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ABSTRACT

During August, 1983, 133 gravity stations were
occupied along traverses crossing the contact between the
BEastern Klamath Mountains and the Cascade Range. Station
elevations were established by elevation surﬁeying or by
occupying locations with existing vertical control.

The observed data were reduced to complete Bouguer
gravity, using the terrain correction methods of Sandbergqg,
Krohn and Plouff, where éstimated errors of 7% were
found. Data from this study and previous studies were
combined to produce a complete Bouguer anomaly map at a
2-milligal contour interval.

Seismic refraction data (from another study) reveal
the upper and lower boundaries of the Western Paleozoic
and Triassic plate to be at 10 km and 38 km below sea
level, respectively. Via modeling, the gravity effect of
this deep body was calculated to determine the regional
Bouguer anomaly.

Modeling of residual Bougﬁér profiles provided the
following principal conclusions. The Trinity ophiolite
(ranging in thickness from 6 km - 10 km) and the subjacent
Central metamorphic plate, comprise an antiformal

structure that extends northward beneath early Paleozoic
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sediments. An unmapped listric normal(?) fault delineates
the boundary between the Klamath Mountains province and
the Cascade Range province, and probably extends down to
or beyond 10 km below sea level. The Trinity ophiolite,
and probably the subjacent Central metamorphic belt, occur
beneath the Cenozoic volcanics of the Cascade Range, with
subsidence of the latter contributing to the gravity low
over Mt. Shasta. A sizeable cylindrically shaped silicic
intrusive may also exist ~2 km beneath Mt. Shasta's

summit and extend downwards to 10 km below sea level.
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INTRODUCTION

The study area, located in northern California between
122.24° and 122.75° West and between 41.33° and
41.58o North (Figure 1), lies entirely within the
1:250,000 Weed Sheet of the Geological Map of the State of
California.

A significant Bouguer gravity gradient exists in
Northern California between the Eastern Klamaths and Mt.
Shasta. This gradient generally coincides with the
geologic boundary separating the Klamath Mountains from
the Cascade Range. Previous geologic interpretations of
this anomalous feature are based on a low density of
gravity stations. The objectives of this project are 1)
to better define the gravity gradient, by substantially
improving the number and quality of stations, 2) to
adequately reduce the data, especially with regard to
terrain corrections, and 3) to determine, through forward
modeling, a geologic model that best fits the gravity data

and the regional geologic framework.
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Figure 1.
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GEOLOGIC BACKGROUND

Klamath Mountains Province

The geology of this area is complex and a subject of
continued study among contemporary geologists such as
Coney (1981), Davis (1969), Dickinson (1981)., Ernst
(1979), Irwin (1966), and Potter, and others (1977). They
describe the area's geologic history as follows.

During the Antler (Devonian-Missisippian) and Sonoma
(Permian-Triassic) orogenies, the continental crust of the
North American plate underwent to a minor depth, westward
subduction beneath the island arc sequences of the
Farallon plate, resulting in eastward overthrusting of the
latter onto the craton, as shown in Figure 2a. Reversal
of subduction zone polarity (Figure 2b) occurred during
the Triassic, so that, in Jurassic time, the Nevadan
orogeny involved eastward subduction of oceanic crust
beneath continental. Repeated Nevadan underthrusting of
successively younger oceanic plate created the
configquration of plates shown in Figures 1 and 3. These
plates or lithic belts (Irwin, 1966), southern Oregon and
northern California, compose the structurally complex

Klamath Mountains province, and are described below.
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FARALLON PLATE NORTH AMERICAN PLATE

Klamath-N Sierran
island arc

Antier forelond
orc-trench gap ., margnal ollochthon  clostic craton

DEVONIAN - TRIASSIC

Figure 2a. Schematic yview of Antler-Sonoma orogenies
(after Poole and Sandberg, 1977).
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Figure 2b. Schematic view of Nevadan orogeny (after
Dickinson, 1981).
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EARLY CRETACEOUS SUTURE
LATE JURASSIC SUTURE

] MIDDLE JURASSIC SUTURE
DEVONIAN SUTURE

EXPLANATION

:,:;:5:53 Isotopic age of rock regionally metamorphosed during underthrusting.
* 220 Isotopic age of blueschist knockers.

C\ Poleontologic age of youngest strata in underthrust (lower) plate. JI-m
2Y (Lower or Middle Jurassic); Ju {Upper Jurassic); K| (Lower Cretaceous -
Volongiman)

' Klgv | Great Volley sequence: deposited on accreted plates of Klamath Mountains.

Figure 3. Schematic diagram showing sequential ages of
suturing of accretionary plates of the Klamath
Mountains and adjacent Coast Ranges (after
Irwin, in Ernst, 1981).
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The Western Jurassic belt is best represented by the
Galice formation., which in the area of interest, is
primarily composed of a lower metavolcanic unit and an
upper metasedimentary unit. The lower unit is primarily
meta-andesite flows and breccias and is probably at least
7.000 feet thick (Irtwin, 1966). The metasedimentary unit
consists mainly of slaty mudstones and interbedded
graywackes and attains thicknesses of up to 3,000 feet
(Irwin, 1966). Rocks of the Western Paleozoic and
Triassic Belt are characterized as eugeosynclinal,
consisting of thin-bedded radiolarian chert, phyllitic
detrital rocks, coarse crystalline limestone lenses, and
mafic volcanics.

Hornblende and mica schists of problematic age
comprise the majority of rocks within the Central
metamorphic belt. Average K-Ar isotopic ages of 300
m.y.b.p. for the hornblende and the muscovite indicate a
Carboniferous age of metamorphism (Lanphere and Irwin,
1965), whereas Rb-Sr age dating of the schists yielded a
much greater Devonian age of 380 m.y.b.p. (Lanphere et
al., 1968). Progressive regional metamorphism (upper
greenschist and amphibolite facies) followed by

retrogressive metamorphism (lower greenschist facies
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typifies the metamorphic history. Present day rocks
reveal complete recrystallization and elimination of the
primary textures (Davis, 1966).

The Eastern Klamath belt consists of an east-dipping
homoclinal sequence that terminates against ultramafic
rocks to the west. The stratigraphic column represents
time from Ordovician to Jurassic, but, in the specific
area covered by this report, only Ordovician to Silurian
strata are present (Irwin, 1966). These sediments were
laid down in a marine environment.

A subject of considerable debate is the origin of the
Trinity ultramafic complex (Trinity ophiolite). This
sheet-like ultramafic body is structurally above the
Central metamorphic belt and is presumed to continue
beneath the Cretaceous and younger Great Valley sediments
to the southeast (Irwin, 1966). Prior to 1972, the
Trinity ophiolite was considered to be a sill-like
intrusive resulting from the intersection of a steeply
dipping Benioff zone with the upper mantle during Mesozoic
time (Davis, 1969). This theory was tenuous however,
because gabbroic rocks are older than the Trinity body
into which they intrude (Lanphere and others, 1968)!

Thinking in favor of an oceanic plate origin for
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this ultramafic sheet finally resulted, with the
designation of an Ordovician age to best fit the age date
values. Having an Ordovician (vs. Mesozoic) sheet
structurally atop the Devonian Central metamorphic belt 1is
much more plausible in light of the area's history of

underthrusting. (Lanphere and others, 1968).

Cascade Range Province

The formation of this province occurred during
Cenozoic time when the subducted Gorda plate reached
sufficient depth to become molten and migrate upwards
through the crust, resulting in pluton emplacement and the
associated formation of stratovolcanoes above.

The Cascade Range is.divided into the Western Cascade.
and High Cascade Ranges (Callaghan, 1933; Peck and others,
1964), which are described below. Early eruptions in the
High Cascades were primarily mafic, yielding low viscosity
lava flows that created many small shield volcanoes that
later coalesced to form a broad, gently sloping ridge.
With time, the silica content increased, thus enhancing
the conditions for explosive eruptions. Eventually,
impressive stratovolcanoes formed atop the pre-existing

lava flows. Mount Shasta, the largest (with respect to
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relief) of the Cascade volcanoes, is such a structure. To
the south and west, the lava flows of Mount Shasta
partially rest atop High Cascades andesites, Western
Cascades volcanics and partially atop the rocks of the
Klamath Mountains province.

Mount Shasta began to erupt about 100,000 years ago
(Grose, personal communication) and has retained most of
its structure. Recently in its history, a fissure opened
on the west flank of the volcano, creating Mount
Shastina. Previously, about 300,000 years ago, tremendous
quantities of avalanche debris (derived from the presumed
ancestor of Mt. Shasta) were spread out onto the valley
floor to the northwest, creating impressive mound-like
forms (Crandell, and others, 1984).

The Western Cascades volcanics reached thicknesses of
up to 15,000 feet near the present day California/Oregon
state boundary. These volcanics consist of lava flows and
explosion derived fragmental deposits. The flows consist
mainly of pyroxene andesite, averaging about 20 feet in
thickness, and form a nearly continuous belt along the
western foothills of the Cascades for about 45 miles

(Williams, 1949).
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At the close of the Miocene, the entire Cascade Range
was uplifted, perhaps as a result of arching and high
angle north-south faulting. Subsequent fissures formed on
or near the crest of the range, where new magma rose to
the surface. The formation of the High Cascades
stratovolcanoes during Pliocene to Recent time was the

result of these faults and related crestal fissures

(Williams, 1949).
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PREVIOUS GEOPHYSICAL WORK

Geophysical studies important to the present study are:
Gravity in the Eastern Klamath Mountains, California
(LaFehr, 1966):

- 65 gravity stations within the study area were
occupied, with the following elevation accuracy:
50% at bench marks (+ 0.2 Feet), 16% at vertical
angle bench marks (+ 2 feet), and 34% at
controlled map elevations (+ 2 feet).

-- terrain corrections were made using templates
from the station out to the standard radius of
166.7 km. However, all of LaFehr's terrain
corrections were re-calculated by computer
(Plouff, 1966) from 2.29 or 28.8 km out to the
standard radius of 166.7 km (Kim and Blank,
1973). These recalculated data were used in the
present study.

- LaFehr reduced the data to complete Bouguer
values, subsequently removed the regional
(LaFehr, 1965) and derived a positive residual
anomaly of about 50 mgal over the Eastern Klamath

Mountains.
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modeling of the data enabled LaFehr to interpret
the causative source as a large ultramafic
sill-like intrusion with a maximum possible depth

of 4 Kkm.

A Gravity Investigation of the Weed Sheet,

Northwestern California (Kim, 1974).

13 gravity stations within the study area were
occupied with the following elevation accuracy:
91% at vertical-angle bench marks (+ 2 feet),
bench marks (+ 0.2 feet), and other controlled
map elevations (+ 2 feet), 5% determined
altimetrically (+ 20 f£t), 3% photogrammetrically
(+ 10 ft), and 1% using lake levels (+ 5 ft).
terrain corrections were made using templates
from the station out to 2.29 km and using the
computerized method of Plouff (1966) from 2.29 km
to 166.7 kn.

Kim reduced the data to complete Bouguer values
and determined (through modeling) the causative
source to be less than 3 km thick and of a depth

and shape similar to that determined by LaFehr.

Unpublished gravity data, Weed Sheet, Northwestern

California (Evernden, 1963)
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17 gravity stations within the study area were
occupied: no elevation control specifications

given.

terrain corrections were re-calculated via the

same method applied to LaFehr's data.

Principal facts for gravity stations near Medicine

Lake and Mt. Shasta California (Finn, C., 1981).

6 gravity stations within the study area were
occupied: all elevations determined
photogrammetrically with a probable accuracy of =+
10 feet.

terrain corrections were made from the station to
166.7 km, using "“Bouguer" (unpublished program by
R.H. Godson, U.S.G.S., which is a modification of
Plouff, 1977).

Because 5 stations reside within an area where
the gravity gradient is only 0.76 milligals/mile,
and because the elevation errors would contribute
to gravity errors as great as 0.60 milligals,

these data were not used.

Principal facts for seventy-four gravity stations in

the northern California Cascade Mountains (Finn and

Spvdell,

1982).
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~-- 3 gravity stations within the study area were

occupied;

2 were surveyed in with a laser theodolite

and presumed accurate to +0.10 feet, 1 was determined

photogrammetrically with a probable accuracy of +10

feet.

Tectonic setting of the southern Cascade Range as

interpreted from its magnetic and gravity fields (Blakely,

and others,

in press).

- interpretations of magnetic and gravity data

yvyielded the following conclusions:

1.

The Trinity ophiolite has a shallow eastward
dip and probably continues in the subsurface
as far as 10 km east of Mt. Shasta.

Mt. Shasta, Lassen Peak, and Medicine Lake
volcanoes occur within a magnetic low which
is probably the result of an upwarping of
the Curie isotherm.

The axis of the High Cascades (upon which
Mt. Shasta is situated) is coincident with a
residual gravity low, indicating a possible

graben structure at depth.
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A Geologic Interpretation of Seismic-Refraction
Results in Northeastern California (Fuis and others, in
press)

-— three seismic refraction lines were shot in 1981,

traversing the project area as shown in Figure 4.

- interpretation of seismic P-wave velocities

yielded the following conclusions:

1. The base of the Trinity ophiolite occurs at about
7 km depth.

2. The Trinity ophiolite is layered into zones of
serpentinization, shear, pore-pressure change,
and/or composition change.

3. The crust beneath the Modoc Plateau (east of the
Cascades) is different from that beneath the
Klamaths.

4. The Klamath Mountains are underlain by an
imbricated stack of oceanic plates.

The work of LaFehr (1966) and Kim (1974) formed the
basis for the 1973 Weed sheet (Kim and Blank, 1973), but the
density of their stations within the study area is quite 1low,
as shown in Figure 5. In some places, more than 20 mgals of

the gradient is defined by only two stations.
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Figure 4.
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DATA ACQUISITION

A search for existing data led to the acquisition of a
magnetic tape of the Weed sheet gravity data, provided by
Carter Roberts of the USGS. Proprietary data for the
study area also exists (Eureka Resources & Associates),
but permission to use such was not granted. All gravity
stations occurring within the study area were computer
plotted and transferred onto topographic maps, to
determine the optimal locations for additional stations.

During August 1983, 133 gravity stations were
occupied. Using a Leitz theodolite/electronic distance
meter, 92 stations were surveyed with respect to
elevation: of which 90 were referenced to bench marks, and

two to vertical-angle bench marks.

Location Accuracy

Whenever possible, stations were occupied at known map
features; namely road intersections, curves, and stream
crossings. All the above were later double checked using
slope distances from the survey notes. As only 1:62,500
scale topographic maps were available, the possible
maximum error attributable to simply misplacing a 0.02
inch sized dot on the map could be as much as 100 feet.

Coupled with the fact that multiple slope distance
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measurements were made to locate 29 stations, I believe
the maximum associated error to be ~ 0.05 inches on the
map, which translates into ~ 250 feet.

The remaining gravity stations were at the following
location types: 17 at bench marks, 5 at bench marks not
found., 3 at vertical-angle bench marks, 3 at hilltops
(black map elevations), 2 at road intersections (black map
elevations), and 11 at quarter section and section
corners. The latter station locations were surveyed by
the U.S. Forest Service, using either a Zeiss Delta 2 or
AGA models 110,112 for the slope distances, and a Wild
model T-2 for the vertical angles. These instruments have
a rated accuracy of %1 arc-second. The maximum location
error, would be associated with the 5 stations occupied at
the non-verifiable bench mark locatioqs, where a probable
uncertainty of about 250 feet exists.

Latitude and longitude coordinates were determined by
computer digitization of the locations referred to above.
The digitizing error, determined by digitizing coordinates
of known map locations, ranged from 15 feet to 112 feet .
The combination of hand-plotting errors and digitizing
errors yields a maximum possible error in the determination
of latitude and longitude of ~ 350 feet; equivalent to a

0.06 milligal error in the theoretical gravity value.
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Elevation Accuracy

Elevation accuracy of the 92 surveyed station
locations is reflected by the closures of nine bench mark
to bench mark loops, which range from +0.25 to +2.17 feet,
as shown in Figure 6. Seventeen stations, occupied at
bench marks, have an elevation uncertainty of +0.20 feet.
Ten U.S. Forest Service surveyed stations have an
uncertainty of +0.50 feet, with one station having a
possible +3.00 feet elevation error. The remaining
thirteen stations, located at good black map elevations,
lost benchmarks, or vertical-angle benchmarks, all have an

elevation uncertainty of +2.00 feet.

Gravity Meters

LaCoste and Romberg gravity meter G-491 and Worden
gravity meter 27 were used in the reading of the 133
gravity stations in this study. Conversion factors used to

convert scale readings to milligals are shown in Table 1.

Table 1

Meter Calibration Factor

L&R G-491 ~1.025 mgal/sdiv.

Worden 27 0.0895 mgal/div.
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Figure 6. Frequency versus error distribution of closures
for nine elevation survey loops.
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Gravity Base Station

All observed gravity values for the 1983 survey are
based upon the observed gravity of 979.97741 gals at the
Weed gravity base station, Weed, California (California
Division of Mines and Geology gravity base station network,
station number 6, Chapman, 1966). The CDMG network ties
satisfactorily with that of Woollard and Rose (1963), with
a base station difference (former-latter) of only +0.05
milligals occurring at the Redding, California station 60
miles south of the Weed base. When using the L&R meter,
the Weed base was occupied only at the beginning and end of
each loop, spanning a maximum period of 12 hours. More
fregquent base station readings were made when using the
Worden meter, with nine loops spanning 3 hours time or

less, and three loops spanning 6 to 7 hours of time.
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ACCURACY OF GRAVITY DATA

Internal and external repeats comprised 16 percent and
12 percent of all readings, respectively. Eleven percent
of all readings represented repeats of stations occupied
by Evernden (1963) and/or LaFehr (1966). Both internal
and external repeaté with the L&R meter had a mean error
of 0.10 milligals, while such repeats with the Worden
meter had mean errors 0.06 milligals and 0.12 milligals,
respectively. A frequency versus error distribution of
all internal and external repeats is shown in Figure 7.
Repeats between the two meters had an absolute mean error
of 0.19 milligals, as shown in Figure 8. Repeats between
the 1983 survey and the previous surveys had an absolute

mean error of 0.19 milligals, as shown in Figure 9.
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Frequency versus error distribution of all inter-
nal and external repeat readings. Regarding ex-
ternal repeats, all possible combinations were
made, yielding a full range of possible repeat
errors. Of these, 92 percent were less than 0.30
mgals, 88 percent less than 0.20 mgals, 61 per-
cent less than 0.10 milligals, and 33 percent

less than 0.05 mgals.
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Frequency versus error distribution of L&R
readings with those of the Worden meter. All
possible combinations were made, yielding a full
range of possible repeat errors. Of these, 91
percent were less than +0.30 mgals, 46 percent
less than +0.20 mgals, and 27 percent less than
+0.10 mgals.
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Frequency versus error distribution of repeat
readings between the 1983 survey and previous
surveys. Of these, 84 percent were less than
+0.30 mgals, 72 percent less than +0.20 mgals,
and 40 percent less than +0.10 mgals.
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REDUCTION OF DATA

The 1967 International Gravity Formula for theoretical
gravity, a sea-level datum, and a constant density of 2.67
g/cc were used to reduce the observed data to simple
Bouguer gravity values. The tidal variation of the
earth's gravity field was computed (Rudman and others,
1977) and removed from all readings. The assumed linear
instrument drift was then determined for each gravity loop
and corrected for accordingly. All observed gravity
values were reduced to the datum of the 1971 International
Gravity Standardization Net (IGSN-71) of Morelli (1971).
The conversi;n from the Woollard-Rose datum (1963) to the
IGSN-71 datum was made by subtracting 14.46 milligals from
the former. This constant was determined from comparisons
of the two networks at common points nearby the study
area, namely Dunsmuir and Yreké. where differences of
14.45 milligals and 14.47 milligals respectively were
found.

Terrain corrections for all 1983 gravity stations were
corrected from the station out to the standard radius of
166.7 km. The manual method of Sandberg (1958) was used
to determine the attraction of the nearby terrain from the

station out to 558 feet (Hammer rings A-D).
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From 558 feet to 2,936 feet (Hammer rings E and F), the
computerized method of Krohn (1976) was employed. The
computer program of Plouff (1977) determined the terrain
effécts occurring from the Hammer G ring out to 166.7 km.
The above methods all utilize a sloping surface;

either directly, as 1in Sandberg and Krohn, or indirectly
via the line elements used by Plouff. A sloping surface
accurately defines the nearby terrain, whereas the
flat-topped prisms used in Hammer's manual method tend to

overestimate the terrain effect upon the gravity meter.

28
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SANDBERG'S MANUAL METHOD (HAMMER RINGS A-D)

The most accurate topographic maps available for the
study area, have a 1:62,500 scale. Hence, an accurate
estimation of the topography within rings A-C (0-175 feet)
is not possible because the template would only be 0.03
inches in diameter. Because of this limitation, the slope
for ring D (175-558 feet) was assumed to be representative
of the slope from O to 558 feet. This method, as employed
in this project, had the following sources of error: 1)
rings A-C were assumed to be represented by the same
plane(s) as estimated in ring D, 2) elevations read from
maps were accurate to within +40 feet (contour interval of
80 feet), and 3) the topography was approximated by a
simple plane or set of planes. An empirical analysis of
the accuracy of this method relative to the Hammer (1939)
method is shown in Figure 10. With the exception of two
cases, the Hammer corrections were higher than those
obtained by the Sandberg method. One would expect these
results since Hammer's method defines the terrain as flat
topped rectangular prisms, whereas Sandberg uses annular

pPrisms with sloping surfaces.
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D ring.



T-3005 31

PLOUFF'S COMPUTERIZED METHOD (HAMMER RINGS G-166.7 km)

Terrain corrections from .895 km (2,936 feet) to 166.7
km were obtained using the computerized method of Plouff
(1977). This method requires a vast data base of digital
elevation values, and is therefore only as good as the
number and quality of elevation values used to represent the
surrounding terrain. Plouff assigns a line element of mass
to each elevation value, creating a model with an attraction
closely approximating that of a mass bounded by a sloping
surface passing through the station (Plouff, 1966).

The Defense Mapping Agency has prepared extensive data
bases of digitized elevation values, obtained via computer
scanning of 1:250,000 scale topographic contour plates.
Scanning of these plates occurs at 3 arc-second
intervals. Resampling of the 3-second data is also done,
in order to provide 15-second, 30-second, l-minute, and
3-minute sampled elevation data, as needed for varying
definitions of the topography.

Originally, 30-second sampled elevation data were used
from .895 km to 4.47 km (rings G-1), l-minute sampled
elevation data from 4.47 km to 21.94 km (rings J-M), and
3-minute sampled elevation data from 21.94 km to 166.7

km. Comparisons of 30 second digital elevation data with
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elevations at corresponding locations on 1:62,500
topographic maps were made, as shown in Figure 11.
Inaccurate elevations will obviously lead to errors in the
determination of the line elements used in Plouff's terrain
correction program. The effect of such line element errors
will be greatest in the inner rings and least in the outer
rings. The estimation of the effects of line element
errors was made by reference to Hammer's charts. Though
rectanqular prisms generally have an attraction slightly
greater than line elements of similar height (Plouff,
1966), the assumption that the two are equal is
satisfactory regarding the following error analysis.
Gravity effects associated with elevation errors
(AE) were determined by 1) adding AE to the average
ring compartment elevation, 2) reading the corresponding
attraction, and 3) subtracting from the former the
attraction associated with the proper elevation. Average
compartmental elevations for Hammer rings E-M were
obtained from worksheets used in determining terrain
corrections (via Hammer's method) for selected 1983
gravity stations. 1In the error analysis, two terrain
types were considered: 1) the mild relief of the Shasta

Valley, and 2) the very rugged relief associated with Park
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Peak in the eastern Klamath Mountains. The results of the
above study are shown on Figures A-1 through A-6 in
Appendix A. Inspection of these figures leads to the
following conclusions: 1) in both mild and very rugged
topography, terrain corrections (using 30-second data)
could be significantly inaccurate if calculated within
Hammer rings E and F, and 2) assuming no aliasing, terrain
corrections are probably of sufficient accuracy within the
area bounded by Hammer ring G and 166.7 km, when made in
mild or even very rugged topography.

In lieu of detailed statistical analyses, an empirical
test of the accuracy of Plouff's method was made by simply
comparing terrain corrections (in rings G-M) with those
calculated via Hammer's manual method. Because the Hammer
method uses topographic maps and was found reproducible to
within about 5 percent, it was considered a good standard
of accuracy. A comparison of the two methods is shown in
Figure 12.

One would expect the Hammer values to be consistently
higher than those obtained via Plouff's method yet only
one case (Figure 12) reveals this. However, if the

topography is not accurately defined by the 30-second
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Figure 12. Comparison of terrain corrections obtained by
the methods of Plouff and Hammer. A maximum
proportional difference of 23 percent, and a
maximum units difference of 2.34 mgals is found
in the above comparison. AE is the difference
between the station elevation and the average
elevation of the G ring.
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elevation data, it is conceivable that terrain corrections
obtained by the Plouff method could be greater than those
of Hammer, as shown in Figure 12.

The accuracy of these data appears to be adequate, but
what of their sampling interval? 1In the location of the
study area, a 30-second (longitude) by 30-second
(latitude) grid cell equals .70 km by .92 km
respectively. At this sampling interval, 0.8, 2.0, and
5.3 elevation values occur in each compartment of the
Hammer G, H, and I rings, respectively. It is therefore
apparent that within the G and possibly the H ring(s)
30-second elevation data is of an insufficient sampling
interval to adequately define a rapidly changing
topography. This aliasing problem may well account for
the unexpected differences (Figure 12) occurring between
the methods of Plouff and Hammer.

To minimize possible aliasing effects, 15-second
average elevation data (supplied by R.H. Godson, U.S.G.S.,
Denver) were used from .895 km to 21.94 km, replacing the
original 30-second and l-minute data. From 21.94 km to
166.7 km, the previously mentioned 3-minute data were

again used. The original and improved digital elevation



T-3005 37

models are shown on Figure 13. To test the accuracy of
the 15-second average elevation data, comparisons with
elevations at corresponding locations on 1:62,500
topographic maps were made, as shown in Figure 14. A
comparison of Figure 14 with Figure 11 shows the accuracy
of the 15-second average data to be superior to that of
the 30-second data.

Inspection of Figures A-7 through A-12 reveals the
much lower gravity errors associated with the 15-second
data (vs. 30-second data). Further inspection of these
figqures leads to the following conclusion: 1In terrain
ranging from mild to very rugged, terrain corrections
(using 15-second data) are probably of sufficient accuracy
within the area bounded by Hammer ring E and 166.7 km,
assuming that no aliasing effects exist. Noting that
15-second data provides .5, and 1.5 elevation values per
compartment of the E and F rings, respectively, it is
apparent that aliasing of the topography does occur within
these rings. Therefore, in spite of its accuracf,
1l5-second data cannot be used in rings E and F, as its
sampling interval aliases the topography. 1In rings G, H,
and I, 2.7. 7.5, and 15 elevation values, respectively,

occur in each compartment using 15-second data. This is
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about a 3-fold sampling increase over the 30-second data,
and thus represents a significant improvement.

Again, Plouff's terrain corrections were compared with
those obtained by the Hammer method, as shown in Figure
15. 1Inspection of this figure reveals a significant
reduction in the discrepancies between the two methods,
and now éhows the Hammer corrections to be about equal to
or greater than those obtained by the Plouff method, as
one would expect. The mean percentage differences between
Hammer chart corrections and those of Plouff is only 6
percent.

All terrain corrections (calculated by Plouff's
method) for the pre-existing gravity data, excluding those
obtained by Finn (1981) and Finn and Spydell (1982), were
recalculated using the improved 15-second data. The
gravity data of Finn and Spydell already include
corrections calculated with 15-second data (Finn, personal

communication).



T-3005

41

PLOUFF vs HAMMER, G—-—M Rings
15 sec elevation data

-
<
Hammer(M:ld = V rugged) = O
Q]
f/jo Plouff AE (feet)
<:N O Mid = 30
&) A Moderate = 145
'-—1' % Rugged = 415
— % Very rugged = 1,200
b—J L]
it
z *
a5
Jp— [ ]
[ ]
1T
b=
o
[
e
®)
g
o [
~= A
=)
o
&
EEN_ 2
< A
~
/e
[y~
=
o T I 8 T :
S S A 3 e
GRAVITY STATIONS A

Figure 15.

Comparison of terrain corrections obtained by
the methods of Plouff and Hammer. A maximum
proportional difference of 14 percent, and a
maximum units difference of 1.93 mgals is found
in the above comparison. AE is the difference
between the station elevation and the average
elevation of the G ring.
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KROHN'S COMPUTERIZED METHOD (HAMMER RINGS E-F)

Because of aliasing problems with the elevation data,
a method other than that of Plouff had to be used for
rings E and F; the computerized method of Krohn (1976)
was chosen. His program also requires as input a digital
elevation file of the topograhy surrounding the station
and, accordingly., square grids, 1.8 km on a side,
consisting of 81 cells (9x9), 49 cells (7x7) or 25 cells
(5x5), were constructed, with the finer grids used for
those stations occurring in the most rugged topography.

A 5x5 grid provides .5 and 2.5 elevation values per
compartment in rings E and F, respectively. However, such
grids were adequate for 91 of the gravity stations, as the
minimum wavelength of the surrounding terrain was
adequately sampled by the grid cells (.36 km x .36 km).
This sampling is only slightly better (0.5/E ring, 1.5/F
ring) than that obtained by Plouff's method using
15-second data. Recalling that the accuracy of 15-second
data is adequate regarding rings E and F, then in such
nild terrain, either method could have been utilized with
minimal aliasing effects; however, for the sake of

consistency. Krohn's method was used. For the remaining
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stations, 7x7 grids (.26 km x .26 km cell) adequately
sampled the surrounding terrain, so that in rings E and F,
there were 1 and 5 elevation values (per compartment),
respectively.

Krohn's program fits a quadric equation of a cone to
each grid cell elevation and then sums these equations to
produce a multiquadric surface that passes through all the
elevation points. When an unaliased elevation file is
entered into this program, the resulting multiquadric
surface closely resembles the original topography., as
shown in Figures 16 and 17. Krohn then takes this surface
and divides it into a ring/compartment system analogous to
that employed by Hammer (1949). Using Hammer's equation
for the gravitational attraction, Krohn calculates such
for all compartments and then sums them together to obtain
the terrain correction.

A comparison of terrain corrections (rings E-F)
calculated by the methods of Krohn and Hammer is shown in
Figure 18. As expected, Hammer chart corrections are
higher than those obtained by Krohn's method, with a mean
percentage difference of 21 percent. This is attributed

to the fact that Hammer's method sums mass attractions
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Figure 16. Comparison of actual topography with multiquad-
ric surfaces generated from input of 5x5 elev-
ation grids into Krohn's program. The area
bounded by the circles is that for which terrain
corrections are calculated.
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Figure 18. Comparison of terrain corrections obtained by

the methods of Krohn and Hammer. A maximum pro-
portional difference of 54 percent, and a max-
imum units difference of 1.37 mgals is found in
the above comparison. AE is the difference be-
tween the station elevation and the average
elevation of the E ring.
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over only 16 compartments (rings E-F), whereas 975 much
smaller compartments are summed in Krohn's program.
Krohn's method was not utilized for rings A-D because
given the elevation grids used, aliasing of the near
station terrain would inevitably result. 1In order for
this method to better define the near station terrain, a
much finer grid would be necessary, thus becoming much
more labor intensive, and in turn more prone to error. It
should be noted that the 1:62,500 scale topographic maps
used in this project do not allow accurate sampling of the
near station terrain, regardless of the terrain correction
method used. Because of these problems, I consider the
method of Sandberg to be best suited for calculating

terrain corrections in rings A-D.
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ACCURACY OF TERRAIN CORRECTIONS

An analysis of Figures 10, 15, and 18 led to the
following observation: the mean percentage difference
between Hammer chart corrections and the composite
corrections calculated by Sandberg, Krohn, and Plouff, is
about 10 percent, with the composite corrections being
systematically smaller.

Krohn (1976) found that Hammer's method overestimates
the attractions of a cone and a sloping surface by about
17%. Since cones and sloping surfaces more adequately
define rugged topography than Hammer's prisms, the terrai
corrections calculated in the present study are more
accurate than those obtained via Hammer's method. The
estimated error, represented as the difference between
Hammer's overestimation error of 17% and the 10%
discrepancy between the two methods, is therefore about
7%. Approximately 67 percent of the stations have total
terrain corrections between 0 and 5 milligals, 23 percent
between 5 and 10 milligals, 8 percent between 10 and 15
milligals, 1 percent between 20 and 25 milligals and 1
percent between 25 and 30 milligals. Given the range

(1.29-26.36 milligals) of corrections calculated in this

48
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study, actual errors of 0.09 to 1.85 milligals are
possible. However, the large majority (67%) of errors
range from only 0.09 to 0.35 milligals.

Terrain corrections were also calculated (using
Plouff's program and 15-second elevation data) from .295
km (inner limit of program) to 166.7 km and compared with
the complete corrections of this study. The extent and
proportion of errors that result from neglecting the inner
zones are shown in Figure 19. In most cases, partial
terrain corrections are within +0.20 milligals of the
complete terrain corrections. Nevertheless, a sufficient
nunber (29%) of partial corrections have errors greater
than +0.20 milligals, thus confirming the need for

corrections all the way into the station.
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STANDARDIZATION OF DATA SETS

The data of LaFehr (1966), Kim (1974), and Evernden
(1963) were referenced to the datum of Woollard and Rose
(1963) and reduced using the 1930 International Gravity
Formula for theoretical gravity. As part of this study.
these data were referenced to the IGSN-71 datum, and
theoretical gravity was recalculated using the 1967
Gravity Formula, accounting for adjustments of -14.46 and
~+11.18 milligals, respectively. As previously
mentioned, terrain corrections determined by Plouff's
method were re-calculated for the above data using the
15-second elevation data obtained for the present study.
No adjustments of any sort were necessary regarding the
data of Finn (1981) and Finn and Spydell (1982).
Comparisons of terrain corrections for 18 stations common
to both the late 60's surveys and 1983 survey were made

and are shown in Figure 20.
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Comparison of total terrain corrections cal-

culated for data of LaFehr (1965) and Evernden
(1963) with those of the present study. Note
that 67 percent of all comparisons are within

+0.20 mgals.

52



T-3005% 53

COMPLETE BOUGUER ANOMALY (CBA) FIELD

Contour maps of the pre-existing CBA data and the
augmented 1983 CBA data are shown in Figures 21 and 22,
respectively. All data were gridded at 0.5 km spacing,
using the program MINC (Webring, 1981), which is based
upon the principle of minimum curvature (Briggs, 1974).
The gridded data were contoured, using the program TOPO
(Smith, 1982).

A comparison of these data is best shown by the

profiles in Figure 23.
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Figure 23. Comparison along profile C-C' of late 60's CBA

map with CBA map containing additional 1983 data.
The 3.3 mgal difference between the two profiles
(best shown along gravity high) is a direct re-
sult of the different datums and Theoretical
Gravity Formulas used to produce each map.



T-3005 57

THE VARIABLE DENSITY PROBLEM

The above CBA data were derived from a constant
reduction density of 2.67 g/cc. Wherever actual densities
differ from such a reduction density., the CBA data will be
inaccurate. The magnitude of the error will be directly
proportional to the deviations from the reduction density
used. Figure 24 shows a generalized density distribution
for the rocks of the study area, based upon Nettleton
profiling studies and actual field samples. Table 2 lists
densities of various rocks which I gathered and measured.

Figure 24 clearly shows the need to account for the
deviations of surface rocks from the standard reduction
density of 2.67 g/cc. This can be accomplished in two
ways: 1) model standard Bouguer data and account for the
deviations from 2.67 g/cc with the appropriate "adjustment
body" or, 2) remove from the free-air anomaly the
attraction of the variable density terrain model. The
latter method uses a combined terrain/Bouguer correction,
modified for laterally changing densities. The former
method uses "adjustment bodies" that are defined by
geometric approximations less accurate than those defined

by the variable density terrain model of approach 2. I
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.70

267

others

PROJECT
AREA

Generalized distribution of surface densities
occurring within and around the project area.
Sources of density information are: 2.84 g/cc,
2.73 g/cc (Jachens, written communication);
2.70 g/cc (LaFehr, 1966); 2.20 g/cc (Williams
and Finn, in press); and 2.67 g/cc based upon
the standard density assumption of the U.S.G.S.
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Rock type
Slate
Pencil slate
Chert pebble cgl
Chert pebble cgl
Chert
Limestone (x1ln)
Graywacke
Phyllite
Actinolite/
Tremolite schist
Granodiorite
Granodiorite
Mafic pumice
Peridotite
Peridotite
(weathered)
Met. peridotite
Met. peridotite
Met. peridotite
Met. peridotite
Met. periodite
Met. periodite
Serpentinite
Serpentinite
Serpentinite
Serpentinite
Serpentinite

Table 2

Density (g/cc)

2.62
2.40
2.62
2.59
2.51
2.71
2.64
2.55

2.84
2.67
2.70
1.73
3.18

2.38
2.94
2.65
2.58
2.62
2.57
2.58
2.61
2.55
2.51
2.54
2.52

Location

(°Lat.,

59

°Lon.)

41 .432,
41.456,
41.523,
41.456,
41.456,
41.499,
41.456,
41.503,

41.398,
4]1.533,
41 .344,
41.429,
41.420,

41.429,
41.366,
41.452,
41.447,
41.432,
41.432,
41.432,
41 .344,
41.432,
41.398,
41.398,
41 .429,

Densities were determined by the following method:

samples were cored and weighed,
suspended in water and weighed,
determined, using the equation below.

Where W; and Wy are the weights in
Weight measurements
Mettler balance with accuracies of
respectively.

respectively.

dry and wet samples,

air and water,
were made using a
+0.01 g and -0.05 g for

122.637
122.637
122.258
122.637
122.637
122.556
122.637
122.526

122.465
122.255
122.511
122.475
122.515

122.475
122.723
122.505
122.542
122.637
122.637
122.637
122.511
122.637
122.465
122.465

122.475

1) dry

2) same samples were
3) densities (p) were
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consider the latter approach to most accurately account
for laterally changing densities within the near surface.
An unsuccessful attempt to modify the
three-dimensional modeling program of Barnett (1976), so
that it could handle the complex bodies of the variable
density terrain model, led to the previously described

modeling method of approach 1.
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ISOSTASY

The accuracy of the data reduced to the complete
Bquguez anomaly is largely effected by how well
tqpographic effects are accounted for. Because of this,
isostasy must be considered. For instance, a significant
portion of the Bouguer low over Mt. Shasta is probably
attributable to isostatic compensation: or more
specifically, a mass deficiency at depth compensating for
the mass excess of the stratovolcano.

LaFehr (1965) used Gauss' theorem to calculate the
mass deficiency of Mt. Shasta and concluded that the
compensating mass probably exists within the upper 10 km
of the crust, suggesting to him localized isostatic
compensation.

If a compensating mass occurs at a depth greater than
that accounted for in the modeling of residual Bouguer
data, its effects must be accounted for elsewhere, namely
in the regional trend. According to McNutt (1983), the
compensation depth for the Eastern Klamath Mountains is
greater than 10 km below sea level and as a result,
isostatic effects would be accounted for in the regional

Bouguer anomaly shown in Figure 25. Because the isostatic
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effects associated with Mt. Shasta probably occur within
0 km - 10 km below sea level, and since the modeling of
the residual Bouguer anomalies includes this portion of
the crust (Figures 30a and 31), the root of Mt. Shasta

will in turn be accounted for.
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DETERMINATION OF REGIONAL BOUGUER ANOMALY

Only those bodies occurring within the upper 10 km of
the crust are of interest to this study., and as a result,
the gravity effects due to deeper causative bodies must Be
removed from the gravity field.

Using the seismic refraction results of Fuis and
others (in press), a cross-section of the subsurface
occurring between 10 km and 38 km depth was determined and
subsequently modeled in order to calculate the regional
Bouguer anomaly (Figure 25). The causative bodies,
defined by a significant P-wave velocity change of 0.6
km/sec (see Figure 25), are interpreted as units within
the Western Paleozoic and Triassic belt. More
specifically. the upper unit is considered to be
sedimentary and volcanic, while the lower unit is probably
ophiolitic, with assigned densities of 2.75 g/cc and 2.85
g/cc, respectively. The upper unit correlates with a
velocity reversal (~0.2 km/sec) occurring beneath the
Central metamorphic belt of 2.75 g/cc density (Fuis and

others, in press). The ophiolitic lower unit has been
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FPigure 25. Seismic refraction based cross—-section showing

bodies that were modeled in order to determine
the regional Bouguer anomaly. Density values
in parentheses are those based upon P-wave ve-
locities, Vp. Note that the top half of this
figure is simply an enlargement of the regional

shown below it.
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determined by Ando and others (1983) to consist of gabbro,
diabase, pillow basalts, and tectonic harzburgite. An
average density of the ophiolitic unit could be ~3.05

g/cc (Daly, 1966), assuming equal proportions of these
constituents. Obviously, this value could be higher or
lower, depending upon the relative abundances of the rock
types. In this study, densities of 2.70 g/cc and 3.15
g/cc were assigned to the upper and lower units,
respectively, on the basis of the work by Ando and others
(1983). Therefore, a density contrast of -0.45 g/cc was
used to determine the regional Bouguer anomaly shown in
Figure 25. Other density contrasts were also used (see
Figure 26) to determine whether or not densities less than
3.15 g/cc could be assigned to the ophiolitic unit. A
preliminary model with a cross-section ranging from the
surface to the base (38 km) of the regional bodies was
made, using the density information of Fuis and others (in
press). The calculated gravity of this model was then
determined, using various density contrasts for the
regional bodies. The regional due to a -0.45 g/cc density
contrast yielded gravity values of the same magnitude as
those of the complete Bouguer field, as shown in Figure

26. For this reason, the regional Bouguer gravity based
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Figure 26. Complete Bouguer anomaly along profile A-A'.
Regional Bouguer anomalies, at various density

contrasts are shown.
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upon a -0.45 g/cc density contrast was used in this

study. This smoothly changing regional of deep origin was
then removed from the complete Bouguer data to yield a
residual Bouguer anomaly.

Two profile lines, crossing the gravity gradient
between the Eastern Klamaths and the Cascades, were chosen
(Figure 27). Profiles of the complete Bouguer gravity and
the regional gravity for lines A-A' and B-B' are shown in

Figqures 26 and 28, respectively.
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Figure 28. Complete Bouguer anomaly along profile B-B'

with calculated regional Bouguer anomaly.
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COMPUTER MODELING OF RESIDUAL ANOMALIES

The three dimensional modeling program of Barnett
(1976) was used to determine models of the subsurface
geology. Briefly, this program uses as input two or three
dimensional bodies:; each surface of which is divided into
triangular facets. The flux of F for each facet is

calculated, as shown below.

1) Flux of F = .[Tfon ds , F = R’
8

where s is the surface of the facet over which

-

integration takes place, n is the outward-directed unit

~

vector normal to the surface element ds, M is the unit vector

K

specifying the direction of measurement of the gravity
field, and R is the distance from the observation point to
the surface of the triangular facet.

The fluxes of all the facets are then summed to yield
the total flux (of F) for the entire closed surface of the
body. The total fluxes of all bodies are then summed and
finally multiplied by the gravitational constant (G) and
the body density (p)., to yield the gravitational

attraction, I



N P -
2) In = Gp L B . B =L (.Zy}wn ds)
1 1 s

where B is the total flux of the surface enclosing a
body, N is the total number of bodies, P is the total
nunmber of facets per body. and I is the gravitational
field component in a given direction of measurement.
Since the gravity meter measures only the vertical or
z-component of the earth's gravitational field, 9
always refers to gz. the gravitational component in the

z direction.

Using the divergence theorem (3), the above surface
integral approach can be used to calculate the

gravitational attraction of a body of a given volume.

3) ,er.n ds = lQ]ﬁ VeF dv DIVERGENCE THEOREM,
8 \'4

where v is the volume of a body having a closed

surface s.

A useful feature of Barnett's program is that the
observational surface need not be a level horizontal plane.
As with any modeling strateqy, certain constraints

must be determined in order to minimize the ambiguity of

the modeling process. The results of the seismic
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refraction study performed by Fuis and others (in press)
provided such a constraint, where density information down
to 38 km below sea level was provided. Compressional wave
velocities were converted to densities, using the method -
of Birch (1960, 1961). In addition to the above density
information, a geologic bias was also employed:; namely
that a graben bounding fault (Blakely and others, in
press) separates the Klamath Mountains from the Cascades.

Two-dimensionality was assumed for the elongated rock
units comprising the Klamath Mountains and Cascade Range
provinces modeling of the residual Bouguer profiles. As
described below, three dimensionality was otherwise
required. 1Invariably, subsurface densities will deviate
along strike from those assigned to the cross-section
being modeled, thus contributing to inaccuracies in the
density values assigned to the final model.
Two-dimensional modeling of bodies with upper surfaces
defined by the topography will also generate errors
proportional to the deviation of the two-dimensional
surface from the actual three-dimensional one. Consider
the errors associated with the two-dimensional assumption
to account for probably no more than a +0.10 g/cc

uncertainty in the density values of the final model.
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The occurrence of the rock types pertinent to this
study are shown in Figure 29, a modification of a
preliminary map recently compiled by Wagner and others (in
press). Also shown are the locations of profiles A-A' and

B-B'.

Profile A-A‘

A model of the subsurface geology that could produce
the residual Bouguer profile along A-A*' is shown in Figure
30a. Seventy-seven percent of the calculated values are
within 1 milligal of the actual gravity values. Of the 26
bodies used in this model, seven were three-dimensional;
namely the surface bodies of Mt. Shasta, Mt. Shastina, Ash
Creek Butte, Whaleback Mountain, and Black Butte, as well
as the subsurface gabbroic intrusive (3.05 g/cc) in the
Klamath Mountains, and the silicic intrusive (2.70 - 2.67
g/cc) beneath Mt. Shasta. A density of 2.20 g/cc was
given the predominantly pyroclastic bodies of Mt. Shasta,
Mt. Shastina, and Whaleback Mountain, and a density of
2.55 g/cc assigned to the more competent bodies of Ash
Creek Butte and Black Butte. Each surface or topographic
body was defined by two or more circular slices

(representing cross-sectional cuts in plan view),
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GABBROIC BODY(TUC) SILICIC BODY(T1i)

LINE OF PROFILE

__________________ = B
25 km

km

Figure 30b. Plan view of three-dimensional intrusive bodies
used in the model for profile A-A'.
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that when connected yielded a conical shape closely
approximating the three-dimensional form of the body.
These topographic bodies were modeled in order to account
for the improper reduction density (2.67 g/cc) applied to
them in the Bouguer and terrain corrections. Accounting
for such overcorrections greatly improves modeling
accuracy. For instance, the combined Bouguer/terrain
corrections for a gravity station at the summit of Mt.
Shasta are 352 mgals and 290 mgals, when using reduction
densities of 2.67 g/cc and 2.20 g/cc, respectively.
Therefore, in this case, a 62 mgals reduction error is
accounted for when the topographic body of Mt. Shasta is

incorporated into the model!

Profile B-B'

A model of the subsurface geology that could produce
the residual Bouguer profile along B-B' is shown in Figure
31. Ninety-three percent of the calculated values are
within 1 milligal of the actual gravity values. Of the 13
bodies used in this model, only one was three-dimensional;

namely the gabbroic intrusive (3.05 g/cc) in the Klamath



Mtns. Three-dimensional topographic bodies were not
modeled, as they occurred at sufficient distances from the

profile to have negliglble effect.
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INTERPRETATION OF MODELING RESULTS

Gravity data modeling and interpretation is inherently
ambiguous (Skeels, 1940) because the gravitational field
cannot define a unigue causative mass distribution.

Nettleton (1940) elucidated this point when he stated:

“"The interpretation of a gravity map in terms of

a definite mass distribution below the surface is

never unique on the basis of gravity information

alone. This results from the fact that a given
gravity distribution can be produced by a variety

of mass distributions. Therefore, any mass

distribution or geologic condition that is given

as a solution for the cause of a given gravity

distribution depends upon additional control

other than gravity."

Foitunately, the recent seismic refraction study of
Fuis and others (in press) provided additional control of
the subsurface geology, in terms of body depth, geometry
and density. 1In the present study, the initial model was
essentially the seismic refraction model. The final model
represents a best fit between the available geologic,
seismic and gravity data. Because the seismic refraction
study provided good subsurface control, the models of the

present study are relatively complex, but justifiably so.
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The following interpretations are concordant with the
regional geologic framework described in the literature

and explain the modeling results.

Profile A-A' (see Fig. 30a)

The subsurface section of Paleozoic units represents
ophiolitic terranes, probably underthrusted by the Western
Paleozoic and Triassic plate during the Nevadan orogeny.
As previously mentioned, the latter unit represents the
deep source producing the broad regional field that was
removed to derive the residual Bouguer anomaly.

The present configuration of the ophiolitic terranes
strongly suggests a history of underthrusting, since the
Devonian Central metamorphic plate is shown beneath the
Ordovician Trinity ophiolite. The relationship of the
Trinity ophiolite with the eugeosynclinal deposits of the
Ordovician-Silurian Duzel Formation, Silurian Moffet Creek
Formation, and the Silurian-Devonian Gazelle Formation is
probably best described as follows: Prior to subduction
of the Trinity ophiolite, the Duzel and Moffett Creek
sediments were shed from a volcanic arc close to the
craton. With continued arc activity, sediments

representing the Gazelle Formation were then deposited on
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top of the Duzel and Moffett Creek Formations. Upon
collison of the oceanic Trinity ophiolite with the above
sequence, the Duzel and Moffett Creek Formations were
thrust over the younger Gazelle Formation. The Moffett
Creek Formation has been mapped as a probable tectonic
melange (Wagner and others, in press) which supports the
above overthrusting model. The densities of the Duzel,
Moffett Creek and Gazelle Formations, as well as that of
the Central metamorphic belt differ from those of Fuis and
others (in press) by +0.1l1 g/cc, -0.10 g/cc, and +0.05
g/cc, respectively. Ultimately, the Trinity ophiolite was
thrust under the lesser dense sedimentary sequence to
produce the present-day configuration. The antiform
nature of this structural section reflects the eastwardly
directed compressional stresses that were acting upon the
area at least since Nevadan time. 1In response to such
forces, the relatively competent units of this section
buckled upwards into their present form.

Emplacement of the Jurassic granite belt mapped by
Wagner and others (in press) was probably related to
subduction of the Western Jurassic plate beneath the
western edge of the previously accreted Western Paleozoic

and Triassic plate. This granitic belt was probably
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formed when the subducted oceanic plate reached sufficient
depth to become molten and migrate upwards through the
crust. Back arc (?) extension led to normal(?) faulting,
with as much as 6,500 feet of downdropping of the section
east of the fault (Figure 30a). This fault has been
active probably since mid-Cenozoic time.

In the upthrown section, the seemingly low densities
of the Trinity ophiolite, 2.64 g/cc, 2.58 g/cc, and 2.45
g/cc, are primarily due to hydration (metamorphism) of
peridotite into serpentinite, with the latter having
considerably lower densities (see Table 2). The densities
of 2.64 g/cc, 2.58 g/cc, and 2.45 g/cc differ from those
of Fuis and-others (in press) by +0.06 g/cc, -0.13 g/cc,
and -0.26 g/cc, respectively. According to Bowen's
reaction series, Ophiolitic rocks occur first and in turn
erode rapidly. It is therefore conceivable that
fracturing does occur to a significant degree within the
Trinity ophiolite, and may have contributed significantly
to the reduction of its bulk density, as best evidenced by
the 2.45 g/cc sliver adjacent to the fault zone (Figure
30a).

The 3.05 g/cc density of the gabbroic body was based
upon values in Daly (1966), with the assumption that the

gabbroic rocks underwent little or no hydration. Since
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they were mapped (Wagner and others, in press) as
non-serpentinized gabbro, this assumption is probably a
valid one. I think that the gabbroic body formed within a
steady-state magma chamber associated with the early
Paleozoic spreading center that produced the ophiolites
discussed in this section. Therefore, this body., probably
of Ordovician age, was passively transported along with
the Trinity ophiolite to its present location.

The downthrown section reveals the entirely different
and much later Cenozoic activity of the Cascade Range
province. At the close of the Miocene (Williams, 1949),
upward migrating magma (associated with the subducting
Gorda plate) reached the location of the intrusive body
beneath Mt. Shasta (Figure 30a). It is thought by Blakely
and others (in press) that a fault similar to the one in
the model (Figure 30a) may extend to even greater depths,
and in turn provide an avenue of least resistance through
which upward migrating magma could rise. Early eruptions
produced low viscosity mafic lava flows that coalesced to
form a broad. gently sloping terrain. With ongoing tine,
the silica content increased, leading to the explosive
eruptions that ultimately created the Cascades

stratovolcanoes, such as Mt. Shasta about 100,000 y.b.p.
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The units with densities of 2.20 g/cc and 2.55 g/cc
probably represent interlayered flows and pyroclastics,
with the lower unit more compacted and therefore of higher
density. The density of 2.20 g/cc differs from that of
Fuis and others (in press) by -0.05 g/cc, whereas no
difference exists regarding 2.5%5 g/c¢c. A study by
Williams and Finn (in press) using Nettleton profiling,
yielded a 2.20 g/cc density for Mt. Shasta.

. The overall geometry of the downthrown section (Figure
30a) is in marked contrast with that of the upthrown
section. First, the orientation of the Trinity ophiolite
is near level, as opposed to the 17° eastward dip of its
upthrown counterpart. This could be attributable to 1)
normal faulting that dropped the ophiolitic section down,
and 2) subsequent Miocene uplift of the Cascade Range
(Williams, 1949) that rotated and raised the downthrown
section to its present attitude. Finally, a broad
volcanic basin, with a much smaller superimposed basin,
exists on top of the down-dropped ophiolitic section. The
small volcanic basin (centered about the intrusive) is
likely to be the shallow compensating mass beneath Mt.
Shasta, and is interpreted to be a collapse caldera

(O'Brien, personal communication).
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It is conceivable then that the avalanche debris deposits
described by Crandell and others (1984) were associated
with the tremendous eruptions that ultimately caused
collapse of the magma chamber beneath ancestral Mt. Shasta.
The down-dropped equivalent of the 2.58 g/cc and 2.64
g/cc section of the Trinity ophiolite was assigned a
density of 2.73 g/cc, representing a maximum increase of
+0.15 g/cc. The down-dropped equivalent of the 2.75 g/cc
section of the Trinity ophiolite was assigned a density of
2.78 g/cc, or a +0.03 g/cc increase. 1In lieu of the
inevitable compaction of these down-dropped units by the
overyling volcanic section, it is conceivable that highly
metamorphdsed peridotites could have increased in density
by 0.1% g/cc or 6 percent. The relatively smaller (1
percent) density increase in the lower half of the Trinity
ophiolite is plausible, since a rock less affected by

metamorphism could be less affected by compaction.

Fault Orientation (see Fig. 32)
The orientation of the normal (?) fault shown in the
model yields calculated gravity values that best fit the

actual gravity gradient. When the upper part of the fault
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is made vertical, the calculated gravity values agree less
favorably with the actual data. The better fitting fault
orientation (shown in left half of Figure 32) strongly
suggests listric normal (?) faulting. Determining the
most plausible model to account for this steep gravity

gradient is one of the primary goals of this study.

Profile B-B' (see Figure 31)

The cross-sectional model for this profile very
closely parallels the model for profile A-A', except for
the following significant differences: 1) the sedimentary
section entirely overlies the ophiolitic section
throughout the extent of the model and in turn is found on
the downthrown side, 2) other than the passively emplaced
gabbroic body. no igneous intrusives occur, 3) the normal
(?) fault in the B-B' model occurs ~6 km closer to the
crest of the antiformal structure, and 4) the Trinity
ophiolite in the B-B' model has a constant thickness of
~6 km, whereas in the A-A' model its thickness varies
from ~6 km to ~10 Kkm.

All correlative units between the two models have the
same densities, with the exception of the lower half of

the Trinity ophiolite, where a difference of +0.03 g/cc is
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Figure 32. Comparison of effects of different fault angles

upon calculated gravity. The configuration on
the left of this figure was used in the struc-
tural models.
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found. The downthrown counterpart of the sedimentary
section also underwent compaction (in the same manner as
the other units), with a density increase of 2.5 percent.
A prominent structural low occurs in the downthrown
side of the model (Figure 31), and is more than likely a
remnant of the previously described broad volcanic basin.
The geomorphological expression of this structural low
might be related to the topographic low occupied by Lake

Shastina directly above.
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CONCLUSIONS

In areas of rugged topography, terrain corrections are
more accurately calculated when using methods other than
the traditional approach of Hammer (1939). Terrain
effects within Hammer zones A-D and E-F, are best
determined using the manual method of Sandberg (1958) and
the computerized method of Krohn (1976), respectively.

The outer zones (.895 km - 166.7 km) are more accurately
determined using the computerized method of Plouff (1977),
when an accurate digital elevation model is used. These
methods yield complete terrain corrections with an
estimated 7% error, whereas the manual method of Hammer is
estimated to have a 17% error. Additionally, the Sandberg/
Krohn/Plouff approach to terrain corrections is consid-
erably faster and less labor intensive than that of Hammer.

Partial terrain corrections (2.95 km - 166.7 km),
using an accurate, unaliased digital elevation model and
the program of Plouff, appear to be of sufficient accuracy
if 1) the desired contour interval of the data is coarse
(i.e., 5 milligals or greater), and/or 2) the anomalies of
interest are deeper, broader features, unaffected by

errors as great as 3.50 milligals. The savings in time,
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when using this partial terrain correction approach, is
significant and warrants its consideration.

Analyses of the models presented in this study enable
the following principal conclusions. The Trinity
ophiolite ranges in thickness from 6 km - 10 km, and has
undergone (throughout the body) increasing amounts of
serpentinization with depth. Beneath the Eastern Klamath
Mountains, the Trinity ophiolite and the underthrusted
Central metamorphic belt comprise an antiformal structure
with a maximum dip (eastward) of 170. Within this
structure, the minimum depth to the base of the Trinity
ophiolite is ~6 km below sea level. This antiformal
structure, the source of the gravity high occurring over
the Eastern Klamath Mountains, probably extends northward
beneath the early Paleozoic sedimentary section.

Though it has not been mapped, a major listric normal
(?) fault probably exists, delineating the boundary
between the Klamath Mountains province and the Cascade
Range province. This fault decreases in dip from 68°
(upper 5 km) to 40°, and may extend to depths greater
than 10 km below sea level.

The Trinity ophiolite, and probably the subjacent

Central metamorphic belt, extend northward, southward, and
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eastward beneath the Cascade Range at a minimum depth of
~1 km below sea level. The gravity low occurring over
Mt. Shasta is primarily due to subsidence of low density
volcanic rock within the denser country rock of the
Trinity ophiolite. A sizeable silicic intrusive of
roughly cylindrical shape, probably occurs ~2 km beneath
the summit of Mt. Shasta, and extends to 10 km below sea
level.

Deeper than 10 km below sea level, the more recently
uﬁderthrust rocks of the Western Paleozoic and Triassic
pPlate probably occur as basement, and extend downward to

38 km depth, beyond which is mantle.
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APPENDIX A

GRAVITY ERRORS ASSOCIATED WITH DIGITAL ELEVATION DATA

The gravity errors shown in the following twelve
figures are the errors associated with the 30-second and
15-second digital elevation models used in the computer
program of Plouff (1977). Both subdued and very rugged
topography were considered in order to generate a complete
range of errors. The gravity errors were determined by

1) adding the elevation error to the average ring

elevation and then ascertaining the associated
gravity effect from Hammer charts.

2) ascertaining the gravity effect associated with

the average ring elevation.

3) subtracting the latter from the former (i.e., 1-2).
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Figure A-1l. Frequency versus error distribution of gravity
effects associated with elevation errors oc-
curring within a given ring. Average eleva-
tions per ring are 1) 15 feet in the E ring,
2) 20 feet in the F ring, and 3) 30 feet in
the G ring.
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Figure A-2. Frequency versus error distribution of gravity
effects associated with elevation errors oc-
curring within a given ring. Average eleva-

tions per ring are 1) 50 feet in the H ring,
2) 100 feet in the I ring, and 3) 400 feet in
the J ring.
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Figure A-3. Frequency versus error distribution of gravity
effects associated with elevation errors oc-
curring within a given ring. Average eleva-

tions per ring are 1) 600 feet in the K ring,
2) 1,000 feet in the L ring, and 3) 1,100 feet
in the M ring.
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Frequency versus error distribution of gravity
effects associated with elevation errors oc-
curring within a given ring. Average eleva-
tions per ring are 1) 330 feet in the E ring,
2) 710 feet in the F ring, and 3) 1,200 feet
in the G ring.
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Frequency versus error distribution of gravity
effects associated with elevation errors oc-

curring within a given ring.

Average eleva-

tions per ring are 1)

2) 2,400 feet in the I ring, and 3)

in the J ring.

1,750 feet in the H ring,
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Figure A-6. Frequency versus error distribution of gravity
effects associated with elevation errors oc-
curring within a given ring. Average eleva-
tions per ring are 1) 2,500 feet in the K ring,
2) 2,500 feet in the L. ring, and 3) 2,600 feet
in the M ring.
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Figure A-8. Frequency versus error distribution of gravity
effects associated with elevation errors oc-
cgrring within a given ring. Average eleva-
tions per ring are 1) 50 feet in the H ring,
2) 100 feet in the I ring, and 3) 400 feet in
the J ring.
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Figure A-9. Frequency versus error distribution of gravity
effects associated with elevation errors oc-
curring within a given ring. Average eleva-
tions per ring are 1) 600 feet in the K ring,
2) 1,000 feet in the L ring, and 3) 1,100 feet

in the M ring.
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Frequency versus error distribution of gravity
effects associated with elevation errors oc-

curring within a given ring.
tions per ring are 1)
ring, 2)
2,500 feet in the J ring.
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Frequency versus error distribution of gravity
effects associated with elevation errors oc-

curring within a given ring.
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APPENDIX B

PRINCIPAL FACTS FOR GRAVITY STATIONS

On the following pages, the principal facts for 191
gravity stations (located within the study area) are

listed. The sources of these data are as follows:

1) the first 133 stations were acquired in this
study.
2) all station identifications prefaced with an "L"

are those occupied by LaFehr (1966),
3) all station identifications prefaced with a "W"
are those occupied by Kim (1974),
4) all station identifications prefaced with an "E"
are those occupied by Evernden (1963),
5) all station identifications prefaced with an "SH"
are those occupied by Finn (1981) and Finn and
Spydell (1982).
In the "Previous Geophysical Work" section, a total of 99
gravity stations were occupied by the outside sources
listed above, whereas only 58 such stations are listed on
the following pages. This discrepancy is entirely a
result of editing, where 41 stations (common to more than

one survey) were removed.
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An explanation of the terms, used in the header of

each listing,

STATION
LATITUDE
LONGITUDE
ELEV(Ft)

OBS GRAV

FAA

SBA

CcC

TC

TER

TOT

CBA

is given below.

station identification

expressed in degrees, decimal minutes
expressed in degrees, decimal minutes
expressed in feet above sea level

the observed gravity, with tidal drift
and instrument drift removed.

the free-air anomaly

the simple Bouguer anomaly. based upon
a reduction density of 2.67 g/cc.

the curvature correction

the total terrain correction obtained
by the methods of Hammer (other

surveys) or Sandberg, and Krohn.

the total terrain correction obtained
by the computerized method of Plouff
(all surveys)

the total terrain correction (TC + TER).
the complete Bouguer anomaly, based upon

a reduction density of 2.67 g/cc
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