT

DO 18 I=1,N
AIJCK=A<I ,JCOLK)
IF(I.EO.JROWK) GO TO 18
AU ,JCOLK)=-AIJCK/PIVOT
DO 17 J=1,MAX

17 IF<J.NE.JCOLK) A(I,J)=A<I,J)-AIJCR*A(IROWK,J)
18 CONTINUE

C-ORDER SOLUTION VALUES (IF ANY> AND CREATE
C-JORD ARRAY...

DO 20 1=1 ,N
IROWI=IROW( I)
JCOLI=JCOL( I)
JORD< IROWI )=JCOLI

20 X(JCOLI)=A<IROWI ,MAX)
C

C--ADJUST SIGN OF DETERMINANT...
I NTCH=O

t'1 I =N- I

DO 22 1=1 ,NM1
IP1=I+1
DO 22 JIP1,N
IF(JORD(J).GE.JORD(I>) GO TO 22
JTEMP=JORD( J)
JORD<J)=JORD( I)
JORD( I )=J1EMP
INTCH=INTCH+ I

22 CONTINUE
I F< INTCH/2*2 .NE. INICH) DETER=-DETER

C

C--UNSCRAMBLE THE INVERSE FIRST BY ROWS...
DO 28 J=1,N
DO 27 1=1 ,N
IROWI=IROW( I)
JCOLI=JCOL( 1)

27 Y(JCOLI)=A(IROt4I ,J)
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DO 28 11 ,N
28 A(I,J)=Y(I)

C--THEN BY COLUMNS...
DO 38 1=1 ,N
DO 29 J=1 ,N
I ROWJ=IROW( J)

JCOLJ=JCOL ( J)

29 Y(IROWJ)=A(I ,JCOLJ)
DO 38 J=1 ,N

30 A(I,J)=Y(J)
C

C--RETURN...
SIMUL=DETER
RETURN
END
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PROGRAM ZCDRIVER
HUPPU'IEN 1/22/83

PLIRPOSE: CALLS SUBROUTINE ZCPOLY IN IMSL(1979) PRO-
GRAM PACKAGE TO DETERMINE THE COMPLE)< ROOTS
OF AN EIGHTH ORDER POLYNOMIAL; FROM
THE EIGHT ROOTS, EIGHT SOURCE DEPTHS (4
SOURCE-TOP AND 4 SOURCE-BOTTOM) ARE COM-
PUTED ACCORDING TO EQUATION (29) IN
HUPPUNEN 1983 THESIS. DEPTHS ARE W.R.T.
THE FLIGHT LEVEL.

HO(4 USED: ENTER "8 AS DEGREE OF POLYNOMIAL; ENTER
INFILE NAME WHICH IS OUTPUT FROM PROGRAM
LINSYS; ENTER OUTFILE NAME WHICH BECOMES
INPUT FILE TO PROGRAM ZCALT; ENTER IANSI
FOR EACH FREQUENCY RANGE USED IN PROGRAM
LINSYS (14 RANGES WERE GENERATED IN LINSYS
FOR THIS STUDY).

FORTRAN V

SUBROUTINE ZCPOLY FROM IMSL (1979) PACKAGE;
INFILE/OUTDFILE ARE INPUT/OUTPUT PROGRAMS ON
ECLIPSE COMPUTER IN GEOPHYSICS.

DOUBLE PRECISION AZ(2,9) ,CROOTS(2,8)
DOUBLE PRECISION AANS(18),ZANS(18)
DOUBLE PRECISION COMPLEX ZV(8)
DOUBLE PRECISION DELW,D1,DEPTH
CONST=OSQRT( 2. DO)
ACCEPT DEGR. OF POLY. ,MA
MM=MA +1

ENTER OUTFILE NAME FROM
PROGRAM LINSYS

CALL INFILE(1)
ENTER INPUT NAME FOR PROGRAM ZCALT.

CALL OUTFILE(2)
I DO 18 I=1,MM
READ(1,180) A2(1,I)

186 FORMAT(D38.14)
READ(1,16O) AZ(2,I)
WRITE(1O,1t31)AZ(1,1),AZ(2,I)

181 FORMAT(IX,D18.2,5X,D18.2)
MR=2*I -1
MI =2*1

AANS(MR)=AZ(1 ,I)
AANS(MI)=AZ(2,I)

16 CONTINUE
READ(1 ,183) M,NEQS,DELTX,NSKIP,NSW
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103 FORMAT( 15, 12,F10 .3,15,12:
DELW=(2.*S1N(8.5)*6.)/(DFLOAT(M-1)*DELTX)
CALL ZCPOLY(ANS ,MA , ZANS, I ER)
DO 38 1=1 ,MA
MR=2 * I-I

M1=2*1
WRITE(18,187) ZANS(MR) ,ZANS(MI)

187 FORMAT(18X,2028.7)
ZV(I)=DCMPL)<(ZANS(MR) ,ZANS(M1))
D1=DCABS( ZV( 1))
DEPTH=-DLOG( Dl )./( CONST*DELW)

WRITE(2,184) DEPTH
104 FORMAT(D24.14)
38 CONTINUE

WRITE(2,183) M,NEQS,DELTX,NSKIP,NSW
ACCEPT / 1=ANOTHER FILE, 0=STOP ',IANS
IF(IANS.EQ.1) GO TO 1
CALL RESET
STOP
END
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PROGRAM ZCALT
1/31/83 HUPP(.EN

PURPOSE: FOUR SOURCE-TOP AND FOUR SOURCE-BOTTOM
DEPTHS, Z(J), J=l,8, (COMPUTED IN PROGRAM
ZCDRIVER) WHICH HAVE VALUES
WITH RESPECT TO THE FLIGHT OBSERVATION
LEVEL OF 2.74 KILOMETERS, I.E.
BELOW OBSERVATION LEVEL, ARE CHANGED TO
DEPTHS WITH RESPECT TO SEA LEVEL:
NEGATIVE DEPTHS ARE BELOW SEA LEVEL,
POSITIVE DEPTHS ARE ABOVE SEA LEVEL.

HOW USED: READ IN OUTPUT FILENAME FROM PROGRAM
ZCDRIVER. PROGRAM ZCALT.SV OUTPUTS
SOURCE-TOP AND -BOTTOM DEPTHS W.R.T.
SEA LEVEL TO A DISK FILE. THERE ARE AT
PRESENT 14 FILES COMBINED IN THE PROGRAM
ZCDRIVER'S OUTPUT FILE, THEREFORE RESPONSE
TO "ANOTHER FILE" IS "1" THIRTEEN TIMES,
THEN "8" TO STOP ZCALT.SV.

FORTRAN V

SUBROUTINES INFILE, OIJTFILE ARE ECLIPSE SYSTEM
PROGRAMS.

DOUBLE PRECISION A
CALL INFILE(1)
CALL OUTFILE(2)
ICOUNT=0

I DO 18 1=1,8
READ(1,180) A

188 FORMAT(D24.14)
A= 2.74 A
WRITE(2,188) A

10 CONTINUE
READ(1,101) M,NEQS,DELTX,NSKIP,N8t4

181 FORMAT( I5,12,F10 .3,15,12)
WRITE(2,1131) M,NEQS,DELTX,NSKIP,NSW
ICOUNT=ICOUNT+1
ACCEPT / 1=ANOTHER FILE, B=STOP = ',IANS
IF(ICOUNT.LE.15) GO TO 1
CALL RESET
STOP
END
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PROGRAM QUADRANT
HUPPI.t'IEN

PURPOSE: EXTRACTS FIRST QUADRANT OF FOURIER TRANS-
FORMED, REDUCED TO POLE MAGNETIC ANOMALY DATA
(OUTPUT FROM PROGRAM REDCON--SEE BOLER, 1978)
AND OUTPUTS THIS TO A DISK FILE.

HC.4 USED; OUTPUT FILE BECOMES INPUT FILE FOR:
1. PROGRAM AMPLITUDE, FROM WHICH A RANGE OF

APPROPRIATE FREQUENCIES OR HARMONICS IS
CHOSEN AND WHICH ARE ALSO CHOSEN BASED ON
THE OBSERVED DECAY RATE OF THE AMPLITUDE
VALUES OF THE TRANSFORMED ANOMALY DATA
IN THE OUTPUT FILE OF PROGRAM AMPLITUDE;
AND FOR:

2. PROGRAM CENTOP, WHICH RECALCULATES THE
AMPLITUDES OF THE FIRST QUADRANT AND USES
THE CHOSEN HARMONICS, IE TRANSFORMED DATA,
TO COMPUTE CENTROID AND SOURCE-TOP DEPTHS
ACCORDING TO EQUATIONS (19) AND (22)
GIVEN IN HUPPUNEN, 1983.

FORTRAN V

SUBROUTINES CIN, COLIT LISTED IN MCLA1N, 1981 ARE
INPUT/OUTPUT PROGRAMS FOR CONTINGUOUS FILES.

REAL DATA(2,256),DAT(2,129)
ACCEPT " GRID SIZE M= u,M
LEN 1=M*8

CALL CIN(1 ,LEN1 ,6HDATAIN)
I HALF=(M/2) +1
LEN2=I HALF*8
CALL COUT(2,LEN2,IHALF,6HDATOUT)
DO 18 J=1,IHALF
CALL READR(1 ,J,DATA,1 ,IER)
CALL CHECK(IER)
DO 28 11,IHALF
DAT(1 ,I)=DATA(1 ,I)

28 DAT(2,I)=DATA(2,I)
CALL WRITR(2,J,DAT,1,IER)
CALL CHECK(IER)

10 CONTINUE
CALL RESET
STOP
END
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PROGRAM AMPLITUDE
1/31/83 HUPRtIEN

PURPOSE: COMPUTES THE AMPLITUDE OF FOURIER
TRANSFORMED MAGNETIC ANOMALY DATA.

HOW USED: INPUT FILE CONSISTS OF THE OUTPUT FILE FROM
PROGRAM QUADRANT AND CONTAINS THE FIRST
QUADRANT OF THE FOURIER TRANSFORMED,
REDUCED TO POLE MAGNETIC ANOMALY DATA,
ASSOCIATED WITH THE ZEROTH TO THE NYQUIST
FREQUENCIES IN THE X- AND Y-DIRECTIONS(OR
U- AND V-). THE INPUT FILE IS CONTIGU-
OUS. AMPLITUDE DATA IS THEN SENT TO PRIN-
TER. FREQUENCIES OR HARMONICS ARE SELECTED
FROM PRINTER OUTPUT ACCORDING
TO THE SMOOTHING PROCESS DISCUSSED
IN TEXT OF HUPPUNEN, 1983 THESIS. THE
SELECTED FREQUENCIES ARE USED IN PROGRAM
CENTOP TO RESELECT A SET OF TRANSFORMED
DATA FROM PROGRAM QUADRANT'S OUTPUT
FILE TO PERFORM CENTROID AND SOURCE-TOP
DEPTH CALCULATIONS.

FORTRAN V

SUBROUTINE CIN LISTED IN MCLAIN, 1981.
REAL DATA(2,129) ,AMP(9)

ENTER THE SUBGRID SIZE, I.E., 128, 256.
ACCEPT ' GRID SIZE M= ",M
I HALF=(M/2) + I

LEN1=I HALF*8
CALL CIN(1 ,LENI ,6HDATAIN)
IF(M.EQ.128) N=7
IF(M.EQ.256) N=14
DO 5 J=l,N
JS=1+(J-1)*9
JE=JS+ 8
DO 10 K=1,IHALF
CALL READR(1,}<,DATA,1,IER)
CALL CHECK(IER)
11=0
DO 28 I=JS,JE
11=11+1

28 AMP(II)=CABS(CMPLX(DATA(1 ,I),DATA(2,J))
WRITE(12,181) (AMP(I),1=1,9)

181 FORMAT<IX,9E13.7)
113 CONTINUE

WRITE( 12, 182)

182 FORMAT(1X,' ')
5 CONTINUE
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CALL RESET
ST OP

END
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C...PROGRAM CENTOP
C. . .HUPPUNEN 3/31/83
C...
C...PURPOSE: 1.COMPUTES DEPTH TO CENTER OF MAGNETIC
C... SOURCE BODY. DEPTH IS W.R.T. SEA LEVEL
C... (-BELOW,+ABOVE).
C... 2.COMPUTES DEPTH TO TOP OF MAGNETIC
C... SOURCE BODY. DEPTH IS W.R.T. SEA LEVEL
C... (-BELOW,+ABOVE).
C...
C...HOW USED: ENTER SUBORID LENGTH (128 OR 256) M;
C... ENTER GRID SPACING IN KM (.285 KM FOR
C... NORTH-CENTRAL CALIFORNIA STUDY); ENTER
C... TRASFORMED DATA FILENAME WHICH IS THE
C... SAME AS THE OUTPUT FILENAME OF PROGRAM
C... QUADRANT; ENTER FREQUENCY FILENAME
C... (DISK FILE) CONSTRUCTED AFTER CONSIDERiNG
C... THE DECAY RATES IN THE OUTPUT FILE DATA
C... FROM PROGRAM AMPLITUDE.
C . .

C.. .FREQUENCY FILE FORMAT:
C COLUMN 1= 0, MEANS FREQ. IN V- OR Y- DIRECTION
C IS FIXED AND FREQ. IN U- OR X-
C DIRECTION IS VARIED.
C = 1, MEANS U FREQ. IS FIXED AND V FREQ.
C IS VARIED.
C COLUMN 2= ROW NUMBER, IF V FIXED.
C = COLUMN NUMBER, IF U FIXED.
C (A ROW NUMBER OF I CORRESPONDS
C TO ZEROTH HARMONIC OR ZERO FREQ.,ETC.)
C COLLItINS 3 AND 4, 5 AND 6, 7 AND 8, 9 AND 18,...
C AND 15 AND 16:
C PAIRS OF COLUMN (IF ROW OR V FIXED)
C NUMBERS CORRESPONDING TO
C SUCCESSIVE OR INCREASING VALUES OF
C U; OR PAIRS OF ROW ( IF COLUMN
C OR U FIXED) NUMBERS CORRESPONDING TO
C SUCCESSIVE OR INCREASING VALUES OF V.
C NOTE: TO END ENTRY OF U OR V, ENTER FLAG PAIR OF
C NUMBERS-- 90. THEN FILL IN THE
C REMAINING COLUMNS WITH ZEROES.
C FOR EXAMPLE: 8612239088000800, COMPUTES
C CENTROID AND SOURCE-TOP VALUES
C WITH FREQUENCY V FIXED AT THE 6TH ROW
C (OR 5TH HARMONIC) AND PAIRS OF U
C FREQS., RANGE FROM THE ZEROTH TO THE 2ND
C HARMONIC OR THE 1ST TO THE 3RD ROW.
C . .

C...FORTRAN V
C . .

C...SUBROLITINE C1N LISTED IN MCLAIN 1981; SUBROUTINES
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C...INFILE, OUTFILE ARE ECLIPSE SYSTEM PROGRAMS.
REAL DATA(2,129) ,AtIP(10,18) ,AMPI(18,18)
REAL WAMPG',15) ,WIROt4(7,15)
INTEGER IROW(14),ICOlt'IT(15)
REAL DN(15)
ACCEPT GRID SIZE M =
ACCEPT " DELTX = (.285) ,DELTX
I HALF=(M/2) + I
LENI=I HALF*8

C...ENTER: INPUT FILENAME (CONTIGUOUS:=OLrTFILE NAME
C...FROM PROGRAM QUADRANT.

CALL CIN(1 ,LENI ,6HDATAIN)
XLONG=DELTX*FLOAT(M'-l)
CONST=XLONG/(2.8*ASIN( .5)*6.)

C...READ IN FIRST 10)<10 FOUR.TRANSF. PTS. & TAKE
C.. .ABSOLUTE VALUE

DO 5 J=l,l0
CALL READR(1,J,DATA,1,IER)
CALL CHECK(IER)
DO 18 1=1,18

18 AMP(I ,J)=CABS(CMPLX(DATA(1 ,I) ,DATA2,I:
5 CONTINUE

C.. .ENTER FREQUENCY FILENAME
CALL INFILE(2)
JROW= 8

I JROt4=JROt4+1
READ(2,108,END=58) IFLAG,NP1 ,(IROWI) 51=1,14)

180 FORMAT(II,I1,1411>
IF(IFLAG.EQ.1) GO TO 38
DN(JROW)=FLOAT(NP1)-1 .0

C...COLL1NS 1NCREMT, ROWS FIXED
DO 15 K=1,7
L1(2*K)-1
L2= 2*K
IROU1=IROW(L1)
IROW2=IROW(L2)
IF(IROW2.LT.IROUI) GO TO 1
I COUNT< JROL4)=}<
IF(IROWI.EQ.IROW2) GO TO 12
TAMP=(AMP(IROW1 ,JROW)+AMP(IROW2,JROW))/2.8
TIROW=(FLOAT(IROWI)+FLOAT(1ROt42)-2.8)/2.8
GO TO 14

12 TAMP=AMP(IROt4l ,JROW)
TIROW=FLOAT(IROW1)-1 .8

14 WAMP(K,JROW)=TAMP
WIROW(}< ,JROW)=TIROW

15 CONTINUE
GO TO I

C.. .TRANSPOSE AMP(18 ,18) TO AMPT(10 ,18)
C...IN ORDER TO INCREMENT ROWS

38 DO 34 J=1,18
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DO 32 1=1,113
32 AMPT(J,I)=AMP(I,J)
34 CONTINUE

JJROW= I
3 DN(JROW)=FLOAT(NP1)-I .13

DO 42 K=I,7
LI=(2*K) -I
L2= 2* K
I ROW1=I ROW LI)
I R0t42=IRIYA( L2)
IF(1R0t42.LT.IROU1) GO TO 2
JCOLINT(JROW)=}<
IF(IRUWI.EQ.IROW2) GO TO 38
TAMP=<AMPT(IROt4I ,JJROW)+AMPT(IROW2,JJROW))/2.0
TIROW=(FLOAT(IROWI)+FLOAT(1R0142)-2.0)./2.8
GO TO 48

38 TAMP=AIIPT(IROt4I ,JJROW)
TIROtd=FLOAT(IROWI)-I .0

48 WAMP(K,JROW)=TAtIP
WIROW(M,JROI4)=TIRtM

42 CONTINUE
2 READ(2,180,END=58) IFLAG,NP1 ,(IROWI) ,I=I ,14)

JRO14=JROW+ I
JJROW=JJROt4+ I
GO TO 3

C...CENTROID AND HIOP ARE COMPUTED
C...ENTER OUTFILE NAME WHICH WILL LIST
C...CENTRQID AND TOP DEPTHS AS WELL AS
C..,.COLUMN AND ROW INFORMATION

50 CALL OUTFILE(3)
DO 52 J=1,JROW
DNSQ=DN(J) )**2
IM1=ICOUNT(J)-1
DO 54 K=I,IMI
B=(WIROW(K,J)+WIROW(K+l ,J))./2.@
A=B* * 2 + DM90
BDA=B/A
ABC=( (SQRT(A) )/B )*CONST
o1FF=ALoo(WAMPK+1,J))-ALoGwAt1P(K,J):'
HCI=ABC*(BDA-DIFF/(WIROW(K+I ,J)-WIROW(K ,J)))
AFI=t41 ROW(K , J)/CONST
IFAFI.LE.8.8: AFI=8.881
AF2=I4IROW(K+l ,J)/CONST
DENOtI= SQRT(AF2**2+(DNSO!(CONST**2)))

3 -SQRT(AF1**2+(DNSQJ(CONST**2)))
HTOP=-( DI FF+ (ALOG(AF2) -ALOG(AF1 ) > )/DENOM
HC1=2.74-HCI
HTOP=2 . 74-HTOP
WRITE(3,I01) DN(J),WIROW(K,J),WIROW(KfI,J),

X HTOP,HCI
iCil FORMAT<IX,F4.I,IX,F4.I,F4.I,IX,Fl9.4,1X,FI8.4)




