
I &LO\<tf). ,/cy)iu2.J<^ 

PtR£Pi S t a t e o f O r e g o n 
Departmentof Geology 
and Minera l Industries 
1069 State O f f i ce Bldg. 
Portland Oregon 97201 

T h e ORE B I N 
Volume 3 6 , N o . 6 
June 1974 

TELLURIC CURRENT EXPLORATION FOR GEOTHERMAL ANOMALIES 
IN OREGON 

Gunnar Bodvarsson, Richard W . Couch, Wi l l i am T. MacFar lane, 
Rex W . Tank, and Robert M . Vv'hitsett 

School of Oceanography, Oregon State Universi ty, Corval l is 

This study was supported in port by the U . 5 . Bureau of Mines grant 
N o . SOI22129 to the Oregon Department of Geology and Mineral 
Industries. Because of its t imely interest, the ar t ic le is being 
published in The ORE BIN rather than in a more technical journal -
in order to make the information immediately avai lable to those 
involved in geothermal exploration in Oregon and elsewhere. 

I n t r o d u c t i o n 

A reconnaissance te l lur ic current* exploration program for geothermal 
anomalies in southern and eastern Oregon v/as in i t iated in 1971 by the G e o ­
physics Group at Oregon State Universi ty. During 1971 and 1972, observa­
t ional data were obtained from a total of 19 f ie ld stations. The program 
concentrated on the Klamath Falls area, where 1 0 stations were occupied, 
and on a prof i le including a total of 9 stations extending from Siletz at the 
Pacific Coast to the area around Vale in the extreme eastern part of the 
state.. The locations of the stations are shown in Figures 5 and 6 . The p r i n ­
c ipal purpose of this program was to test instrumentation, f ie ld procedure-, 
data processing methods, and the general app l icab i l i ty oF the te l lur ic current 
method in reconnaissance exploration for geothermai resources. The result.5 
obtained are to be appl ied to improve a l l aspects of our methodology and to 
prepare for a more substantial effort in this f i e l d . 

The f ie ld procedure appl ied on the present program deviates from the 
standard te l lur ic method in that the te l lur ic data obtained at the f ie ld sta­
tions are compared w i th the magnetic f ie ld recorded at a f ixed base stat ion. 
Our method is therefore a variant of the standard magneto-tel lur ic method-. 

NaturaI.electr Ic currents that flo-\v bn or near the earth's surface in large 
sheets. Methods have been developed for using these currents to make 
resistivity surveys. 
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but since we ore mainly interested in large-scale lateral variations of the 
earth's conduct iv i ty , we have preferred to refer to the method as a te l lur ic 
rather than magneto-tel lur ic method. 

R a t i o n a l e f o r t h e T e l l u r i c C u r r e n t M e t h o d 

f \ 

Regional reconnaissance exploration for geothermal resources is con ­
cerned wi th the in i t ia l detection and recognit ion of geothermal anomalies 
of economic interest. An elementary investigation (Bodvarsson, 1966) of 
resource energetics shows that the heat capacity of rock is such that in terms 
of e lectr ical energy i t is realistic to expect that very roughly about 1 kwhr 
con be generated per cubic meter bf resource volume. "Fhis estimate is based 
on the assumption of the conditions in knbwn f lu id-phase, high-temperature 
geothermal systems where base temperatures of the order of 250°C are 
encountered and by using a recovery factor of 10 percent. Hence, the 
generation of 250 Mw at base-load condit ion for 50 years would require a 
resource volume of not less than 100 cubic kilometers. This volume cou ld , 
for example, have the shape of a disk wi th a diameter of 8 km and thickness 
of 2 km. Invariably such a reservoir would be surrounded by a thermal halo 
of considerable extent and the total associated thermal anomaly could extend 
over areas of several hundred square kilometers and downward into the deeper 
crust. The exploration targets are , therefore, quite extensive features. . 

Most of the important known geothermal resources ore leaky in the 
sense that they generate thermal surface manifestations such as hot springs 
and conspicuous thermal rock a l te ra t ion . The high temperature character 
can be recognized on the basis of the physical and chemical characteristics 
of the surface display. In general , the |eaky resources are easily recognized, 
and there is l i t t le need for sophisticated reconnaissance type exploration work . 

There is, however, considerable evidence that geothermal systems of 
great economic potent ial may be total ly concealed and display no surface 
leakage at a l l (Bodvarsson, 1961, 1970). In fac t , geothermal fluids have a 
tendency to chemical ly seal outlets and thereby contribute to the erod i f i co-
t ion of surface manifestations (Bodvarsson, 1961). Resources of this type can 
be detected only w i th the help of more elaborate techniques, such as thermal 
and electr ical exploration methods. 

The thermal methods involve regional temperature probing or heat- f low 
mapping w i th the he|p of temperature data from very shallow boreholes. 
Large geothermal resources w i th in dr i l lab le depths are invariably associated 
wi th conspicuous surface heat- f low anomalies and con therefore be recog­
nized in regional heat- f low mops of suff ic ient ly detai led nature. 

The appl icat ion, of the electr ical methods is based on the fact that the 
formations w i th in geothermal systems hove a low electr ica l resistivity 
(Bodvarsson, 1970), Values in the range of 1 to lOQm hove been observed 
w i th in many high-temperature geothermal reservoirs. This is the consequence 
of high temperatures and high mineral content of reservoir interst i t ial waters. 
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The resistivity contrast between the hot formations and the surrounding coun­
try rock quite often involves factors ranging from 10 to 100. Most major geo­
thermal systems are associated wi th large-scale e lectr ical resistivity anomalies, 
and this is especially true wi th the f lu id phase systems. Electr ical methods 

{ are therefore important tools in geothermal exploration work . 
; Electr ical exploration methods fa l l into two categories, those based 
f (1) on control led ar t i f i c ia l current source f ie lds, and (2) on natural current 
j f ields provided by magnetic micropulsations and other ULF natural ac t i v i t y . ' 
j The second class of methods, which includes the tel lur ic and magneto-tel lur ic 
I methods, has a considerable advantage in reconnaissance type exploration 
t work involv ing exploration targets of re la t ive ly large dimensions and depths 
• of more than 1 or 2 kilometers. The ar t i f i c ia l current sources in such c i rcum-
t 

i stances would require a considerable amount of equipment and f ie ld ef fort . 
i The advantage of the second class of methods is obtained at-the cost of less 
I resolving power and greater ombiquity in interpretat ion, but since target 
I dimensions and resistivity contrasts ore unusually large, this disadvantage is 
I not considered to be too important. 
,v For the present purpose, the natural f ie ld electr ical methods have a 
I certain economic advantage over the thermal methods. Heat- f low mapping 
I is based on the measurement of the vert ical flow of heat, which usually has 
j . to be derived from temperature and heat conduct iv i ty data obtained from 
I shallow boreholes. The minimum depth of such bbreholes is 10 to 20 meters, 
j and the selection of d r i l l ing locations has to be carried out w i th considerable 
I care. The f ie ld effort required at each station to obtain one or two hours of 
j te l lur ic records is considerably smaller. Moreover, since the tel lur ic cur-
I rents are hor izonta l , each tel lur ic station can sample a larger formation v o l -
I ume than the corresponding heat- f low stat ion. In a given area it should 
I therefore be possible to obtain useful reconnaissance type data v/ith the help 
•- of fewer te l lur ic f ie ld stations than thermal stations. It is clear that care-
i fu l ly measured heat- f low data con be more accurate and have a greater 
i resolution than te l lur ic data, but in reconnaissance type, geotherma I explor-• 
; at ion work the economic advantage of the te l lur ic method appears to ou t -
I weight this disadvantage. These are the main reasons for selecting the t e l -
I luric method for our work in Oregon. 
| . In this study i t was considered of advantage to install a f ixed magnetic 
I base stat ion, rather than to rely on a te l lur ic e lectr ical f ie ld base stat ion. 
1 The magnetic data al low us to obtain absolute conduct iv i ty values. The 
I magnetic base station was installed at Corval l is , Oregon, some 280 km north 
; of the Klamath Falls area. Investigations of micropulsotion ac t iv i ty in south-
I ern Cal i fornia (Benioff, 1960) have indicated that the micropulsotion f ie ld 
J at moderate latitudes does not vary appreciably over such distances. On the 
I other hand, the f ie ld stations at Vale in eastern Oregon are located almost 
i ' 500 km from the base stat ion, and the general magnetic coherency cannot be 
'i expected to be as good, although indiv idual magnetic events w i th a good 
1 coherency appear to exist. 
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It is important to raise the question as to the overal l qual i ty of the 
exploratory information which con be expected from a te l lur ic current f ie ld 
program of the type described above. Unfortunately, the information c o n ­
tent o f the observational f ie ld data depends to a considerable extent on the 
local conditions at the individual f ie ld stations. Moreover, the theory of 
te l lur ic currents in e lect r ica l ly non-homogeneous geological structures is a 
matter of great complexity and npt much work of pract ical relevance has 
been devoted to the.subject. We therefore l imi t ourselves to the fol lowing 
quite superficial remarks. 

For the present purpose, the earth can be assumed to be a semi- inf in i te 
perfect reflector of the magnetic f ie ld generated by the osci l lat ing ionospheric 
currents. The penetration of the induced te l lur ic currents, is l imited by the 
skin effect which Is measured by the skin depth, that is, the depth ot which 
the current amplitude has been attenuated to 1/e = 0.37 of its surface value 
(Keller and Frischknecht, 1966, p. 213). Releyant values of the skin depth 
for hofriogeneous isotropic half-spaces at various resistivities and at periods 
from 10 to 50 seconds are given in Figure 1 . 

Approximately 2/3 of the te l lur ic current flows in the horizontal region 
above the skin depth. Hence, this depth gives a fair ly good measure of the 
thickness of the formations sampled by the tel lur ic currents and the associated 
e lect r ica l f i e l d . Assuming perfect source current conditions and a homoge­
neous hal f -space, the above described tel lur ic method w i l l give the true 
resistivity of the half-space regardless of the frequency. In a layered 

100 
80 

60 

40 

hi 
Q 

Z 
:£ 
in 

2 0 

10 

8 

6 

f:î  
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Figure 1 . Data on the skin depth in a homogeneous half-space, 
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hal f -space, the method gives a certain weighted average of the vert ical 
resist ivity distr ibution in the region where the bulk of the te l lur ic current 
f lows. Obviously, the averaging is biased toward the shallower sections. 

The tel lur ic current pattern is distorted by lateral inhomogeneities and 
anisotropicit ies which commonly occur in the f i e l d . The conditions in the 
local region between and around the f ie ld electrodes are of primary impor­
tance, part icular ly where the electrodes have been placed w i th in a local 
low resistivity anomaly. The e lectr ica l f ie ld readings are then abnormally 
low and the station yields an apparent resistivity value which can be grossly 
in error. Substantial apparent anisotropies may also be introduced by purely 
local condit ions. C lear ly , d i f f icu l t ies of this kind ore common to a l l e lec­
t r ica l methods using conductive contacts. The pr incipal precautions against 
serious errors of this type are (1) to select the f ie ld stations w i th care to 
avoid local zones of low resistivity and onisotropic i ty, and (2) to scrutinize 
a l l conspicuously low and anisotropic apparent resistivity values by repeated 
measurements at several stations in the local .orea. "fhis is of particular 
importance for the present project since the low resistivity anomalies ore 
the primary exploration targets. 

Direct ional and density inhomogeneities.in the overhead ionospheric 
currents ore further sources of errors. Usual ly, the interpretation of tel lur ic 
and magneto-tel lur ic data is based on the assumptipn of uniform and u n i ­
direct ional source currents. Deviations from this ideal ized model lower the 
qua l i ty of the observational material and are perhaps the main cause of the 
often excessive scattering of observational magneto-tel lur ic resistivity data. 
As indicated above, this matter is of part icular concern wi th regard to the 
present project since such d i f f icu l t ies are l ike ly to be enhanced by the d is­
tance between the magnetic base statibn and the electr ical f ie ld stations. 
To minimize this ef fect , i t is important to obtain f ie ld records for suff ic ient ly 
long periods of time and to edit the data by reject ing sections wi th low 
magnet ic- te l lur ic , coherency. 

p. 

I n s t r u m e n t a t i o n a n d F i e l d P r o c e d u r e 

The instrumentation used on the present project consists of two separate 
ports, (1) the magnetic base station at Corval l is , and (2) the portable t e l ­
luric f ie ld equipment. Block diagrams of the two systems ore shown in F i g ­
ures 2 <3rid 3 . The magnetic data aquisit ion system was provided by the 
Boeing Company, Seatt le, Washington, A description of the magnetic sen­
sors has been given by M c N i c o l and Johnson (1964). 

In br ief , the magnetic sensors consist of three mumetal-cored induc­
t ion coils each w i th 4 .8 x 10~* turns of w i r e . The diameter of the cores is 
1 i nch . "Fhe three coils were buried in the ground at the World Wide Stand­
ard Seismic Network Station at Corval l is , where the associated electronic 
equipment was housed, and were placed along three local orthogonal axes, . 
geographic north, east and ve r t i ca l . The station crystal c lock provided an 

97 



.-i.li 

m 

-n 
V 

Vertical 

',% 

zn 

- . -•) 

i7i 

:--1 

I 

South 

'^1 Orthogonal 3 component magnetic sensors 

output V = A" 
d_4B 

dt 

\\\\B East 

Calibrator 

signal gen. 

auto every 

12 hr. plus 

manual 

Medistor 
amplifier 

Boeing 

Filter 

' ' 

1 " T. 1. Strip 

vjiarc Ke coraer 

WWV cal 
time marks 

(WWSSS timer) 

a* 

m 

Output: Voltage versu.-i t ime proportional to magnitude of micropulsations 

7i 
. V 'Z Figure 2. Magnetic data-acquisi t ion system. 

98 

>Kl 



nz/rrr -^ 

North sensor 

0.5-1 km 

1 
177777 

Common Sensor 

Medistor 
amplifier 
(low pass 
filter) . 

MFE single 
channel 
recorder 

n/iv 
East Sensor 

D.C. Blocking 
Capacitor 

(high pass filter) 

Medistor 
amplifier 
(low pass 
filter) 

MFE single 
channel 

recorder 

Surveyed sensor positions 

WWV 
Receiver 

I 
I 

Electronic 
clock 

Output: Voltage versus time, each absolutely 
calibrated usually expressed mv/km 
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absolute time reference. The ampli f ied magnetic signals were recorded bn ' 
Texas Instrument strip chart recorders. The magnetic system was cal ibrated 
by using on ar t i f i c ia l osci l lat ing magnetic f i e l d . 

The tel lur ic sensors, which consisted of three lead metal probes 
inserted into the ground at the individual f ie ld stations, formed an orthogonal 
L-shoped array where one arm pointed north and the other east. The length 
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of the arms ranged from 200 to 500 meters, depending on local condit ions. 
Each probe consisted of a piece of metal l ic lead plate 5 mm th ick , 600 mm 
w i d e , and 1,000 mm long, rol led up into a tube 200 mm in diameter, and 
buried in the ground. Local D . C . fields were blocked out w i th a non-polar 
20-micro farad capacitor. The output signals were ampl i f ied and recorded 
on a four- t rack str ip-chart recorder. Each f ie ld station was occupied for a 
time suff icient to provide 1 to 2 hours of te l lur ic f ie ld data. 

O b s e r v a t i o n a l D a t a 

A comparison of the indiv idual tel lur ic f ie ld records w i th simultaneous 
orthogonal magnetic base station records shows that the coherency generally 
varies considerably over the record length. In most pairs of simultaneous 
records, there were, however, indiv idual wave packets or events in the .10-
tp 50-second period band which showed a good coherency and which could 
be considered l ike ly to furnish representative values of the electromagnetic 
impedance ra t io . It was, therefore, decided to base the data processing on 
such wove packets only and to apply the simple indiv idual event method of 
Berdichevsky and Brunelli (1959) to obtain the impedance ratios at the var­
ious frequencies. The method has also been described by Kel ler and Frisch­
knecht. (1966, p. 246). .. . . 

Usually,: between 5 and 10 events could be processed for each pair of 
orthogonal f ie ld components. The impedance ratios obtained were then 
appl ied to derive on apparent resistivity wi th the help of the v/e l l -known 
basic equation for magneto-tel lur ic investigations (see Keller and Frischknecht, 
1966, p. 217), 

P^ = ( M O V 2 ^ (E/B)2 (1) 

where pQ is the apparent resist iv i ty, T is the per iod, MO= 4??- x 10 is the 
permeabil i ty of free space, E the amplitude of the horizontal e lect r ica l 
f i e l d , and B the amplitude of the orthogonal horizontal magnetic f i e l d , both 
amplitudes measured at the ground surface, a l l in MKSA uni ts . 

Many geological formations exhibi t a substantial anisotropy, that i s , 
the apparent resistivity depends ort the direct ion in which the fields are 

i measured. In the fo l l ow ing , we therefore use the subscripts n and e for 
( 'j north-south and east-west, respect ively, and refer to e^^ as the apparent 
f'^] resist ivity value based on Ef^Bg and to e^g as the value based on E^/B^. 

An i l lustrat ion of the results is obtained by plot t ing the apparent 
,j resistivit ies derived from the indiv idual component pairs against the event 

periods. Typical plots of this kind ore given in Figure 4 , which shows the 
processed apparent resistivity data from the Corvall is base station (12) and 
from South Klamath Hi l l s (6) in the Klamath Falls reg ion. 
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As indicated by the examples in Figure 4 , the apparent resistivity data 
exhibi t a considerable irregular scatter ing, which in most cases covers a 
re lat ive range from 1 to 3; that is, the highest values are about three times 
as large as the lowest. At most stations, the maximums are observed in the 
20 - to 30-second period bond. 

STATION ( 6 ) - SOUTH KLAMATH HILLS 
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Figure 4 . Apparent resistivities versus period for stations (6) and 
(12). Full circles represent .Can/ ^^^ north-south resist ivi t ies, 
and the open circles e^Q, the east-west resist ivi t ies. 

Scattering of this kind is frequently encountered in magneto-te l lur ic 
work , and along the lines discussed above, we ppint out that the fo l lowing 
causes may contribute to this situation: (I) Non-uniform source current 
f ields; (11) enhanced non-coherency due to the distances between the mag­
netic base station and the indiv idual f ie ld stations; (HI) numerical errors 
introduced by the indiv idual event analysis method; and (IV) instrumental 
errors. Obviously, a l l errors in the observed impedance ratios ore enhanced 
by the squaring of the impedance rat io in equations (1) . 

A t this juncture, i t appears that the non-uniformit ies under (I) are a 
substantial cause of the scatter ing. Since the results obtained at the Cor­
va l l is base station exhib i t a. similar character as the other f ie ld stations, . 
the distance factor mentioned under (II) does not appear to be a primary 
cause. We hove st i l l to evaluate the inf luence of the data-processingmethod 
listed under ( I I I ) . The maximums observed in the 20 - to 30~second band may 
par t ia l ly be instrumental. 
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D a t a E v a l u a t i o n a n d D i s c u s s i o n 

< A preliminary review of the data given in Table 1 and shown in F i g -
-; ures 5 and 6 can be summarized as fo l lows. We w i l l focus our attention on 
( the averaged apparent resistivity data in column (3) of Table 1 . 
j (1) Data from a total of 19 f ie ld stations are ava i lab le . The average 
] values given in column (3) of Table 1 vary from a low of 1 5 to a high of 360, 
^ that is, by a factor of 24. The var iab i l i ty is one order of magnitude greater 

than the scattering of the data at the individual.stat ions. 
' (2) Six of the ten data obtained in the Klamath Falls area are we l l 
I below 100 Qm. Wi th one except ion, these ore the lowest values observed 

on our project . This is of primary interest since Klamath Falls is an area of 
I known geothermal ac t iv i ty (Peterson and Mc ln ty re , 1970). Stations (6) and 

(7) whieh y ie ld values of 60 and 40 Qm, respect ively, are close to geother­
mal surface manifestatlPns. Moreover,, stations (1), (3) , and (9) to the nor th-

j west and north y ie ld low values, part icularly station (1). Since the Klamath 
Falls area is the only area wi th known geothermal display investigated by us, 

] we conclude that our results exhibi t .on encouraging correlat ion wi th geo-
, thermal ac t i v i t y . Nevertheless, we have to emphasize that other non-thermal 

factors may also be invo lved, and in this respect we point out that there is 
( an abrupt decrease in the observed resistivity from station (5) to station (6). 
] Since the distance between these two stations is only 7 km, we surmise that 
' local geological factors are of some importance. 
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j . • ' . 

, In view of the character of the observational material and since we 
* are mainly interested in a fa i r ly large-scale average resist ivity at each 

^ stat ion, there is at this time not much incentive to attempt a more elaborate | 
interpretation of the present data. In our present analysis, we therefore rely 

^ on the simple procedure of taking averages over the apparent resistivity 
values observed in the 10- to 50-second period band for each direct ion at 

1 the individual stations. This procedure yields two values, ? Q ^ and e^^, for 
\ each stat ion. The first is the averaged apparent resistivity in the north-south 

d i rec t ion , and the second is the value for the east-west d i rec t ion . These 
data are listed in columns (1) and (2) in Table 1. Moreover, the table also 
lists in column (3) the averages for the two direct ions. Since the penetration 
of te l lur ic currents depends on the skin depth, the trend of the apparent resis­
t iv i t ies wi th increasing periods gives a certain indicat ion about the downward 
trend of the resist iv i ty. This information is given in the last column of Table 
1 . The averaged resistivity from column (3) in Table 1 is plotted on the maps 
in Figures 5 and 6 . 
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Table 1 . Average apparent resistivities for the 10- to 50-second period band 

_ — — — - (1) . • (2) . . m~- T y 
North-south East-west Average ( l ) a n d Downward 

Station Nome resist ivi t ies, Gan resist iv i t ies, ê ĝ (2) (rounded off) trend 

Klamath Falls area 
(1) Lake of the Woods 10 0m , 20Qm . 15 fim D 
(2) Miess Lake 2 1 0 ' . 260 240 I 
(3) Indian Springs Flat 100 40 70 D 
(4) Lake Mi l ler 40 420 230 U 
(5) Tulane 280 330 310 1 
(6) S. Klamath Hi l ls 50 70 60 • D 
(7) Noble 40 30 . 40 D 
(8) Nuss Lake 30 ' 240 . 1 4 0 D 
(9) Swan Lake . 10 1 3 0 - 7 0 D 

(10) Scranz 30 120 80 U 

West-East profi le 
(11) Siletz 110 100 110 1 
(12) Corvall is 130 130 130 U 
(13) Sweet Home 120 200 . 160 I 
(14) Sisters 330 .. - 360 . 350 . . D . 
(15) Hampton ' 140 ^ 130 140 , U 
(16) Harney Basin .360 360 D 
(17) • .Vale-Negro Rock , 40 . : 10 25 . D . 

. (18) Vale-E. 'Cow Hollow 70 330 - .200. D 
(19) Va le -A lka l i Flats • 220. . 170 - . .200 U .. 

Column average . 1 2 0 170 150 

D - decreases; 1 - Increases; U - uncertain 
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Figure 5. Average apparent resistivities in the Kldrnpth Falls area 
listed in column (3) of Table 1 . 
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(3) On the other hand, the resistivity values obtained so far in Klamath 
Falls ore considerably above values observed by D .C . resistivity methods in 
known high-temperature geothermal areas (Banwell , 1970). The present data 
are, therefore, not indicat ive of typical high-temperature conditions there. 
The data are, however, too few to draw def in i te conclusions, 

(4) The very low values observed at stations (1) and (17) are of 
part icular interest although they cannot be correlated w i th any known 

il 

104 



APPARENT 

(A 
OREGON 

RESISTIVITIES 
- m l 
PROFILE 1972 

4 6 ° 

45*" 

44° 

- 43° 

42° 

Figure 6 . Average apparent resistivities on the prof i le from Siletz 
to Vale listed in column (3) of Table 1 . The figure in brackets 
is the station number. The dashed line outlines the area of 
Figure 5. 

local thermal surface display. A further Investigation is def in i te ly 
warranted. 

(5) A t ten of the stations the apparent resistivity decreases wi th 
Increasing depth. In part icular, this is true of the stations'with low values 
and is very probably of s ignif icance'with regard to geothermal anomalies. 

(6) Six of the stations exhibi t a very pronounced anisotropy invo lv ­
ing ratios up to 10. There is l i t t le doubt that local effects at the station 
sites ore important causes of some of the high rat ios. On the other hand, 
i t is noted that generally the east-west resistivities are higher than the 
north-south values. This appears to be a reasonable result since the g e n ­
eral geological strike in the Klamath Falls and Vale areas is hot for from 
being north-south. 

(7) Because of the sparsity of stations along the S i le tz -Vo le pro f i le , 
we ore unable to comment on the distribution of apparent resistivities along 
the pro f i le . It appears reasonable that re lat ive ly low values are observed 
in the coastal region and in the Wi l lamet te V a l l e y . The values observed 
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j east of the Cascades ore typical of values observed in mafic Tertiary v o l -
:.'! conies (Bodvarsson, 1950), 
,'J (8) We conclude that, in spite of obvious shortcomings, our p re l im-
; i inary results indicate that the te l lur ic method applied has a potential of 
•;j becoming a reconnaissance tool of signif icant interest in the exploration for 
:'ii geothermal resources. 

A c k n o w l e d g m e n t s . 

This work was supported by the Nat ional Science Foundation under 
Grant GA-25896 . We are also indebted to the Boeing Company, Seatt le, 
WA; Weyerhouser Company, Tacoma, WA; Pacific Power and Light Company, 
Portland, OR; and the Oregon Department of Geology and Mineral Industries, 
Portland, OR, under Bureau of Mines grant SO 122129, for partiaF support 
of our work . N , V . Peterson, Oregon Department pf Geology and Mineral 
Industries, provided valuable guidance in selecting f ie ld stations. 
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WASTE RECYCLING FILM AVAILABLE FROM MINES BUREAU 

The recycl ing of urban and industrial waste is the subject of "Wealth out of 
Waste , " a 16mm f i lm now avai lable from the U .S . Bureau of Mines. 

The f i lm shows why waste disposal has become a national problem and 
details the technology, including Bureau-developed processes, which con 
separate the refuse into reusable components for manufacture into new prod­
ucts or for use in energy product ion. 

Prints of the 27-minute sound and color f i lm are avai lable on f ree , 
short-term loan to schools, c i v i c , professional, business, and scient i f ic 
organizations interested in resource development and conservation. Wri te 
Mot ion Pictures, Bureau of Mines, 4800 Forbes Avenue, Pittsburgh, Pa . , 
15213. Borrowers should state they have a 16mm sound projector and on 
experienced operator; they w i l l be responsible for return postage and for any 
damage to the print beyond normal wear. 

POTENTIAL-HAZARDS MAP OF M O U N T RAINIER PUBLISHED 

"Potent ial hazards from future eruptions of Mount Rainier, Washington," by 
Dwight R . Crandell is a map wi th descriptive text that shows by color and 
pattern the distr ibution of mudflows and tephra (airborne volcanic debris) 
and the varying degrees of risk to human l i fe in those areas in the event of 
a volcanic erupt ion. The mop, at a scale of 1:125,000, and text are on a 
single sheet designated as Miscellaneous Geologic Investigations Map 1-836. 
The publ icat ion is for sale by the U . S . Geolog ica l Survey Distribution Se 
t i on . Federal Center, Denver, Colorado, 80225 for 75 cents. 
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PREUMINARY GRAVITY MAPS OF THE VALEAREA, 
•MALHEUR C O U N T Y , O R E G O N 

Kevin Larson* and Richard Couch* * 

I n t r o d u c t i o n 

A gravify survey, conducted during August and September 1974 and July 1975 
yielded approximately 380 stations in an area between 43'*37' and 44**15* N , lo t . 
and n 7 ° 0 0 ' and 117°30' W , long. This area of approximately 2,700 sq. k m . , v/Kich 
adjoins the western edge of the Snake River downwarp and consists largely of v o l ­
canic terrane, is considered o potent ia l geothermal resource area. Because of the 
current high interest in geottierma! energy and the Va le geothermal resource area in 
part icular , this paper presents prel iminary free-air and simple Bouguer anomaly mops 
of tne area prior to formal in terpretat ion. This e f for t , i n i t i a ted under the V a l e proj-r 
ect described by Couch and others (1975) and currently supported by the U . S , Geo­
logical Survey, is cont ipuing as o jo in t effort of the Department of Geology at the 
University of Oregon and the Geophysics Group, school of Oceanography at Oregon 
State Universi ty. 

F i e l d a n d D a t a R e d u c t i o n T e c h n i q u e s 

Wordon Grav i ty Meter 575, a Master gravimeter, cal ibrated just prior to the 
f i e ld work , wes used to obtain measurements of gravi ty a t 380 locations in the Va le 
area. The gravity base station at the Ontar io ar ipor t , Oregon (Rinehart and others, 
1964; Berg and Thi ruvathukal , 1965) provided the primary reference for a l l f i e ld sta­
t ions. Berg and Thiruvathukal (1965) t ied the Ontar io base station to the in terna­
t ional gravi ty base station located at the Carnegie Inst i tu t ion, Washington, D . C . 
Because Rinehart and others (1964 and Berg and Thiruvathukal (1965) report sl ightly 
di f ferent values for the Ontar io base stat ion, a new t ie is planned for the near future. 
The value of gravi ty at the base station odopted for this prel iminary report is 
980,303.82 mg l . The establishment of a number of secondary base stations, t ied to 
the Ontor io base stat ion, permitted the measurement of gravi ty at f i e ld stations alone 
loops which extended from one secondary base station to another. Station spacing 
along the loops was approximately 2 to 4 mi les. 

USGS benchmarks, spot elevations on USGS 15-minute and 7.5-minute topo­
graphic mops, and barometer a l t imetry provided elevat ion con t ro l . The estimated 
uncertainty in the elevat ion control provided by the three methods is ± 1 , +5 and 
+ 10 feet respect ively. Ties to points of known elevat ion every two.hours provided 
corrections for temperature and barometric changes v/hich occurred during the perio>3 
of measurement. USGS 15-minute and 7.5 'minute topographic maps provided hof-
izontol position con t ro l . The estimated uncertainty in position Is + .01 minute o. 
latitude and longi tude. 

* Department of Geo logy, University of Oregon 
• 'Geophysics Group, School of Oceanogicphy, Oregon State University 

ns 



r . 

•-•-ti; 

11 

^ a ^ ^ ^ & ^ ^ ^ a ^ 

""va 
! ! 4; 

j -;. 

c 

cl-„ , , 
• ' i 

r i ..-
i;;i j 

Si 
111 

M^^ , ;^-y-^-^ . -^ ia^ i^ . - -a: - :^^! ; j^^T^ 

(f7*30 

Figure 2 . Simple Bouguer anomaly map of the area between 43 ' '37.5 ' end 
44 15' N . lo t , ond 117°00' and n7«30" W . long. Bouguer reduction 
density t j 2 , 6 7 g m / c m 3 . ' 

^ ^ t a u 

r '̂ff oU r r ved gravity (OG) was corrected fof rr^etcr drift ond t idol grov i ty 
. ^ S * ^ - ^ ^ * Intcrnot iorwl Grav i ty Fofmulo (IGF) TG =978049 .0 (1+0 .0052884 

. , ! 0 0O0O059 5(n2e where & is tfie lati tude, yields rheorctical g-Qvity (TG) . 
;'.* co^o t l onF .A . = O G - TG + (.09411549 - 0.000137789 sin2^)h - 0 .67 X \ 0 ' % \ 
«ne h is the elevation in feet above sea leve l , yields the-free-air gravi ty .{F.A." 

y; ond the equation SB = FA - 0.012774 dh , where d is the Bouguer reduct ion • 
(tfrtity* yields the Bouguer anomaly. Bouguer anomolles In this report ossume a 
,- i jCt ioh density of 2 .67 g m / c m ^ . 

T h e F r e e - a i r G r a v i t y A n o m a l y M o p 

Figure 1 shows the f ree-air gravi ty anomaly mop for the area between •43°37.5' 
;nd 4 4 * 1 5 ' N . lo t . and n 7 ° 0 0 ' a n d n 7 ' ' 3 0 ' W . long. The contour in terval is'4 mgl 
;nd heavy contours occur at intervals of 20 mg l . Anomaly amplitudes range from 
-46 mgl in the northwest port ion of the mapped area near Jamieson, Oregon , to +26 
;rgl in the southwest port ion of the area near Negro Rock Canyon. A series of c o n ­
tiguous gravi ty highs which trend approximately north-south are observed In the c e n ­
ter of the area. A series of re la t ive gravity lows f lank the gravity highs oh the east 
and west. The average f ree-air anomaly over the area is negat ive, ind icat ing a 
small mass de f ic iency . 

T h e S i m p l e B o u g u e r G r a v i t y A n o m a l y M a p 

Figure 2 shows the simple Bouguer anomaly map for the area. The contour-, 
interval is 2 mgl and heavy contours occur at 10 mgl Intervals. The Bouguer reduc­
tion density for the mop is 2 .67 gm/cm^ . Grav i ty anomaly amplitudes range from 
-132 mgl in the northwest part of the mapped area to -84 mgl in the northeast par t . 
The marked gravi ty low in the northwest Is elongate and trends approximately NSO^W, 
A series of gravi ty highs locate a relat ive grovMy high in the south-central and east-
central parts of the area., A broad relat ive gravity high is also noted in the northeast 
partof the area. 

G e n e r a 1 R e m a r k s 

The gravi ty maps show anomalies wi th a general north-south trend consistent 
with observed surface structures in the area. Topography couses part of the observed 
anomalies, and topographic effects are more evident on the free-air grav i ty anoma\y 
••nop. The grav't^y low in the northwest portion of bothmaps occurs in the va l ley 
vvhich extends from Vale to Brogan, Oregon. The relat ive gravity high in the nor th-
.«st is coincident w i th the hi (fy terrain of that area . Both f ie ld work and in terpre-
f=tIon ore cont inu ing. 
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CENTRAL O R E G O N FIELD TRIP GUIDEBOOK REPRINTED 

A popular guidebook, abundantly i l lustrated by photographs and colored geologic mapj 
and out l in ing f ive geo logic f i e ld trips to see interesting vo lcanic features in central 
Oregon, has been repr in ted. The guidebook is the Department's Bul let in 57 , "Lunar 
Field Conference Guidebook," published In 1965 when the area around Bend and in 
'the nearby Cascade Range was used as an outdoor laboratory for studying the lunar 
surface prior to Moon landings. The subjects of the 51-page guidebook are trips to 
1) Devils H i l l , Broken Top, and Lava Butte; 2) Newberry Volcano; 3) Ho le - In - the -
Ground and Fort Rock; 4) Belknap Crater , Yapooh Crater, and Col l ie r Cone; and 
5) Crater Lake. The publ icat ion can be obtained from the Department's of f ices in 
Port land, Baker, and Grants Pass for $ 3 . 5 0 . 

BUREAU OF LAND M A N A G E M E N T GETS NEW O R E G O N DIRECTOR 

Mur l W . Storms has been appointed Oregon State Director of the Bureau of Land 
Management by BLM Director Curt Berklund In Washington, D . C . Storms, a 26-year 
veteran resource manager for BLM, succeeds Archie D. Cra f t , who recent ly was 
opjaointed Assistant Director for Technical Services in the BLM head of f ice in Wash­
ington, D . C . 

As new State Director , Storm's responsibilit ies include management of 16 m i l ­
l ion acres of national resource lands in Oregon and Washington. 

Storms Is a graduate of the University of Washington, where he received his 
B.S. degree in Forestry In 1949. In 1962 he received an M . S . degree in Natural 
Resources Administrat ion from the University of M i c h i g a n . Much of his career since 
1955 has been spent in Oregon , most recently as Chief , Divis ion of Resources, Ore* 
gon State O f f i c e , 1966-1971 . From 1971 unt i l his present appointment, he was 
Chief of BLM's Division of Forestry in V/oshington, D . C . 

Storm takes the oath of of f ice August 19 in Roseburg, Oregon during dcdicc- • 
t ion of the new BLM district of f ice there. 
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SOUTHEASTERN-OREGON REPORTS RELEASED O N OPEN FILE 

'C^c>mefrna\ signif icance of eostword increose in age of upper Cenozoic rhyo l i te 
gj^-^i in southeastern'Oregon," by N . S. MacLeod, G . W . Walker , ond E . H . 
V^c<efl, hos been placed on open f i l e by the U .S . Geological Survey as USGS open-
file report N o . 75-348. This preliminary report summarizes avai lable data and Us 
jeo^hcrmal implications and Is on extension of earlier work (see July 1974 The ORE 
aiNK A copy of the 22-page report is avai lable for inspection at the Department's 
library In Portland, where copies may also be purchased for S2.50.. 

The U.S . Geolog ica l Survey has Issued Open- f i l e report USGS 75-346 en t i t led 
"Gravity and magnetic profi les and mops. Crump Geyser area, O r e g o n , " by Donald 
Plouff and Arthur Conradi , J r . Grump Geyser area, o Known Geothermal Resource 
Area, is situated in Warner Va l l ey in southeastern Lake County. The report consists 
of 12 plates and a 2-page tex t . A copy is avai lable for Inspection at the Department's 
library. Reproducible copy Is at the USGS Library, 345 M idd le f i e ld R d . , Men lo Park, 
Cal i f . , 49025. 

Two sets of geophysical data on the Alvord Va l ley area recently received from the 
U.S. Geolog ica l Survey con be consulted at the Oregon Department of Geology and 
Mineral Industries l ib rary . Reproducible copy is on f i l e at; U .S , Geo log ica l Survey, 
678 U .S . Court House, Spokane, Washington 99201. The open- f i le materials is: 

1 . "Audio-magnetote l lur ic apparent resistivity mops for part of Harney Coun ty , " 
b y C . L. Long and D. 1. Gregory. Five plates, scale 1:62,500. 

2 . Pr incipal facts and preliminary interpretation for gravi ty profiles and c o n ­
tinuous truck-mounted magnetometer profiles in the Alvord V a l l e y , Oregon , " 
by Andrew Griscom and Arthur Conradi , Jr . 20 pages, 18 plates, 9 tables. 

USBM ISSUES MINERAL SUPPLY/DEMAND DATA 

A concise, statist ical supply/demand prof i le for 34 mineral and fuel commodities In 
the United States during the decade.1964-1973 Is given In a special pub l ica t ion just 
issued by the U .S . Bureau of Mines . 

The 96-pagerepor t , t i t l ed "Minerals In the U .S. Economy," covers.47 metals, 
32nonmeta!s, and f i ve fuels. Annual statistics are tabulated o n U . S . and wor ld o u t ­
put, foreign and domestic components of the U .S . supply, and demand by major use 
cGtegories. "F low" diagrams for each commodity show, at a g lance, relationships in 

? '973 omong International suppliers, U .S . Imports, domestic product ion, government 
I ^ d industry stockpiles, and consumption categories. 
I Much of the material has appeared previously In the Minerals Yearbook and 
; ^-^ other Bureau publ icat ions. However, it has now been assembled for the first t ime 
> *̂ ' =^ondensed form, v/Ith the new flow diagrams added. 

I A single copy of "Minerals in the,U.S. Economy" can be obtained wi thout 
^"'•'^^ ^rom the Publications Distr ibut ion Branch, Bureou of Mines, 4800 Forbes A v e . , 

I '"^^*^^9h PA 15213. Requests should specify the complete t l l l e . 
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TELLURIC CURRENT EXPLORATION FOR GEOTHERMAL ANOMALIES 
IN OREGON 

Gunnar Bodvarsson, Richard W . Couch, Wi l l i am T. MacFarlane, 
Rex W . Tank, and Robert M . Whitsett 

School of Oceanography, Oregon State Universi ty, Corvall is 

This study was supported in part by the U .S . Bureau of Mines grant 
N o . SOI221 29 to the Oregon Department of Geology and Mineral 
Industries. Because of its t imely interest, the ar t ic le is being 
published in The ORE BIN rather than in a more technical journal 
in order to make the information immediately avai lable to those 
involved in geothermal exploration in Oregon and elsewhere. 

I n t r o d u c t i o n 

A reconnaissance te l lur ic current* exploration program for geothermal 
anomalies in southern and eastern Oregon was in i t iated in 1971 by the Geo ­
physics Group,at Oregon State Universi ty. During 1971 and 1972, observa­
tional data were obtained from a total of 19 f ie ld stations. The program 
concentrated on the Klamath Falls area, where 1 0 stations were occupied, 
and on a prof i le including a total of 9 stations extending from Siletz at the 
Pacific Coast to the area around Vale in the extreme eastern part of the 
state. The locations of the stations are shown in Figures 5 and 6 . The p r in ­
cipal purpose of this program was to test instrumentation, f ie ld procedure, 
data processing methods, and the general appl icabi l i ty of the tel lur ic current 
method in reconnaissance exploration for geothermal resources. The results 
obtained are to be applied to improve a l l aspects of our methodology and to 
prepare for a more substantial effort in this f i e l d . 

The f ie ld procedure appl ied on the present program deviates from the 
standard te l lur ic method in that the te l lur ic data obtained a t the f ie ld sta­
tions are compared wi th the magnetic f ie ld recorded at a f ixed base stat ion. 
Our method is therefore a variant of the standard magneto-tel lur ic method. 
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[ .* Natural electr ic currents that flow on or near the earth's surface in large 
sheets. Methods have been developed for using these currents to moke 
resistivity surveys. ; I j . 
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but since we ore mainly interested in large-scale lateral variations of the 
earth's conduct iv i ty , we have preferred to refer to the method as a telluric 
rather than magneto-tel luric method. 

R a t i o n a l e f o r t h e T e l l u r i c C u r r e n t M e t h o d 

Regional reconnaissance exploration for geothermal resources is con­
cerned wi th the in i t ia l detection and recognition of geothermal anomalies 
of economic, interest. An elementary investigation (Bodvarsson, 1966) of 
resource energetics shows that the heat capacity of rock is such that in terrr.s 
of electr ical energy i t is realistic to expect that very roughly about 1 kwhr 
can be generated per cubic meter of resource volume. This estimate is based 
on the assumption of the conditions in known f lu id-phase, high-temperature 
geothermal systems where base temperatures of the order of 250°C are 
encountered and by using a recovery factor of 10 percent. Hence, the 
generation of 250 Mw at base-load condit ion for 50 years would require a 
resource volume of not less than 100 cubic kilometers. This volume could, 
for example, have the shape of a disk wi th a diameter of 8 km and thickness 
of 2 km. Invariably such a reservoir would be surrounded by a thermal halo 
of considerable extent and the total associated thermal anomaly could extend 
over areas of several hundred square kilometers and downward into the deeper 
crust. The exploration targets are, therefore, quite extensive features. 

Most of the important known geothermal resources are leaky in the 
sense that they generate thermal surface manifestations such as hot springs 
and conspicuous thermal rock a l terat ion. The high temperature character 
can be recognized on the basis of the physical and chemical characteristics 
of the surface display. In general, the leaky resources ore easily recognized. 
and there is l i t t le need for sophisticated reconnaissance type exploration wor'' 

There is, however, considerable evidence that geothermal systems of 
great economic potential may be total ly concealed and display no surface 
leakage at a l l (Bodvarsson, 1961, 1970). In fact , geothermal fluids have a 
tendency to chemical ly seal outlets and thereby contribute to the eradif ico-
t ion of surface manifestations (Bodvarsson, 1961). Resources of this type can 
be detected only w i th the help of more elaborate techniques, such as thermal 
and electr ical exploration methods. 

The thermal methods involve regional temperature probing or heat-flo-.v 
mapping wi th the help of temperature data from very shallow boreholes. 
Large geothermal resources w i th in dr i l lable depths are invariably associated 
wi th conspicuous surface heat-f low anomalies and con therefore be recog­
nized in regional heat-f low mops of suff iciently detai led nature. 

The appl icat ion of the electr ical methods is based on the fact that the 
formations w i th in geothermal systems have a low electr ical resistivity 
(Bodvarsson, 1970). Values in the range of 1 to 10^2m have been observed 
w i th in many high-temperature geothermal reservoirs. This is the consequence 
of high temperatures and high mineral content of reservoir interst i t ial waters. 
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The resistivity contrast between the hot formations and the surrounding coun­
try rock quite often involves factors ranging from 10 to 100. Most major geo­
thermal systems are associated wi th large-scale electr ical resistivity anomalies, 
and this is especially true wi th the f lu id phase systems. Electrical methods 
are therefore important tools in geothermal exploration work . 

Electr ical exploration rriethods f a l l i n t o two categories, those based 
(1) on control led ar t i f i c ia l current source f ie lds, and (2) on natural current 
fields provided by magnetic micropulsations and other ULF natural ac t i v i t y . 
The.second class of methods, which includes the tel lur ic and magneto-tel lur ic 
methods, has a considerable advantage in reconnaissance type exploration 
work involv ing exploration targets of re lat ively large dimensions and depths 
of more than 1 or 2 kilometers. The ar t i f i c ia l current sources in such c i rcum­
stances would require a considerable amount of equipment and f ie ld ef fort . 
The advantage of the second class of methods is obtained at the cost of less 
resolving power and greater ombiquity in interpretat ion, but since target 
dimensions and resistivity contrasts ore unusually large, this disadvantage is 
not considered to be too important. 

For the present purpose, the natural f ie ld electr ical methods hove a 
certain economic advantage over the thermal methods. Heat- f low mapping 
is based on the measurement of the vert ical flow of heat, which usually has 
to be derived from temperature and heat conduct iv i ty data obtained from 
shallow boreholes. The minimum depth of such boreholes .is 10 to 20 meters, 
and the selection of d r i l l ing locations has to be carried out w i th considerable 
care. The f ie ld effort required at each station to obtain one or two hours of 
tel luric records is considerably smaller. Moreover, since the tel lur ic cur ­
rents are hor izonta l , each tel lur ic station can sample a larger formation v o l ­
ume than the corresponding heat- f low stat ion. |n a given area i t should 
therefore be possible to obtain useful reconnaissance type data wi th the help 
of fewer te l lur ic f ie ld stations than thermal stations. It is clear that care­
fully measured heat- f low data can be more accurate and hove a greater 
resolution than tel lur ic data, but in reconnaissance type geothermal explor­
ation work the economic advantage of the tel lur ic method appears to ou t -
weight this disadvantage. These are the main reasons for selecting the t e l ­
luric method for our work in Oregon. 

fn this study i t was considered of advantage to instal l a f ixed magnetic 
base stat ion, rather than to rely on a tel lur ic e lectr ical f ie ld base stat ion. 
The magnetic data al low us to obtain absolute conduct iv i ty values. The 
fnagnetic base station was installed at Corval l is , Oregon, some 280 km north 
of the Klamath Falls area. Investigations of micropulsotion ac t iv i ty in south­
ern Cal i fornia (Benioff, I960) have indicated that the micropulsotion f ie ld 
ot moderate latitudes does not vary appreciably over such distances. On the 
other hand, the f ie ld stations at Vale in eastern Oregon are located almost 
500 km from the base stat ion, and the general magnetic coherency cannotbe 
expected to be as good, although individual magnetic events wi th a good 
coherency appear to exist . 
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It is important to raise the question ds to the overal l qual i ty of the f 
exploratory information which con be expected from a te l lur ic current field | 
program of the type described above. Unfortunately, the information con- I 
tent of the observational f ie ld data depends to a considerable extent on the i 
local conditions at the individual f ie ld stations. Moreover, the theory of ] 
te l lur ic cvrren\5 in e lect r ica l ly non-homogeneous geological structures is a ,' 
matter of great complexity and not much work of pract ical relevance has J 
been devoted to the subject. We therefore l imi t ourselves to the following \ 
quite superficial remarks. / 

For the present purpose, the earth con be assumed to be a semi-infinite I 
perfect reflector of the magnetic f ie ld generated by the osci l lat ing ionospheri«, 
currents. The penetration of the induced te l lur i i : currents is l imited by the f 
skin effect which is measured by the skin depth, that is, the depth at which j 
the current amplitude has been attenuated to 1/e = 0.37 of its surface value > 
(Keller and Frischknecht, 1966, p. 213). Relevant values of the skin depth ! 
for homogeneous isotropic half-spaces at various resistivities and at periods I 
from 10 to 50 seconds are given in Figure 1 . . [ 

Approximately 2/3 of the tel lur ic current flows in the horizontal region ; 
above the skin depth. Hence, this depth gives a fa i r ly good measure of the \ 
thickness of the formations sampled by the tel lur ic currents and the associated f 
e lectr ical f i e l d . Assuming perfect source current conditions and a homoge- 1 
neous half-space, the above described tel lur ic method w i l l give the true 
resistivity of the half-space regardless of the frequency. In a layered j 
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Figure 1 . Data on the skin depth in a homogeneous hal f -space. 

96 

par 
Iur 
uro 
B04; 

jon . 

•id 
1 t 
of<3 

0«* 

%'fgm 



'.'.•s^as3S5i»»w»E»»»if..»,ft,tP^: 
• ' - I s^S>** " 

»'ai.^afeWj...i.;B«ea!iKg^t«a«^ %-j7S:.Z . ^ . a i M ^ g ^ - a & a ? v f e f i - V . & £ e . ^ i a ^ S t e . l g ^ ' = ^ • ^ 1 ^ 

overall qua l i ty of the 
-n a te l lur ic current field 
ry , the information coh-
:nsiderabl(e extent on the 
moreover, the theory of 
iso logical structures is a 
-•actical relevance has 
Lj.'-selves to the following 

;j:fned to be a semi-infinite 
the osci l lat ing ionospheri 

arrents is l imited by the 
-s{ is, the depth at which 
P.37 of its surface value 

: values o f the skin depth 
pstivities and at periods 

i.-.s in the horizontal region t 
.'^riy good measure of the | 
; vi.'risnts and the associated ! 

nditions and a homoge- | 
•hod w i l l g ive the true I 
ysiency. In a layered j 

I I I I O -
/ 6G0800I0OO 

•eneous ha l f -space. 

half-space, the method gives a certain weighted average of the vert ical 
resistivity distr ibution in the region where the bulk of the tel lur ic current 
flows. Obviously, the averaging is biased toward the shallower sections. 

The te l lur ic current pattern is distorted by lateral inhomogeneities and 
anisotropicities which commonly occur in the f i e l d . The conditions in the 
local region between and around the f ie ld electrodes ore of primary impor­
tance, part icular ly where the electrodes have been placed w i th in a local 
low resistivity anomaly. The electr ical f ie ld readings are then abnormally 
low and the station yields an apparent resistivity value which con be grossly 
in error. Substantial apparent anisotropies may also be introduced by purely 
local condit ions. C lear ly , d i f f icul t ies of this kind are common to a l l e lec­
trical methods using conductive contacts. The principal precautions against 
serious errors of this type are (1) to select the f ie ld stations wi th care to 
avoid local zones of low resistivity and onisotropici ty, and (2) to scrutinize 
al l conspicuously low and anisotropic apparent resistivity values by repeated 
measurements at several stations in the local area. This is of particular 
importance for the present project since the low resistivity anomalies are 
,the primary exploration targets. 

Direct ional and density inhomogeneities in the overhead, ionospheric 
currents are further sources of errors. Usual ly, the interpretat ion of tel lur ic 
and magneto-tel lur ic data is based on the assumption of uniform and u n i ­
directional source currents. Deviations from this ideal ized model lower the 
quality of the observational material and are perhaps the main cause of the 
often excessive scattering of observational magneto-tel lur ic resistivity data. 
As indicated above, this matter is of particular concern wi th regard to the 
present project since such di f f icu l t ies ore l ikely to be enhanced by the d is­
tance between flle magnetic base station and the electr ical f ie ld stations. 
To minimize this ef fect , i t is important to obtain f ie ld records for suff ic ient ly 
long periods of time and to edit the data by reject ing sections wi th low 
magnet ic- te l lur ic coherency. 

I n s t r u m e n t a t i o n a n d F i e l d P r o c e d u r e 

The instrumentation used on the present project consists of two separate 
parts, (1) the magnetic base station at Corval l is , and (2) the portable t e l ­
luric f ie ld equipment. Block diagrams of the two systems ore shown in F ig ­
ures 2 and 3 . The magnetic data aquisit ion system was provided by the 
Boeing Company, Seatt le, Washington. A description of the magnetic sen­
sors has been given by M c N i c o l and Johnson (1964). 

In br ief , the magnetic'sensors consist of three mumetol-cored induc­
tion coils each w i th 4.8 x 10*^ turns of^v/ire. The diameter of the cores is 
I inch. The three coils were buried iri the ground at the World Wide Stond-
ord Seismic Network Station dt.Cprydl' l is, where the associated electronic 
equipment was housed; and were placed along three local orthogonal axes, 
geographic north, east and ve r t i ca l . The station crystal c lock provided an 
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F igure 3 ; Te l l u r i c d a t a - a c q u i s i t i o n system, 

abso lu te t ime r e f e r e n c e . The a m p l i f i e d magne t i c s ignals w e r e recorded on 

Texas Instrument s t r ip char t r eco rde rs . The magne t i c system was c a l i b r a t e d 

by using on a r t i f i c i a T o s c i l l a t i n g magne t i c f i e l d . 

The t e l l u r i c sensors, w h i c h consisted o f three lead me ta l probes 

inserted i n to the g round a t the i n d i v i d u a l f i e l d s ta t i ons , fo rmed an o r thogona l 

L-shaped ar ray whe re one arm po in ted nor th and the o ther eas t . The length 
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of the arms ronged from 200 to 500 meters, depending on local condit ions. 
Each probe consisted of a piece of metal l ic lead plate 5 mm th ick , 600 mm 
w ide / and 1,000 mm long, rol led up into a tube 200 mm in diameter, and 
buried in the ground. Local D .C . fields were blocked out w i th a non-polar 
20-micro farad capacitor.. The output signals were ampl i f ied and recorded 
on a four-track str ip-chart recorder. Each f ie ld station was occupied for a 
time sufficient to provide 1 to 2 hours of tel lur ic f ie ld data. 

O b s e r v a t i o n a l D a t a 

A comparison of the individual tel lur ic f ie ld records w i th simultaneous 
orthogonal magnetic base station records shows that the coherency generally . 
varies considerably over the record length. In most pairs of simultaneous 
records, there were, however, individual wove packets or events in the 10-
to 50-second period band which showed a good coherency and which could 
be considered l ikely to furnish representative values of the electromagnetic 
impedance ra t io . It was, therefore, decided to base the data processing on 
such wave packets only and to apply the simple indiv idual event method of 
Berdichevsky and Brunelli (1959) to obtain the impedance ratios at the var­
ious frequencies. The method has also been described by Keller and Frisch­
knecht (1966, p. 246). 

Usually, between 5 and 10 events could be processed for each pair of 
orthogonal f ie ld components. The impedance ratios obtained were then 
appl ied to derive on apparent resistivity wi th the help of the v/el l -known 
basic equation for magneto-tel lur ic investigations (see Keller and Frischknech-
1966, p. 217), 

e^ = (Mj/27r) (E/B)2 (1) 

-7 . -wherepQ is the apparent resist ivi ty, T is the per iod, i i ^ ^ AT x ] 0 is the 
permeabil i ty of free space, E the amplitude of the horizontal e lec t r ica l 

. f i e l d , and B the amplitude of the orthogonal horizontal magnetic f i e l d , both 
amplitudes measured at the ground surface, a l l in MKSA uni ts. 

Many geological formations exhibit a substantial anisotropy, that is, 
the apparent resistivity depends on the direction in which the fields are 
measured. In the fo l lowing, we therefore use the subscripts n and e for 
north-south and east-west, respectively, and refer to p^^ as the apparent 
resist ivity value based on E^/Bg and to ' Pge °^ ^^^ value based on Eg/Bp. 

An i l lustrat ion of the results is obtained by plot t ing the apparent 
resistivit ies derived from the individual component pairs against the event 
periods. Typical plots of this kind are given in Figure 4 , which shows the 
processed apparent resistivity data from the Corvall is base station (12) and 
from South Klamath Hi l ls (6) in the Klamath Falls reg ion. 
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As indicated by the examples in Figure 4 , the apparent resistivity data 
exhibit a considerable irregular scattering, which in most cases covers d 
relat ive range from 1 to 3; that is, the highest values ore about three times 

"as large as the lowest. At most stations, the maximums ore observed in the 
20- to 30-second period bond. 

STATION (6)- SOUTH KLAMATH HILLS STATION (12)-CORVALLIS 
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Figure 4 . Apparent resistivities versus period for stations (6) and 
(12). Full circles represent Pan/ ^he north-south resist ivi t ies, 
and the open circles 6QQ, the east-west resist ivi t ies. 

Scattering of this kind is frequently encountered in magneto-tel lur ic 
work, and along the lines discussed above, we point out that the fol lowing 
causes may contribute to this situation: (1) Non-uni form source current 
fields; (II) enhanced non-coherency due to the distances between the mag­
netic base station and the individual f ie ld stations; (III) numerical errors 
introduced by the individual event analysis method; and (IV) instrumental 
errors.. Obviously, a l l errors in the observed impedance ratios are enhanced 
by the squaring of the impedance ratio in equations (1). 

A t this juncture, . i t appears that the non-uniformit ies under (I) ore a 
substantial cause of the scattering. Since the results obtained at the Cor­
val l is base station exhibi t d similar character as the other f ie ld stations, 
fhe distance factor mentioned under (II) does not appear to be a primary 
cause. We have s t i l l to evaluate the Inf luence of the data-processingmethod 
listed under ( I I I ) . The maximums observed in the 2 0 - to 30-secohd band may 
part ia l ly be instrumental. 
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In view of the character of the observational material and since we 
are mainly interested in a fa i r ly large-scale average resist ivity at each 
stat ion, there is at this time not much incentive to attempt a more elaborate 
interpretation of the present data. In our present analysis, we therefore rely 
on the simple procedure of taking averages over the apparent resistivity 
values observed in the 10- to 50-second period band for each direct ion at 
>the individual stations. This procedure yields two values, PQ^ and Pae,.for 
each stat ion. The first is the averaged apparent resistivity in the north-south 
d i rec t ion , and the second is the value for the east-west d i rec t ion . These 
data are listed in columns (1) and (2) in Table 1. Moreover, the table also 
lists in column (3) the averages for the two direct ions. Since the penetration 
of te l lur ic currents depends on the skin depth, the trend of the apparent resis­
t iv i t ies wi th increasing periods gives a certain indicat ion about the downward 
trend of the resist iv i ty. This information is given in the last column of Table 
1 . The averaged resistivity from column (3) in Table 1 is plotted on the maps 
in Figures 5 and 6 . 
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A preliminary review of the data given in Table 1 and shown in F ig ­
ures 5 and 6 con be summarized as fol lows. We w i l l focus our attention on 

r 

the overaged apparent resistivity data in column (3) of Table 1 . 
^ (1) Data from a total of 19 f ie ld stations ore ava i lab le . The average 

values given in column (3) of Table 1 vary from a low of 15 to a high of 360, 
that is, by a factor of 24. The var iabi l i ty is one order of magnitude greater 
than the scattering of the data at the individual stations. 

(2) Six of the ten data obtained in the Klamath Falls area are we l l 
below 100 fim. Wi th one except ion, these are the lowest values observed 
on our project. This is of primary interest since Klamath Falls is on area of 
known geothermal act iv i ty (Peterson and Mc ln ty re , 1970). Stations (6) and 
(7) which y ie ld values of 60 and 40 fim, respectively, ore close to geother­
rnol surface manifestations. Moreover, stations (1), (3), and (9) to the north­
west and north y ie ld low values, part icularly station (1). Since the Klamath 
Falls area is the only area wi th known geothermal display investigated by us, 
we conclude that our results exhibit an encouraging correlation w i th geo­
thermal oc t i v i t y . Nevertheless; we, have.to emphasize that other non-thermc 
factors may also be involved, and in this respect we ppint out that there is 
an abrupt decrease in the observed resistivity fram station (5) to station (6). 
Since the distance between these two stations is only 7 km, we surmise that 
local geological factors are of some importance. 
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Figure 5. Average apparent resistivities in the Klamath Falls area 

listed in column (3) of Table 1 . 

(3) On the other hand, the resistivity values obtained so far in Klarno. 
Falls are considerably above values observed by D .C . resistivity methods m 
known high-temperature geothermal areas (Banwell , 1970). The present do.> 
are, therefore, not indicat ive of typical high-temperature conditions there. 
The data a re , however, too few to draw def in i te conclusions. 

(4) The very low values observed ot stations (1) and (17) ore ot 

particular interest although they cannot be correlated w i th any known 
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Figure 6 . Average apparent resistivities on the prof i le from Siletz 
. to Vole listed in column (3) of Table 1 . The figure in brackets 

is the station number. The dashed line outlines the area of 
Figure 5 . ' 

local thermal surface display. . A further investigation is def in i te ly 
warranted. 

(5) A t ten of the stations the apparent resistivity decreases w i th 
increasing depth. In part icular, this is true of the stations'with low values 
and is very probobly of signif icance wi th regard to geothermal anomalies. 

(6) Six of the stations exhibi t a very pronounced anisotropy invo lv ­
ing ratios up to 10. There is l i t t le doubt that local effects at the station 
sites are important causes of some of the high rat ios. On the other hand, 
it is noted that generally the east-west resistivities ore higher than.the 
north-south values. This appears to be a reasonable result since the gen­
eral geological strike in the Klamath Falls and Vole areas is not far from 
being north-south. 

(7) Because of the sparsity of stations along the S i le tz -Va le p ro f i le , 
we are unable tp comment on the distribution o f apparent resistivities along 
the pro f i le . It appears reasonable that re lat ive ly low values are observed 
in the coastal region and in the Wi l lamette Va l l ey . The values observed 
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east of the Cascades are typical of values observed in mafic Tertiary v o l ­
canics (Bodvarsson, 1950). i 

(8) We conclude that , in spite of obvious shortcomings, our prel im- i 
inary results indicate that the tel lur ic method appl ied has a potential of | 
becoming a reconnaissance tool of signif icant interest in the exploration for I 
geothermal resources. i 
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WASTE RECYCLING FILM AVAILABLE FROM MINES BUREAU 

The recycl ing of urban and industrial waste is the subject of "Wealth out of 
Waste," 0 16mm f i lm now avai lable from the U.S . Bureau of Mines. 

The f i lm shows why waste disposal has become a national problem and 
details the technology, including Bureau-developed processes, which can 
separate the refuse into reusable components for manufacture into new prod­
ucts or for use in energy production. 

Prints of the 27-minute sound and color f i lm are avai lable on free, 
short-term loon to schools, c i v i c , professional, business, and scienti f ic 
organizations interested in resource development and conservation.. Wri te 
Motion Pictures, Bureau of Mines, 4800 Forbes Avenue, Pittsburgh, Po . , 
15213. Borrowers should state they have a 16mm souind projector and on 
experienced operator; they w i l l be responsible for return postage and for any 
damage to the print beyond normal wear. 

POTENTIAL-HAZARDS MAP OF M O U N T RAINIER PUBLISHED 

"Potential hazards from future eruptions of Mount Rainier, Washington," by 
L>wight R. Crandell is a mop wi th descriptive text that shows by color and 
pattern the distribution of mudflows and tephra (airborne volcanic debris) 
Qnd the varying degrees of risk to human l i fe in those areas in the event of 
° volcanic erupt ion. The mop, at a scale of 1:125,000, and text ore on o 
Single sheet designated as Miscellaneous Geologic Investigations Map 1-836. 
The publication is for sole by the U .S . Geological Survey Distribution Sec­
t ion, Federal Center, Denver, Colorado, 80225 for 75 cents. 
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GEOPHYSICAL MEASUREMENTS I N THE VALE, OREGON 
GEOTHERMAL RESOURCE AREA 

Richard Couch-*, Wi l l iam French* , Michael Gemper le* , and Ansel Johnson** 

^ ^ ^ P f ^ ^ ^ ^ ^ P ^ p S 5 P ^ ^ ^ •'" • 

^ • K ' - i 

I n t r o d uc t i o n 

During the period September 15 to September 22, 1974, personnel of the Geophysics 
Group at Oregon State Univers i ty , the Earth Science Department at Portland State 
University, and the Department of Geology at the University of Oregon completed 
z series of geophysical measurements in the V a l e , Oregon geotherma! area. The f i e ld 
crewS/ composed of four co-pr inc ipa l Investigators, eight stoff, and ten students, o b ­
toined measurements at four seismic ref lect ion stations, along two refract ion l ines, 
ond at two microearthquake array stations. In add i t i on , gravity measurements were 
obtained at 340 stations, seismic noise measurements at 42 stations, and four short 
rr,agnetic traverses were made in the v i c in i t y of the refract ion l ines. The expedit ion 
had the fo l lowing four purposes: 1) To obtain basic data on the geologic structure of 
the Vale geothermal area; 2) To test the app l icab i l i t y of seismic techniques, singly 
and in combinat ion, to geothermal explorat ion; 3) To obtain structural control for a 
subsequent gravi ty and aeromagnetic study of the area; and 4) To train students in 
geothermal exploration techniques. This paper outlines the geophysical measurements 
made during the September 1974 f ie ld program. Publication of part ial results of the 
study is ant ic ipated subsequent to completion of each dif ferent phase of the p ro jec t . 

T h e G e o p h y s i c a l M e a s u r e m e n t s 

Figure 1 shows the locat ion of four seismic ref lect ion sites south and southwest 
of Vo le , Oregon in the Cow Hol low and Sand Hol low areas. Charges of 2 ,5 to 100+ 
pounds of Tovex were detonated in 30-foot coseu holes at the shot points S P I , SP2, 
SP3, and SP4. The seismic waves were detected b y a ]3,Q00-foot re f lect ion array 
3nd recorded on magnetic tape by a 36-channel seismic ref lect ion system. The 
13,000-foot re f lect ion array was centered about shot points 1 , 2 , 3 , and 4 . Shot 
»'Je and array arrangement were designed to obtain reflections to a depth of 4 km, 
"^e planned penetration depth of 4 km was based on an estimate of the maximum 
2«pth of economic recovery of geothermal fluids ( G . BodvorssonJ^ personal communi-
« f i on ) . The surf ic lol geology in the survey area (Corcoran and others, .1962; Newton 
• "^Corcoran , 1963; Kitt leman and others, 1965, 1967) suggests o th ick sequence of 
•^'ccnics which obut or over l ie the sedimentary strata of the Snake River downwarp. . 
^ 't d i f f icu l t to estimate ref lect ion penetration depths In volcanic areas; consequently, " 
^^oc tuo l depth reached is not yet known. 

^^•^•ophyslcs Group, School of Oceonography, Oregon State Univers i ty , Corval l is 
- • 5 « . of Eorth Sciences, Portland State Universi ty, Port land, Oregon 
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fc f roc t ion stations extending 6 miles south of shot point 1 (or when reversed, 
• r i ' .n north of shot point 2) and 10 miles northeast of shot point 3 (or when reversed, 

1 •(- r i i « soutiiwest of shot point 4) recorded refracted seismic waves from charges 
.^•-jivjied during the ref lect ion measurements.. The arrivals were recorded on mog-
^•Ic tcpe and on chart recorders at stations along the refract ion lines shown i n .F Ig -

I . Arrivals were obtained over the complete length of l ine v/hen the largest 
--ages were detonated. The data should y ield two reversed refract ion l ines. Thumper 
; - « v/ere completed at shot points 1 , 2 , and 3. These lines provide data on the near-
fcftoce layers and are the starting points for the refract ion analysis. 

Figure 1 also shows the location of two microearthquake arrays. The arrays c o n -
listed of 2 Hz geophones, 4 ver t ica l and 1 hor izonta l , located at the apexes of a t r l -
:ngle with sides approximately 1.6 km !ong. Eighty hours of continuous measurements 
.ere made at two array locat ions, one in the Sand Hollr.-/ area and one in the Cow 
.-iollow area. Rodents severing the sensor cables reduced the total number of hours 
:elow the number expected. However, because of the low background level .of sels-
r.ic noise In the area, operating gains were higher than ant ic ipated; consequently, 
«ch array ef fect ive ly surveyed a larger area or could detect smaller shocks than 
slonned. Array arrangement and operating gains suggested that microearthquakes qf 
magnitude 0,5 could be detected and approximately located to a radius of more than 
30 km. • 

Tellurometer measurements located a l l primary re f lec t ion , re f rac t ion, and m ic ro -
earthquake stations. 

Seismic noise measurements, made wi th a cal ibrated system to y ie ld noise a m p l i ­
tude spectra in the frequency range 1 to 100 Hz , were completed at 42 locations In 
the Vale geothermal area. The station locations as shown in Figure 2 extend from 
near Vole Butte south to the-Owyhee Reservoir and from Vale west to Harper, Four­
teen stations are In the Cow Hol low and Sand Hollow areas In the immediate v i c i n i t y 

• sf the seismic refract ion l ines. Severe! of the stations are located next to thermal 
iprings mapped {Bowen and Peterson, 1970) tn the area. Thirty of the stations have 
viort duration samples, ten hove sample periods longer than a day, and several other 
itatlons were repeated to test for diurnal var iat ions. 

Magnetic surveys were run along the ref lect ion spreads at shot points 1 , 2 , and 
3 to obtain Information on lateral variations and variations to depth of magnetic base-
*ent, presumably basalt. In the array areas. The sample Interval varied from 100 feet 
"0 350 feet, depending on the area, A 4-mi le magnetic traverse was also run across 
'double Mountain to enable a comparison to be made of measured magnetic anomalies 
-'•d the magnetic signature of a known intrusive outcrop. 

Figure 3 sliows the locat ion of approximately 300 gravi ty stations established 
^ ' n g the f ie ld study and approximately 55 previously established stations (Th i ru-
"vUKol and others, 1970). The stations were positioned at" established bench marks 

^ bcoted during the surveying of the ref lect ion-refract ion stations. Elevations were 
^•^mlnod by locating stations at known points or by using paired precision al t imeters, 

H . • _ • " , - ' 

" , P r o j e c t S t o t u s . 

• * . 

:- ^ ' ' ' " ' o , French, and Couch (1975), In their report on the preliminary results of 
- ( , . ' ' '^ '^ **̂  **"•** i * ' i ' " I c ref lect ion measurements, l i l t the Interval veloci t ies end 
': ^^*t*'^««w^ orf opproxjmotely 9,000 feet of section In the Cow Hollow ond Sond Hol low 

^^ ' ' '**' ' c c v m ir»cicoto that fhe lei imlc ref lect ion informotion, obtained In v o l -
^ •-n^'n*, ;, c.o*uiit»ni w i th rKe,oyailcb!c geo'ogicol ond w e l l - l o g <SatQ, 
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GRAVITY STATIONS 

CLE GEOIHERMAL PROJECT 
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Flgure 3 . Map of grav i ty stations In the v i c i n i t y of V a l e , Oregon . 

The reduction and prel iminary analysis of the seismic re f rac t ion , microearfhqyc** 
and seismic noise measurements is expected to be completed by May 1976. 

Larson and Couch (1975) show free-air and simple Bouguer gravi ty anomaly rc ;* 
of the Va le region of Malheur County. The mops out l ine the gravity anomalies in r̂ » 
eastern port ion of the study area (F'gure 1) where the areal density of the gravity i«?* 
tions Is re la t ive ly uni form. The measurement of gravi ty In Malheur County is contiri,-, 
I n g . , Completion of new free-air and Bouguer maps of the study area are planned '-^ 
May 1976. 
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PRELIMINARY RESULTS OF A SEISMIC REFLECTION STUDY I N THE 
MITCHELL BUTTE QUADRANGLE, O R E G O N 

Robert J . L i l l i e , Wi l l i am S, French, and Richard W , Couch -
Geophysics Group, School of Oceanography, Oregon State Universi ty 

I n t r o d u c t i o n . 

"•t September 1974 personnel of the Geophysics Group of Oregon State Univers i ty , 
*•"« Department of Earth Sciences of Portland State Universi ty, and the Department 
^ Geology of the Universi ty of Oregon conducted a geophysical survey of the V a l e , 
•-^egon Known Geothermal Resource Area. 

Seismic ref lect ion meosurelments were mode during the survey to test the ab i l i t y -
*^c telsmic ref lect ion techniques to provide information on subsurface structure in 

•^•<crnc oreoi where geothermal resources commonly occur, to provide seismic v e l o c -
' •>^*»d'itiuctural constraints for contemporary ond continuing grav i ty ond magnetic 

^ "*'• r i of the areo, and to develop new techniques of geophysical explorat ion for g e o -
'- '"T-Durcc^ poft icuior ly oppl lcoble to very complex volcanic terrene. This br ie f 

^ . -*'*-"'»ei »hc prclirhlno/y t e i u l f i of the onalyiia cf the selimic re f lec t ion meosurc-
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