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Abstract

Spectral analysis of aeromagnetic data collected over north-central 

California during the summer of 1980 aided in determining magnetic-source 

bottom depths beneath the survey area. Five regions of shallow 

magnetic source bottom depths were detected: 1) Secret Spring Mountain 

and National Lava Beds Monument area, 2) the Mount Shasta area, 3) the 

Eddys Mountain area, 4) the Big Valley Mountains area, and 5) an area 

northeast of Lassen Peak. Except for the Eddys Mountain area, all re­ 

gions exhibiting shallow depths are suggested to be due to elevated 

Curie-point isotherms.

The elevated Curie-point depth beneath Secret Spring Mountain and 

the National Lava Beds Monument area was found to be 4-7 km BSL (Below 

Sea Level) and is an extension of a zone mapped beneath an area immed­ 

iately to the north in Oregon. A similar depth was 

detected for the Mount Shasta area and the area northeast of Lassen 

Peak. A depth of 4-6 km BSL was detected beneath the Big Valley 

Mountains area. .The shallow Curie-point depths beneath Secret Spring 

Mountain, Mount Shasta, Big Valley Mountains, and the area northeast of 

Lassen Peak appear to form a segmented zone of elevated Curie-point

isotherm depths which underlies the High Cascade Mountains and Modoc
 tg_maqnetic-sQurce bottoms. 

Plateau in north-central California. A small aFeaTS'f shallow" depths ̂

4-5 km BSL, beneath the Eddys Mountain area is attributed to a litho- 

logic boundary rather than an elevated Curie-point isotherm.

Deeper magnetic source bottom depths were mapped throughout the 

remainder of the study area, with depths greater than 9 km BSL indicated 

beneath Lassen Peak and greater than 11 km BSL indicated beneath the 

Western Cascades, Eastern Klamath Mountains, and Great Valley^
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Research Objective

Figure 1 outlines an area of approximately 30,000 square kilometers 

that extends from the Oregon-California border at 42°N. latitude to 

south of Lassen Pk. at 40°15'N. latitude and approximately between 12C1°45<

and 122°45'W. longitude. This area encompasses the southern Cascade 

Range, the adjoining Modoc Plateau including the Medicine Lake High­ 

lands, the northern terminus of the Great Valley*and the eastern­ 

most flank of the Klamath Mountains. The objectives of this study are: 

to obtain precise aeromagnetic measurements in the region outlined in 

Figure 1; to delineate the magnetic anomalies associated with the Cas­ 

cade Range and the transition region between the Cascade Range and the - 

basin and range structures east of the Cascades; to determine the depths 

to the magnetic sources; and to estimate the depths of the Curie-point 

isotherm in the region. These data and analyses will assist in the 

geologic and structural interpretation of the region and provide in­ 

formation to help assess the geothermal resource potential of the re­ 

gion.

U.S. Geological Survey Open-File Report 82-932 (Couch and Gemperle, 1982) 

describes and depicts the aeromagnetic anomalies mapped in northern 

California in the earlier phases of this study. This report outlines 

the method of analysis of the observed anomalies, lists the estimated 

depths to the Curie-point isotherm in the area, and presents a map 

of the estimated depth to the Curie-point isotherm and/or the depth 

to the bottom of the magnetic anomaly-sources.
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Figure 1. Northern California physiographic provinces and
aeromaqnetic survey location (outlined by shading).



The objectives, (1) to determine the depths to magnetic sources and 

(2) to estimate the depths to the Curie-point isotherm for the region 

outlined in Figure 1, have been addressed, and the results are summarized 

in this report. In addition, data are presented tnat will aid in assess­ 

ing the geothermal resource potential of this area.

Method of Analysis

To obtain the estimated depth of the bottom of the magnetic-anomaly 

sources, the magnetic anomalies were examined in terms of their wave- 

'lengths "or spacial frequencies according to a type of spectral analysis 

employed by Spector (1963), Spector and v Grant (1970), Smith _et_ al. (1974),

Boler (1978), Connard (1979), and McLain (1981). The present treatment

of the theoretical formulations is only briefly outlined below.

The magnetics-anomaly map is converted to spacial frequencies using a

discrete form of a 2-D Fourier transform (DFT). The Fourier transform 

(FT) for a model consisting of magnetized rectangular boxes with horizon­ 

tal tops and bottoms can be written in closed form and is given by Bhatta- 

charyya (1966) as

2 2 1/2 2 21/2 
F(u,v) = 2Tr-M-e~h(u +V } .(l-e~t(u +V } )-S(u,v)-R (u,v)-R (u,v)

* O

Where M = magnetic moment/unit depth

h = depth to the top of the prism 

t = thickness of the prism



S = shape factor for horizontal size of the prism 

R = factor for magnet izatio'n direction of the prism 

R = factor for geomagnetic field direction
O

u,v = spatial frequencies in radians/unit distance in the x and y

directions respectively.

Spector (1968) considered the square of the amplitude of F(u,v), de­ 

fined as the energy spectrum, E(u,v). When transcribed into polar wave- 

number coordinates in the u,v frequency plane, the energy spectrum becomes

E(r,6) = 47T 2 -M2 -e~2hr-(l-e~tr ) 2 -S 2 (r,e)-R 2 (6)-R 2 (6)
i O

2 2 1/2 -1 
where r = (u +v ) and 8 = tan (u,v) .

Spector and Grant (1970), regarding E(u,v) from a statistical sense, 

introduced the idea . of modelling magnetic layers as an ensemble of 

prisms. Each point in ensemble space corresponds to a prism with a par­ 

ticular set of parameter (width, length, thickness, etc.) values. They 

next assumed they could equate the ensemble average of E denoted by 

to the expected value of E. The equation for- (E} is then

<E(r.e)> = 4, 2 -M2 . <*>)> - (Rp 2 (6)>

They argue this equation can be simplified by dividing out the 

/R (6)\ and ^R (8)y factors in a f rotation-to-the-pole 1 operation

which gives

<E(r,e)> =4,2 .M2 . <e-2hr >- {(l-e^) 2 >   '<S 2 (r,6)>



The simplification is valid if the geomagnetic field direction does not 

vary appreciably over the survey region and if this direction differs 

little from that in the crustal magnetic sources. The change in the anom­ 

aly pattern effected by a T rotation-to-the-pole' is less for survey re­ 

gions located at high magnetic latitude with 'normal* looking anomalies. 

Finally an average with respect to 6 is taken to give:

/ 2t  2 / -2hr\ /,, -tr,2\ /-2, , = ATT 'M   ^e >   <^(l-e ) />   \ S (r)

where E and S indicate the average over 6.

Spector and Grant (1970) state that the term /e r \, which 

Spector (1968) showed to have the value e for Ah/h < .25, and 

r < 1/h, is the dominant factor in determining the decay of the spectrum. 

Clearly then, mean depths to sources, h, are proportional to the slope 

of the natural logarithm of \E/  

To determine d, the depth to the bottom of the ensemble, Spector

and Grant (1970) show that the combined effect of factors <^(l-e )
/ -2hr \ /*- s tcL 

and /e Y^introduce a peak in the spectrum which shifts towards

longer wavelengths as the value of t increases. Maximizing

Ml-e ) \   /e \ with respect to r, the resulting equation 

can be solved for d and becomes

l-exp(-tr )v ̂ max

where the bars indicate mean values for the ensemble parameters. The 

dependence of d on t adds further uncertainty to depth-to-bottom calcu­ 

lations. Although d -*     as t -> o for laminar bodies, such thin bodies
max



require unreasonably large values o'f magnetization. Shuey et al. (1977) 

suggest a minimum source body thickness of 5 km, a constraint used in this 

study. Thus the source-bottom is being resolved and its depth may be 

determined when a peak occurs in the energy spectrum.

Because the magnetic-source bottom is associated with the lower fre­ 

quencies, it is better sampled when the area of the survey map is larger. 

However a larger mapped area gives a more regional calculation for the 

depth-to-magnetic-source bottom and this reduces the ability to observe 

the possible occurrence of basement undulations. The depth to which the 

sampled area or window can see is also dependent on its size (L by L). 

If the magnetic bodies extend much deeper than L/2 , the highest fre­ 

quency associated with their bottom depths becomes smaller than the lowest 

frequency the window is* capable of sampling, i.e. its fundamental fre­ 

quency. It should be noted that Spector (1968) sets the maximum depth 

to which a window of size L by L can see as L/4.

Lastly there is the effect on the energy spectrum by the shape 

factor, S, given by Spector and Grant (1970) as:

- sin (a«r«cos 6) t sin (b»r*cos 6) 
" a-r-cos e * b»r»cos 6

As the horizontal dimensions, 2a and 2b, increase, the short-wave­ 

length side of the spectrum is depressed which causes a slight movement 

of the spectral peak towards longer wavelengths. Shuey _ejt a.^. (1977) 

show that the effect of a body with horizontal dimensions comparable 

to the survey area is to displace 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
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(Connard, 1979). This process involved subtracting a plane surface fit­ 

ted to the gridded data by least squares. Such detrending ensures great­ 

er power in the fundamental frequency as opposed to the zero frequency. 

Hence, for spectral plots analyzed in this study, those with a one- 

point maximum occurring at the fundamental frequency indicate that source 

bottoms are not being resolved.

Details of Computer Processing .

Conversion of the aeromagnetic anomalies into a spacial frequency 

domain is accomplished by (1) gridding, (2) detrending, (3) tapering, and 

(4) applying a two-dimensional Fourier transform to the data. Programs 

used in this procedure are documented in Boler (1978), Pitts (1979), 

Connard (1979), McLain (1981), and Couch an£ Gemperle (1982).

To interpolate the flight line data onto an equally spaced grid, 

an algorithm by Briggs (1975) was used which minimizes the curvature of 

a surface through the value at each grid point. The grid spacing was set 

at .285 km in both X(E-W) and Y(N-S) directions. Although this spacing is 

larger than the average data spacing of 0.13 km, it is sufficient to 

avoid aliasing problems and follows Spector f s (1968) suggestion that 

Ax and Ay should be no greater than one-quarter the width of the sharpest 

magnetic feature on the anomaly map. At this spacing, the anomaly map 

is converted to a single grid 594 x 681 in size. The boundaries of the 

grid relative to the flight line data are shown in Figure 2.

At this point subgrids representing parts of the survey area can be 

extracted. For any grid selected, a least squares fitted plane is sub­ 

tracted from the grid. This detrending removes any remaining regional 

field from the data.
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Figure 2. Boundaries of the 594 by 681 main grid.



Before the Fourier transform can be applied, the grid must also be 

tapered at the edges to make the data periodic. In the frequency domain, 

sharp edges of the window or grid cause large amounts of distortion at 

frequencies higher than 4ir/width of the survey area (Spector, 1968). 

This study minimizes these edge effects by applying a cosine-squared win­ 

dow to strips 10 points wide which comprise the subgrid's boundaries.

The computer algorithm to do the discrete Fourier transform is from 

Rob Clayton at Stanford University (personal communication). It is a 

two-dimensional fast Fourier transform and requires equally spaced data 

on a square grid with 2" x 2" points on a side. Subgrids of size 

512 x 512 (146 km x 146~km), 256 x 256 (73 km x 73 km), and 128 x 128 

(36 km x 36 km) were transformed for study.

Each subgrid was then rotated to the pole by multiplying transformed 

data by the appropriate factors. Magnetization directions for geo­ 

magnetic field and magnetic bodies of 65° inclination and 18.87° de- . 

clination were rotated to the vertical with a resulting 90° inclination 

and 0° declination.- The program used is documented in Boler (1978).

For the purpose of magnetic source-bottom depth determinations in 

the present study area, the radial average of the natural logarithm of 

the energy spectrum of 217 subgrids was computed. An example of such a 

spectral plot is shown in Figure 3. A radial average is computed by 

averaging the squared amplitude or energy of each element (m,n) of 

the complex two-dimensional frequency domain array generated by the Fourier 

transformation. Each point on the spectral plot represents the average 

of all elements within a ring Af (Ar/2ir) wide. Discrete sampling allows

only multiple values of Af (mAf or nAf where m, n = 0,1,2,....). This

that ' 2 2 1/2 
means, for examplet the 8 elements with 0.5<(m +n ) 5 1.5 are averaged
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f max = 0.024 ±0.003

-3.24± 0.14km

CVJ
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.Average terrain clearance 1.20 km 
Minimum terrain clearance 0,33km

Area of NC3 subgrid

-1.06 ± 0.03km
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f (cycles/km)

I______I

1.6 2.0

Figure 3. Radially averaged spectrum of the northeastern 
corner (NC3 subgrid, 256 x 256 points) of the 
northern California aeromagnetic data.
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for the second point on the plot. The exception is the zero frequency 

element (m = 0, n = 0) which is the first point plotted. This element 

is not averaged with any other.

Mean depth-to-source-top or h determinations are made by fitting a 

least-squares line to the points on the spectral plots. Recall that the 

slope of this line is proportional to h. Errors in slope as indicated on 

the plot of Figure 3 represent uncertainties in a straight-line fit to 

the curve and are not a measure of the accuracy of the source depths 

themselves.

Magnetic-Source Depth Determinations from Spectral Analysis

A magnetic source body may be depth limited in two ways. First, 

the magnetic-source bottom may represent a lithologic boundary between 

magnetic and non-magnetic material. Source bodies depth-limited in this 

manner include sills intruded into sedimentary layers and volcanic flows 

overlying non-magnetic volcaniclastic material.

Second, the magnetic basement may represent the depth at which rocks 

lose their ferromagnetic properties due to high temperatures. Such a 

dep-th is referred to as the Curie-point isotherm depth. A steep vertical 

temperature gradient is implied in areas which exhibit geothermal surface 

manifestations such as recent volcanism, high heat flow, and hot springs, 

and the magnetic-source-bottom depth is often interpreted as the Curie- 

point isotherm depth.

Assuming the Curie-point isotherm depth interpretation to apply, 

values for vertical temperature gradients and heat flow were calculated 

for regions exhibiting similar magnetic-source depths. Because these val­ 

ues appear reasonable and because much of the study area displays recent



12

volcanism and current hydrothermal "activity, the Curie-point depth-limit­ 

ed interpretation may be valid for the region.

Two 512 x 512 (146 km x 146 km) subgrids of the 594 x 681 (169 km 

x 194 km) main grid were processed to produce spectral plots. The two 

grids overlap each other by about 2/3 their N-S extent. The south grid 

indicated the possibility of magnetic-source-bottom depths shallow enough 

to be discerned by a smaller grid size or "window". The north grid did 

not. Even so, the entire survey-area was initially subdivided into twelve 

256 x 256 (73 km x 73 km) grids, and spectral plots produced. These sub- 

grids were overlapped to increase resolution. As an example, the radially 

averaged spectral plot of grid No. 3 is shown in Figure 3. The corres­ 

ponding calculated magnetic-source depth range is shown in Figure 4.

In three cases, peaks occurred in the spectral plots of the 256 x 

256 subgrids indicating bottom source depths were being resolved. Because 

two of these peaks were "noisy", the grids were shifted by varying amounts 

in an attempt to sharpen the peaks. An additional subgrid was centered 

over the Medicine Lake Highlands, an area of current interest. There­ 

fore a sum total of seventeen 256 x 256 spectral plots were produced.

The occurrence of peaks in the 256 x 256 spectral plots suggest 

shallower depths might be observed using a smaller subgrid 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 "mov­ 

ing window" technique. Distances between centers of adjacent windows 

vary. For the most part, a minimum separation between centers of 32 

grid-space units, or 1/4 the dimension of the window, was used. Al­ 

though a smaller separation was used at locations where clarification was 

sought.



fm
o
x 
' 

0
-0

2
1

I 
I 

I 
I 

I 
I 

I

6 
8 

10
 

12
 

14
 

M
E

A
N

 
D

E
P

T
H

 
TO

 S
O

U
R

C
E

 
B

O
T

T
O

M
 (

km
 
B

F
L
)

Fi
gu
re
 
4.
 

Es
ti

ma
te

d 
li

mi
ts

 
of
 
Cu

ri
e-

po
in

t 
an
d/
or
 
ma
gn
et
ic
-s
ou
rc
e 

de
pt

hs
 
fo
r 

NC
3 

su
bg
ri
d 

in
 

th
e 

ex
tr

em
e 

no
rt

he
as

t 
co
rn
er
 
of
 
no
rt
he
rn
 
Ca
li
fo
rn
ia
 
su
rv
ey
 
ar

ea
. 

(B
FL

 
- 
b
e
l
o
w
 
fl
ig
ht
 
le
ve
l)



14

A total of 198 128 x 128 spectral plots were produced for analysis. 

As a result of the "moving window" technique, several regions of shallow 

magnetic-source basements which might be interpreted as shallow Curie-point 

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 area starting from Secret Spring Mountain on the Oregon - Cali­ 

fornia border and extending across Lava Beds National Monument was out­ 

lined with thirty 128 x 128 subgrids. Ten of these thirty spectral 

plots resolved a magnetic-source bottom and exhibited spectral peaks 

between .033 and ,053 cycles/km. In calculating the Curie-point iso­ 

therm depth, the depth ,to the top of the deepest discernable source, h, 

is required. For those spectral plots exhibiting peaks, the determined 

source-depth values varied over a wide range. The mean source depth of 

the ten spectral plots was 2.7 ± .6 km BFL (Below Flight Level).

The Mount Shasta area was outlined with twenty-fsix 128 x 128 sub- 

grids. Eight of these twenty-six spectral plots resplved a magnetic   

source bottom and exhibited spectral peaks between .033 and .053 cycles/km, 

In calculating the Curie-point-depth, the depth to the top of the deepest, 

discernable source, h is required. Six of the eight spectral plots ex­ 

hibiting spectral peaks indicated no discernable source depths deeper than 

1.9 ± .1 km BFL. The remaining two of the eight spectral plots contain­ 

ing peaks and representing subgrids centered along the eastern boundary 

of the Mount Shasta area indicated source depths of 2.27 and 2.39 km BFL.

Eight 128 x 128 subgrids were used to outline the region south of 

Mount Eddy in the Eddys Mountain Range. Two of these eight spectral
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plots resolved a magnetic-source bottom and exhibited peaks between 

.034 and .048 cycles/km. In calculating the Curie-point-depth, the 

depth to the top of the deepest discernable source, h, is required. The 

two spectral plots exhibiting peaks indicated source^depths of 2.40 and 

2.52 km BFL.

The Big Valley Mountains area was outlined with thirty-nine 

128 x 128 subgrids. Seventeen of these thirty-nine spectral plots 

resolved a magnetic-source bottom and exhibited spectral peaks between 

.035 and .055 cycles/km. In calculating the Curie-point-depth, the depth 

to the top of the deepest discernable source, h, is required. Source 

depths determined for these seventeen spectral plots varied somewhat 

and gave an average value of 2.3 i .3 km BFL.

Thirty-four 128 x 128 subgrids were used to outline the region 

north/north east of the Lassen Peak area. Fifteen of these thirty-four 

spectral plots resolved a magnetic-source bottom and exhibited peaks be­ 

tween .033 and .055 cycles/km. In calculating the Curie-point--depth, the 

depth to the top of the deepest discernable source, h, is required. For 

those spectral plots exhibiting peaks, the determined source-depth values 

varied somewhat. Fourteen of the fifteen spectral plots exhibiting peaks 

indicated a mean source depth of 1.9 ± .2 km BFL. The remaining plot 

containing a peak and representing a subgrid centered at the extreme 

northeast corner of the Lassen Peak area indicated a source depth of 

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
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128 x 128 subgrid can adequately resolve, or about 9 km BFL.

Table 1 summarizes the magnetic-source-bottom depths estimated from 

the frequencies associated with the spectral peaks. Minimum depth-to- 

bottom estimates given in the table were calculated using the 5-km 

minimum magnetic-source thickness discussed earlier. Maximum depth-to- 

bottom estimates given in the table result in part from using the depth- 

to-source-top estimates derived from spectral plots containing peaks. 

Those grids included in the summary are the two 512 x 512 subgrids, the 

seventeen 256 x 256 subgrids, and the 128 x 128 subgrids mentioned above.

The table also includes geothermal gradients and average heat-flow 

values where it is assumed that the magnetic-source-bottom depth is 

equivalent to the depth to the Curie-point isotherm. Two possible Curie- 

point temperatures of 3DO°C and 580°C were assumed to calculate the geo­ 

thermal gradients. Average heat-flow values were calculated assuming 

a conductivity value of 1.7 Wm °C for the basement rock in the survey 

area.

There are few heat-flow measurements reported for this study area. 

However in the Klamath Falls geothermal area, which borders this survey

area to the north, an average of thirty-three heat flow determinations

2 2 
yielded the value 116 mW/m , with a range of 13 to 716 mW/m . A value

2 
of 12 mW/m was found on the California-Oregon border at the northwest

corner of Lower Klamath Lake. This suggests that hydrologic effects 

may control the heat-flow pattern at the north boundary of the survey 

area as it seems to near Klamath Falls by causing an extreme range of

reported heat-flow values. Southeast of Lassen Peak at a point just

2 
outside of the survey area, a value of 80 mW/m was determined.

-1 -1 
Stacey (1977) gives a thermal conductivity of 2.5 Wm °C for

igneous rocks, but in situ measurements for rocks characteristic of the
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High Cascade Range in Oregon by Blackwell et al.(1978) suggest lower values 

Heat-flow values listed in Table 1 are based on an average value of 1.7 

Wm °C determined by Blackwell et_ al. (1978) for rocks from the western High 

Cascade Range. Using this single value seemed reasonable as the survey 

area is, for the most part, composed of the Cascade Range and associated 

Modoc Plateau. The value is also consistent with that used for the Cas­ 

cade Range in a similar study concentrated in south-central Oregon 

(R. Couch and M. Gemperle, 1981, unpublished data).

A standard assumption in Curie-point depth analysis (Bhattacharyya 

and Leu, 1975; Shuey ^t_£l., 1977) is to use the Curie-point temperature 

of magnetite (Fe«0,), ^or 580°C. However, because titanomagnetite can 

lose its magnetization through low~temperature oxidation, a Curie-point 

temperature as low as 300° C is possible in the Earth's crust (Haggerty, 

1978). The lack of heat-flow measurements in the survey area does not 

permit a choice of Curie-point temperature to be made.

Curie-point Depths .

Figure 5 shows the magnetic-source depths, summarized in Table 1, 

superimposed on the topography. Figure 5 also shows calculated heat-flow 

values. These values are based on the magnetic-source-bottom depths ., and on 

the assumption that these depths represent the depth of the Curie-point 

isotherm, -that the Curie-point temperature is 580°C and that the conductivity is 

1.7 Wm °C . Survey markers locate the centers of 146 km x 146 km 

(512 x 512), 73 km x 73 km (256 x 256), and 36 km x 36 km (128 x 128) 

subgrids used in the analysis of anomalies in the study area. Thermal 

springs and wells with surface temperatures of 5 50°C or > 50°C, taken 

from a Geothermal Resources of California map (California Division of 

Mines and Geology, 1.980), are indicated by triangles.
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Figure 5, Estimated depth to the Curie-point isotherm and/or the depth 
to the bottom of the magnetic-source anomaly.

(Topographic-base from 'U.S. Geological Survey maps NK 10-8, 
NK 10-9, NK 10-11, and NK 10-12.)
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Analysis of several 36 km x 36 km sub-areas within the Secret Spring 

Mountain and National Lava Beds Monument area, the Mount Shasta area, the 

Eddys Mountains area, the Big Valley Mountains area, and northern part of 

the Lassen Peak area indicated extremely shallow magnetic^source and pre­ 

sumably Curie-point-isotherm depths.

The Secret Spring Mountain and National Lava Beds monument area is 

bounded on the north by the Mahogany Mountain Chain and the northern ex­ 

tent of the surficial lava beds, on the south by the Medicine Lake High­ 

lands, and on the west by Shovel Creek. The elevated 'Curie-point' 

depth beneath this area, 4-7 km BSL (Below Sea Level), is the extension 

of an area of elevated Curie-point depths first mapped beneath the High 

Cascade Range north of this study area by McLain (1981). McLain (1981) 

gave 4-6 km BSL as the Curie-point-isotherm depth for this zone. The 

recent lava flows (Holocene) and reported thermal springs and wells 

located in the area also suggest elevated temperatures in the upper crust 

of the region.

A region of elevated 'Curie-point' depths (4-7 km BSL) lies be­ 

neath 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. Since Mount Shasta rises above the 9000-foot data ac­ 

quisition level, the reference level required for magnetic sources-depth 

determinations, the inner border of the ring is dashed in Figure 5 to 

indicate the zone could be enlarged. Thermal waters located at the 

summit of Mount Shasta supports this likelihood.

The elevated magnetic source depths (4-5 km BSL) beneath the area 

of the Eddys Mountain Range is bounded on the east by Mount Bradley, 

on the south by Castle Creek, and on the north by Mount Eddy. This 

area lies along the easternmost flank of the Klamath Mountains which



24

are composed of metamorphosed rocks, of Mesozoic and Paleozoic age. It 

has been suggested (Couch and Gemperle, 1982 ) that magnetization in 

these rocks is induced, which, in turn, suggests that "the magnetic source 

bottom resolved beneath the Eddys Mountains represents a lithologic 

boundary rather than the Curie-point isotherm depth.

The Big Valley Mountains area is bounded on the south by Bald 

Mountain, on the west by Buck Mountain and Lake Britton, on the north 

by the Medicine Lake Highlands, and on the east by Pit River. The ele­ 

vated Curie-point depth beneath this region is 4-6 km BSL. This zone 

encompasses the Little Hot Spring Valley and a thermal spring located 

east of Fall River Mills. It lies to the east of the thermal springs 

located near Big Bend Mountain and lies to the west of the thermal -springs, 

located in Big Valley. .Since the 36 km x 36 km (128 x 128) subgrids 

centered over the latter two thermal spring locations did not show spec­ 

tral peaks, this implies the Curie-point depth is greater than 6 km BSL.

Elevated magnetic source depths (4-7 km BSL) are also mapped be­ 

neath an area immediately to the north and east of the Lassen Peak area. 

This region is bounded on the south by Prospect Pea}c, on the west by 

0Burney Mountain, and on the north by Bald Mountain.

The shallow 'Curie-point' depths underlying Secret Spring Moun­ 

tain and northern Mount Shasta areas represent a zone of elevated 

'Curie-point 1 depths beneath the northern California High Cascade 

Range and an extension of a similar zone ^beneath th_e southern Oregon 

High Cascades discussed by McLain (1981) and beneath the central Oregon High 

studied by G. G. Connard, R. Couch, and M. Gimperle (1982, unpublished data). 

The segmented nature of this zone suggests that either discrete magma chambers 

are being observed under the northern California High Cascades or undulations 

in the Curie-isotherm surface are being discerned. The latter idea may
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better explain the areas of elevated depths mapped beneath the southern 

extent of the Modoc Plateau, namely the Big Valley Mountains and north­ 

east Lassen Peak areas, which both terminate along the High Cascades.

A 73 km x 73 km (256 x 256) subgrid centered over the Medicine 

Lake Highlands indicated the resolution of a magnetic source bottom 

between 5-6 km BSL. However, 36 km x 36 km (128 x 128) subgrids cen­ 

tered over many locations in the area produced no spectral peaks. This 

suggests the magnetic-source-bottom depth beneath this area lies just 

beyond the depth range a 36 km x 36 km subgrid can resolve, namely 

6   to 9 km.

Several 73 km x 73 km subgrids did not exhibit spectral peaks, 

although they include regions of mapped shallow magnetic-sources-bottom 

depths. This may imply deeper source bodies beneath parts of the 256 x 

256 subgrids which causes the spectral peaks to shift lower than the 

fundamental frequency. For this reason deeper source bodies (and hence 

deeper Curie depths) could underlie the Black Fox Mountain area south­ 

east of Mount Shasta, the Egg Lake area northeast of the Big Valley 

Mountains, and the Blacks Mountain area southeast of Fall River Mills.

The 73 km x 73 km subgrid covering the northeast corner of the 

survey area and which stops at the California-Oregon border gives a 

source depth of 6-12 km. This value seems to agree with values of 6-13 

km and 6-16 km reported by McLain (1981) for areas north of the border 

in Oregon.

Spectral analysis of magnetic anomalies along the west edge of the 

survey area which includes the "Western Cascade Mountains, and parts of 

the Klamath Mountains and Great Valley , indicates magnetic-source depths

and hence Curie-point depths greater than 11 km BSL. Such a deep Curie-
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point depth for the western Cascades appears consistent with low heat- 

flow values measured by Blackwell .e£ jil. (1978). For the Klamath Moun­ 

tains, such a depth is indicative of old, highly metamorphosed rocks 

capable of only induced magnetization. Since the Great Valley is com­

posed of a thick layer of sediments possibly overlying the southern

extent of the Klamaths, a depth greater than 11 km BSL is reasonable 

for this area as well. It should also be noted that in this survey, 

the Curie-point isotherm depth indicated beneath the Klamath and "Western 

Cascade Mountains in northern California is the same as that reported 

beneath the extension of these ranges into southern Oregon (McLain, 1981) 

Although the Lassen Peak area comprising the southeast portion of

the survey area contains much evidence for geothermal activity, i.e.
and 

Quaternary volcanoes, numerous thermal springs,^hydrogen-sulfide (H^S)

fumes, Curie-point isotherm depths were not resolved, i.e.» no spectral 

peaks occurred in the analysis of 73 km x 73 km and 36 km x 36 km sub- 

grids located in the region. A reason why the subgrids nearest Lassen 

Peak might fail to see a shallower magnetic source bottom where one may 

existy is that the Height of Lassen Peak prevented^data collection at 

9000 feet. This/ in turn; may not have allowed a proper sampling of the 

frequencies necessary to produce a spectral peak. What was indicated 

from the 73 km x 73 km subgrids is a Curie-point depth greater than 

9 km BSL, which is somewhat less than the depth (greater than 11 km BSL) 

indicated for the Great Valley region to the east.

Discussion

The calculated depths to the Curie-point isotherm in the Cascade 

Range in central Oregon (G. ,'G. Connard, R. Couch, and M. Gfcnperle, 1982, 

unpublished data), in southern Oregon (McLain, 1981; R. Couch and 

M. Gfinperle, 1981, unpublished data), and in northern Cali-
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fornia (this report) and in the adjacent Basin and Range Province, when 

mapped, show two remarkable patterns: 1) The areas of minimum depth 

to .the Curie-point do not necessarily coincide with the major centers 

of eruptive volcanism and 2) the areas of shallow Curie-point depths 

in the Basin and Range Province east of the- Cascades and south of the 

Brothers Fault Zone show an elongation or banding that is oriented 

approximately east-west.

A thermal model of the Cascade Range based on the observed heat 

flow (e.g., Blackwell et al., 1978)» ;, on the depth and temperatures of 

the Curie-point isotherm reported here, and on conductive heat 'flow, would 

imply melt or partial melt at depths of less than one half the thick­ 

ness of the Earths crust as indicated by gravity (Dehlinger and others, 

1968; Thiruvathukal and others, 1970) and seismic-refraction measure­ 

ments (Hill and others, 1981).

Studies of congressional-and shear-wave travel-times (Dehlinger 

and others, 1965) and seismic-refraction measurements (Hill and others, 

1981) indicate not only that crustal and mantle phases (P*, S*, P , 

£'Sn) pass beneath and along the Cascades but that a Moho is detectable 

beneath the Cascades.

These seemingly conflicting indications of the constitution of the 

crust and upper mantle beneath the Cascade Range suggest a thermal model 

^hat allows high temperatures at a shallow depth without raising the 

temperature of the lower crust and uppermost mantle above the melting 

temperature. We propose that the high upper crustal temperatures and 

thermal gradients are a consequence of the mass-transport of heat as
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magma from the upper mantle to the"upper crust along relatively small 

conduits. As the magma reaches the upper crust, structures, tectonically 

and/or petrologically derived, guide and constrain the surfaceward 

movement of the fluid. The magma is intruded along a band (i.e. .the 

Cascade Range) as sills, dikes, plugs, and irregular bodies and extruded 

to form the more familiar surface features of the Cascade Range. The 

surface heat flow is then an integration of two factors: 1) the manifes­ 

tations of intrusions and their thermal halos that are and have been 

highly variable in time and space and, 2) the flow and circulation of 

meteoric water to depths of 4 to 5 km. This model suggests that the 

surface manifestations of high temperatures at depth (e.g. volcanoes, 

hot springs) iv . are not necessarily over the shallow hot rocks as in­ 

dicated by the Curie-point isotherm depths but may be ,.. significant 

distances from them. That is, in the upper gr.ust, there may be as 

much lateral flow as vertical flow in the upward migration of magma

as well as geothermal fluids.

The east-west elongation of the zones of shallow Curie-point

isotherms in the Basin and Range Province ,is i enigmatic. Speculative 

investigations might relate them to the same causal process as the 

eastward migration with time of the rhyolite intrusions described by 

MacLeod and others (1976) or the east-west patterns of the Cenozoic 

igneous rocks in Nevada and Utah described by Stewart and others 

(1977).
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