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AN ABSTRACT OF THE THESIS OF Cynthia Ann Veen for the Masters of Science

in Geology presented September 14, 1979.

Title: A Geophysical Definition of a Klamath Falls Graben Fault.

APPROVED BY MEMBERS OF THE THESIS COMMITTEE:

Four geophysical methods, along with well Togs and outcrop data,
were used in determining the location of a fault situated on the campus
of Oregon Institute of Technology, just north of Klamath Falls, Oregon.
The fault displaces rocks of the Yonna Formation, of Pliocene age.
Wells located northeast of the fault (on the upthrown side) produce
cold water, and wells located southwest of the fault (on the down-
thrown side) produce hot water. The purpose of this investigation was
to define the characteristics of the fault exposed behind a large water

tank southeast of the OIT campus.



Approximately 100 gravity and magnetic stations were established
along lines perpendicular to an assumed trend of the féu]t (N30W).

Five resistivity lines, three northeast of the fault and two southwest
of the fault were run. Three refraction profiles, one northeast of the
fault, one southwest of the fault, and one across the fault, were run.

A cross section established from drillers' logs indicated the
presence of two faults: the primary fault which is exposed near the
campus, and a secondary fault located 45 to 75 m southwest of the pri-
mary fault. Both faults were included in gravity modelling, the primary
process used in defining subsurface structure. Geologic control was
provided by well Togs and outcrop data. Resistivity data was used in
establishing depths to some of the shallow interfaces. Refraction pro-
files were used to check gravity models.

Magnetic da;a indicated a significant low over the basalt just
northeast of the fault. Although basalt normally has a higher magnetic
susceptibility than tuff due to the presence of magnetite, oxidation of
magnetite ih basalt near the fault zone éou]d cause the low observed in
the data.

Gravity modelling of free air anomalies was done with a computer
program obtained from the School of Oceanography, Oregon State Univer-
sity. Results of the modelling indicate that the two faults are paral-
lel and trend approximate]y N35W. Dip on the primary fault is approxj-
mately 65 degrees SW, while the dip on the secondary fault may vary from
60 to 70 degrees SW. The southwest, or downdropped side of the fault is
a tuff-filled basin which deepens to the north and west. The throw of .

the fault ranges from approximately 100 m in the south to 200 m in the



north, representing a slope of about 10 degrees. The primary fault
is probably located to within 15 m at the north end of the study

area, approximately 650 m northeast of its exposure.
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. INTRODUCTION

The Klamath Falls area in southern Oregon exhibits geothermal
phenomena (hot springs, hot water wells) related to structurés of the
Basin and Range province. With man'§ continuing social and technologi- .
cal development, recognition of the importance of alternative energy
soufces is increasing. Geothermal energy may reduce dependence on other
resources of limited quantity, but 1t’is a very localized resource and,
has been detected only by physical manifestations such as hot springs
and fumaroles.

Interest in developing exploration techniques for detection and
delineation of geothermal areas is increasing. One method proposed for
delineation of these resources is to monitor earth tidal strains (Bod-
varsson, 1978). Earth tidal strains are dependent upon rock properties
such as bulk modulus and rigidity. In areas where the bulk modu]u; and
rigidity are reduced (éuch as near a magma chamber) straining of rocks
should be easier,'and earth tidal strains should be amplified. If a
fault is present in the area, and the fault zone should be sufficient1y'
less rigid than surrounding material, the fault should respond more eas-
ily to earth tides, and amplification should occur closest to the fault.

Since Klamath Falls exhibits geothermal phenomena related to fault
structures, it provides an opportunity to test for earth tidal strain
amplification. Under a grant from the U.S. Department of Energy, a
series of strainmeters has been set up across a fault in the Klamath

Falls area. However, to interpret the results of this monitoring, it
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is important to know the location of the fault as precisely as possible.
The purpose of this study was to use geophysical methods, along with
well Togs and outcrop data, to delineate the fault. Four types of geo-
physical surveys; gravity, magnetics, resistivity, and refraction, were
conducted in the study area, and the combination of data from these
surveys were used to construct several subsurface models which he]ped

define the location of the fault.



LOCATION

Klamath Falls is located near the western edge of the Basin and
Range province, in south-central Oregon, (Figuré 1). The city lies at
the southeastern tip of Upper Klamath Lake, at 42°12' latitude and
121°47' longitude, and has an elevation of approximafe]y 1250 m above
mean sea level. The Oregon-California border lies 25 kilometers to the
south. |

.The study area includes a two square kilometer area on the east-
ern edge of the campus of Oregon Institute of Technology (0IT), approx-
imately two kilometers north of Klamath Falls. Tﬁe study area lies in
Township 38 S, Range 9 E of the Willamette meridian and baseline, and
includes parts of sections 16, 17, 20, and 21. The study area is loca-’
ted within the area checked on the map, west of Hogback Mountain. Cam-
pus Way, which turns east towards OIT off of Highway 97 just north of

Klamaty Falls, provides road access to the area.
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GEOLOGIC SETTING

Klamath Falls 1ies near the western edge of the Basin and Range
province, where it meets with the Cascade Range. The area is charac-
terized by large grabens flanked by northwest to north trending horsts.
The faults dip at angles of greater than 60 degrees.

Rocks exposed in the area consist of séndstones, siltstones, ashy
diatomites, basaltic tuffs and breccias, and basalt, grouped by Newcomb
(1958) into the Yonna Formation, which is mid to late Pliocene in age.
A generalized geologic map of the area is shown in Figure 2. Near
Klamath Falls the Yonna Formation is covered only by a few late Tertiary
and Quaternary basalt flows, evident as caprock on some of the higher
ridges, and by Quaternary alluvium at the southeastern edge of Upper
Klamath Lake and along fhe Klamath River. 0lder rocks do not crop out
in the area, but have been interpreted from well logs to be lower Plio-
cene basalts (Peterson and McIntyre, 1970).

Two episodes of faulting are evident in the area. The first oc-
curred prior to and during deposition of the Yonna Formation. These
faults are characterized by consistency in trend (northwest to north)
and closeness of spacing. Dips of exposed fault planes exceed 60 de-
grees. The faults exposed along the eastern side of Upper Klamath Lake
belong to this group (Peterson and McIntyre, 1970).

North-south trending anticlines and synclines, formed after this
first episode of faulting, appear to control the location of the secpnd'

group of faults, lower Pleistocene in age. The density of these faults
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increase in the vicinity of the anticlines and decrease in synclines
(Peterson and McIntyre, 1976). This faulting is probably responsible
for present day topography in the area, such as the large basin which
contains Upper Klamath Lake. Movement of these faults is almost en-
tirely in the dip slip direction, and displacement on some of the large
faults has been estimated to be as much as 1800 m (6000 ft.) (Sammel
and Peterson, 1976).

Tuff and basalt of the Yonna Formation are exposed in the thesis
area. These outcrops, along with well logs from the three hot and three
cold water wells drilled on the OIT campus provided geologic control for
the gravity models. The well locations are shown in Figure 3; and a
cross section containing four of the wells is shown in Figure 4. The
units described as 'red lava' were used as marker beds in constructing
the cross section. Well data shows interbedded tuffs and basalts of
the Yonna Formation in the upper portion of the subsurface, with early
Pliocene basalts below these. Logs frem the cold wells Tocated on the
northeast, or upthrown side of the fault, contain more basalt in the
upper poftions than do well logs of the hot wells, located southwest of
the fault. A photograph of the fault's exposure is shown in Figure 5,
and its location is shown in Figure 3. A geologic map of the study_

area is shown.in Figure 6.
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Figure 5.

Photograph of fault's exposure on OIT campus.

10



11

*SdoJ423N0 }JO SUOLILIO| 3R Seade papeys JYudeq

‘pade SLsayz jo dew o2L60]09y

“g aanb

sy

T
N
./ L~
Ll

~

N




GRAVITY

Gravity prospecting methods are based on the theory of attraction
of two particles based on their masses and_separation. Newton's Taw
expresses this behavior in the equation: F=Ym1m2/r2, where mj-and mo
are the masses, r is the distance between the two centers of maés, and
Y is the universal gravitational constant, 6.670 x 10'8 in the cgs sys-
tem. The acceleration (g) of a body, my due to the attraction of mj is
obtained by dividing the force by mp: g=F/m2=Ym1/r2. The units for é
are cm/sec2 and called the gal. The nominal value for g at the earth's
-surface is 980 gals. The rotation of the earth and its slightly oblate
shahe cause gravity values to be maximum at the poles an&'hinimum at
the equator, a difference of approximately 5.3 gals. This variation of
gravity with latitude is expressed in the International Formula (1930):-
g=978.049(1+0.0052884 sin2-0.0000059 sin22¢)ga]s, where ¢ is the lat-
itude (Dobrin, 1976). | | |

Differences in values of g are also caused by 1étera] and vertical
rqck variations, and constitute the basis for gravity prospecting.
These differences are extremely small in magnitude, and the mi]Tigq],.
or mgal (1/1000 gal) has been adopted to measure these changes. Mod-
ern gravimeters are capable of measuring changes in the earth's gravity
field to several thousandths of a milligal, although routine work is'y;
measured to .01 mgal. In measuring gfavity at points along the earthfs
surface, comparisons are made to the theoretical gravity (International

Formula), the gravity that would exist at sea level at those points.
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To compensate for elevation departures from sea level, several correc-
tions are made to the measurements: free air, Bouguer, and terrain
corrections.

Gravity theory states that the attraction between two particles
is measured as if the masses of the particles were concentrated at
their centers. The free air correction compensates for the fact that
statfons above and below sea level will have different distances to the
center of the earth than if gravity was measured at sea level. At sta-
tions above sea level the attraction of masses is less, so the correc-
tion must be added. At stations below sea level, the correctibn is
subtracted. The value for the correction is .3086 mgal/m (.09406
mgal/ft.).

Correction must also be made for the fact that at stations above
sea level the attraction of the slab of material above sea level is:
included in the gravity measurement. The gravity contributed by this
attraction must be subtracted from the measured gravity. At stations
below sea level, the attraction of a slab of material extending from
the elevation of that point to sea level is missing. A correction is
added to the measurement compensate. This cbrrection is the Bouguer
correctién, and its value is 2nYpt, where p is a standard reduction
density of 2.67 g/cc and t is the thickness of the slab.

The terrain correction compensates for effects of local topography
on gravity measurements. A mass is attracted to the earth not only by
material directly beneath it, but by material around it. Any local
topography changes the gravitational attraction at a point. The mass of

a nearby hill is an attractive force, and detracts from the gravity
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that would be measured on a slab of uniform elevation. A valley is a
mass deficit, and its effect is to also subtract from the gravity of a
slab of uniform elevation. For elevations above and below the station,
terrain corrections are addéd.' An overlay of rings divided into com-
partments is used over topographic maps of the area to calculate the
correction. The average elevation in each compartment is estimated,
and the difference between that elevation and the elevation of the sta-
tion is used in calculating a correction for that compartment. Correc-
tions for all compartments are added to calculate the total terrain
correction for that station.

When only the free air correction is made to the gravity measure-
ments, the difference between the measured and the theoretical gravity
at that point is called the free air anomaly. When free air and |
Bouguer corrections are made, that difference is called the simple
Bouguer anomaly, and when the terrain correction is also added, the dif-
ference between the corrected measured gravity and the theoretical grav-

ity is the complete Bouguer anomaly.
Field Work.

The gravity survey was conducted during February and March of .
1979. Stations were first surveyed with a transit, using two bench-
marks established by OIT and one section marker. Gravity readings weré_
taken with a Worden gravimeter on loan from the School of Oceanography,
Oregon State University. The base station used in the survey was part
of the gravity base station network in Oregon tied directly with the .

international gravity base station at Carnegie Institution, Washington,
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D.C. The base station is Tlocated at the base of the column at the
southwest corner pf the classroom building on the OIT campus, at the
center of the radius of curvature of the depression in the column.

At some stations levelling the gravimeter was difficult due to
muddy ground surface, but where possible, readings were repeated with
an accuracy of approximately .03 mgal. Some of the readings could be
reapeated to only .06 mgal. The base station was occupied at the be-
ginning and end of each day and at approximately two hour intervals
throughbut the day. Temperature variations of the instrument were noted

at each reading and later corrected for.

Data Reductijon.

Data reduction consisted of drift, tidal, and terrain corrections
done by hand; free air and Bouguer corrections were calculated with a
computer program. Correction for instrument drift consisted of estab-
lishing a drift curve from base station feadings. Readings from gravity
stations were plotted on the curve and then corrected to the base level
of the curve.

Tidal corrections were made using a computer program obtained from
‘the School of Oceanography, Oregon State University. The program gives
the tidal correction in mgals at one-half hour intervals, and correc-
tions for readings tqken at intermediate times were made by extrapola-
tion,

Terrain corrections were made using the technique described in
Dobrin (1976). Hammer charts consist of successive rings of compart-

ments at greater radii from the station. Each ring is called a zone. .

I3
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. U.S. Geological Survey topographic maps were used in determining cor-
rections for zones E (radii of 558-1280 ft.) through M (radii of 48,365-
71;996 ft.). A topographic map of the OIT campus with a five foot con-
tour iﬁterval was used, along with field notes on topography, to deter-
mine corrections for zones B (radii of 6.56-54.6 ft.) through D (radii
of 175-558 ft.). Some of the stations did not fall within the bound-
aries of the campus map, and corrections for the inner zones of these
station were based upon field notes. For zone M, one terrain correction
was made and this value used for all stations. Values were computed
for every fourth station in zones E through L, with intermediate values
extrapolated, while corrections were made for each station in zones B
through D.

Free air and Bouguer corrections were done with a computed pro-
gram developed for this purpose. The program, GRAVPLOT (obtained from
the Earth Science Department, Portland State University), uses the In-
ternational Formula to determine free air and simple Bouguer anomalies.
The terrain corrections are programmed into the computer, and the com-
plete Bouguer anomaly is also computed. The free air, simple Bouguer,
and complete Bouguer anomalies are plotted against elevation by the
program. The reduced gravity data is listed in Appendix 1;

Errors faor the gravity measurements were estimated to be:

.03 mgals-gravity reading
.03 mgals-drift

.03 mgals~elevation

.05 mgals-terrain correction
.01 mgals-latitude

Since the errors are random, the total error is not the sum of the indi-

vidual errors, but might be better estimated by /zel (A.G. Johnson,
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personal communication). This method gives a combined error of .07

mgals.

Interpretation.

Six gravity lines, labeled A-F in Figure 7, were run in a direc-
tion perpendicular to the assumed trend of the fault (N30OW). It was
felt that this orientation would simplify not only gravity modelling of
the area, but also the interpretation of the models. Station were
spaced approximately 30 m apart near the fault, and up to 100 m apart
away from the fault. Station locations are shown in Figure 7{

Geologic constraint for the models was provided by scattered ba-
salt and tuff outcrops throughout the area, some resistivity data, and
by well logs of six water wells located on the OIT campus, shown in
Figure 3. The three hot wells are located on the southwest or down-
thrown side of the fault, and the three cold wells 1ie on the northeast
or upthrown side of the fault. A cross se;tion from well logs of four
of the wells located on a nearly linear trend provided control for
gravity line C. The gravity modelling was constrained by the two faults
necessary in the cross section to be consistent with the well data (see
Figure 4). Regional gravity control was obtained from free air and
Bouguer anomaly maps of the Klamath Falls area (Van Deusen, 1977).

Gravity modelling was done with a computer program, FREEAIRFIT,
developed for this purpose and described By Jones (1976). The program
computes relative anomalies due to inhomogeneities in the subsurface.
The gravitational effects of bodies of rock in two dimensions are

computed; the third dimension is not considered. Areas of different
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densities within the model are approximated by polygons, and the verti-
cal attraction of these polygons computed for each station. Corners of
the polygons are specified by X (horizontal) and Z (vertical) coordi-
nates; statibn lTocations for computing gfavity are 1océted in the same
manner.

| No regional gradient was observed on regional free air anomaly
maps, and_so was not included in the modelling. A regional free air
model was constructed to consider effects of the surrounding area on the
gravity profiles of the study area.

Three densities for rocks of the area were used in the modelling.

A density of 2.8 g/cc was used for basalt. This value is Tower than
an average basalt density of 3.0 g/cc (Telford and others, 1976; Sharma,
1976) because basalt in the area is fractured (Samme1 and Peterson,
1976). A value of 2.4 g/cc was used as the density of the tuffaceous
rocks. Rough density measurements were done on six samples of tuff from
the area, giving an average density of approximately 2.4 g/cc. A den-
sity contrast of .4 g/cc for these rocks is consistent with the density
contrast used by Peteréon (Sammel and Peterson, 1976) to model an area
25 kilometers to the south. A surface density of 2.0 g/cc was used on
the southwest end of 1ines A and B. This area has been reworked due
to the presence of OIT buildings, and is also covered with alluvium
(see Figure 2). For these reasons, a 2.0 g/cc density assumption seems
reasonable. In the modelling program, it is the density contrast and _
not the absolute density which is used to calculate anomalies. Eleva-
tion accuracy is important because the effect of a density contrast of

2.4 g/cc (air and tuff) is much more significant than a contrast of
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4 g/cc (tuff and basalt).

Each gravity 1ine was first considered separately and modelled
to be consistent with geologic information available for that line. A
© gravity profile for a homogeneous body of rock was modelled for each
line to estimate gravity effects due to elevation changes only. Models
were constructed to a depth of 800 m above sea level; the anomaly below
this pdint is probably not apparent because the rock at depth on each
side of the fault is similar. When the model for each line was consis-
tent with available information and 'fit' the gravity profile for that
1ihe relatively well, the models were refined to make them consistent
with each other. Line D, the southernmost Tine was discarded from the
modelling process. A regional gravity study of the area (Sammel and
Peterson, 1976) indicates a gravity high over the city of Klamath Falls,
shown in Figure 8; It was felt that the source of this high might be
affecting the gravity profile of line D, and the 1ine‘was discarded
because is would not be useful in determining the location of the fault.
Two other short gravity lines, E and F.were also completed. These Tlines
wére not long enough to be modelled, but wére used in constructing the
'gravity anomaly contour map, shown in Figure 7. A total of approxi-

mately sixty models were attempted for gravity lines A, B, and C.

Line C. The southwest end of Line C; shown in Figure 7, is loca-
ted near the Presbyterian Intercommunity Hospital, and trends N60E.
The free air anomaly and associated model are shown in Figure 9. The
line crosses the geologic cross section (see Figure 4), between wells
number 6 and 2. Although geologic control for the cross section is

somewhat limited in this area, it was used in approximating depths and
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lTocations of basalts at the southwest end of 1ine C. The thin beds of
basalt on the southwest end of the 1line thin northward and are not pre-
sent in the two gravity lines to the north.

Data from the three resistivity lines northeast of the fault (see
Figure 16) were used in approximating depths to basalts. If a layer of
rock was only a few meters thick, it was considered 'unnecessary' to
the model and was not included. A lower layer of tuff, beneath the
layer of basalt shown in the resistivity survey, was necessary to more
closely match the calculated anomaly with the gravity profile. The po-
sition of this lower tuff is somewhat arbitrary - from well and outcrop
data it was necessary that the tuff layers dip to the south and thin
to the north, and placing the lower tuff Tayer in this location allowed
it to be consistent with data from well number 1.

The fault in line C is located at the surface near gravity station
1 (see Figure 7). A model with a.single fault was attempted at first,
but Tater models contained a secondary fault to be consistent with the
cross section. The di;tance between»these two faults is approximately
45 to 75 m. A distance of approximately 65 m was used because is pro-

vided the best fit to the cross section.

Line B. Line B is located approximately 330 m north of Line C.
The southwest’end of the Tine is located near OIT dormitory buildings,
and runs N60E just north of well number 1. The gravity profile and
associated model are shown in Figure 10.

The downdropped side of the fault has a greater vertical displace-
ment fhan in Tine C by approximately 50 m. This represents a slope of

about eight degrees. The basalt layers present on the downdropped side
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of the fault on line C are not present in this line. From well data
these basalts appear to thin out northward, and if they were to be in-
cluded in line B, it would require that the southwest side 6f the fault
be dropped down even more - to a dip that would seem less reasonable.

Qutcrops along the hillside indicate a layer of tuff-present,
but data from well number 1 and outcrops of basalt hear the northerﬁ
water tank (see Figure 7) indicate that the tuff layer does not extend
to the top of the hill, although more tuff crops out above the water
tank. The 50 m of tuff near the fault was necessary to fit the gravity
profile. The two layers of tuff on the northeast end of the Tine are
the same Tayers as in line C, thinning out slightly, and dipping to the
south. Well number 1, Tocated near station 31, provided sbme control:
for a depth and thickness of the lower layer of tuff at that point.
The surface Tocation of the fault is near station 21, in a direction

approximately N35W from its location on line 1.

Line A. Line A is the northernmost gravity line (see Figure 7).
The profile and associated model are shown in Figure 11. The vertical
displacement of the downdropped block is again, greater than the lines
to the south, representing a slope of about twelve degrees, slightly
greater than the slope between lines B and C. A surface density of 2.0
g/cc was used on the southwest end of the 1ine for reasons explained
previously. If this surface density was not used, and was assumed to
be 2.4 g/cc, the calculated vertical displacement of the downdropped
block would be even greater, resu]ting in an estimated slope of greater
than twenty- degrees, which seem unreasonable compared to the slope be-

tween 1ines B and C. The depth of the tuff layer immediately to the
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northeast of the fault was determined from data from well number 3, lo-
cated near station 42. ’

The upper tuff layer on the northeast end of the line is a con-
tinuation. of the Tower tuff layer on lines B and C. The upper layer of
tuff in Tines B and C is not present in this 1ine, as basalt crops out
along the hillside near the gravity stations. However, a second tuff
layer not present in the other two lines was necessary to more closely

match the calculated anomaly with the gravity profile. The surface po-
sition of the fault on this 1fne is west of station 42 (see Figure 7).

After modelling was completed on tHese three lines, attempts at
changing the position of the fault and its dip on line A were made to
see the effects of these changes. Models of the fault with dips of
60 and 75 degrees were tried, but did not fit the gravity profile as
well as an intermediate dip of 65 to 70 degrees. These models and pro-
files are shown in Figures 12 and 13. Models changing the position of
the fault 10 m west and 10 m east on line A were also tried. Changing
the position of the fault 10 m west appeared to work equally well, but
changing the position 10 m east did not match the gravity profile as
well. The gravity profiles and computed anomalies for these models are
shown in Figures 14 and 15.

From the gravity modelling, the strike of the fault was fixed at
approximately N35W. This differs slightly from the trend assumed for
this study, N30W. The trend shown on the map is about N37W, but this
is due to e]evatipn changes. The féu]t dip is 65 to 70 degrees to the
southwest. The calculated location of the fault in the study area is

shown in Figure 7. Most of the curve in the trend of the fault near its
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‘exposure at the southern water tank (see Figure 7)lis due to elevation
change, but the fault itself may also curve slightly in this area.
Vertical disp]gcement on the fault increases from 100 m in the south to
200 m jn the north. The position of the fault as located by gravity
modelling is not exact, but probably varies by no more than 5 m on
line C and 10 m on 1ine A. The secondary fault is approximately 65 m
west of the primary fault, and has a vertical offset of approximately

50 m.



RESISTIVITY

Resistivity provides a method of investigating bodies of rock
based on their electrical characteristics. The resistivity is defined
as the resistance of a cylinder with unit cross sectional area and unit
length (Dobrin, 1976). For a cyfinder of length 1, cross sectional
area S, and resistance R, resistivity = RS/1, measured in ohm-meters.
Resistivity may also be defined as the inverse of conductivity. The
ease with which rocks conduct a current depends on the chemical compo-
sition of the rocks, the degree of compaction, the amount of water in
the rock pores, and the amount of disso]véd solids in the water.

The resistivity method involves placing four electrodes in the
ground in one of several standard arrangements. An external voltage is
applied acfoss two of the electrodes, putting current into the ground,
and the potential difference is measured across the other two elec-
trodes. If the current lines pass through a homogeneous rock layer,
the resistivity for that layer is directly measured. lAs the spacing
between electrodes increases, so does the depth of penetration of the
current flow lines, and increases the possibility that the flow lines
will encounter another formation with a differing resistivity. The
measured resistivity value will then be some combination of the resis--
tivities of the upper lower units.

The type of information gained from the measurements is controlled
by the spacing arrangements of the electrodes. In continuous profiling,

the whole electrode array is moved along a line, and differences in
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resistivity values reflect lateral variations in the rocks. In verti-
cal sounding, the spacing between electrodes is progressively in-
creased and vertical resistivity variations are seen. . In the standard
Wenner array (see Figure 17), often used in continuous profiling and
vertical sounding, and the electrode setup used in this study, the depth
of penetration of thelflow Tines is approximately equal to the distance
between electrodes, or the a-spacing. In the Wenner arrangement, the
apparent resistivity, or P, is equal to 2raV/I, where a is the a-spac-
ing, V is the potential difference at the two inner electrodes, and I
is the current put into the ground.

In areas where the water table is relatively shallow it is often
'difficult to obtain information other than the depth to the water table
usiné resisti?ity methods. Low resistivity values aré encountered at
the water table because water containing dissolved solids is a good
conductor, and other subsurface features tend to be hidden by the ef-
fects of the water table. Since the average annual precipitation in
Klamath Falls is less than .365 m (15 in.), and the study was done in
an area approximately 75 m above the level of Upper Klamath Lake, it
was felt that subsurface features other than the water table could be
detected. ’

Tuffaceous rocks in the Klamath Falls area are generally unfrac- .
tured and non-porous. Little water can be contained in these rocks,
and they have been assumed to have a high resistivity. Basaltic rocks
in the area are highly fractured and thus have the ability to transfer
water. Water in the area contains up to 900 mg/1 dissolved solids

(Sammel and Peterson, 1976), an amount which would significantly
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increase conductivity, so the basalts have been assumed to have a rel-

atively low resistivity.
Field Work.

Five vertical sounding resistivity lines were run during June of
1979 in an attempt to determine depths to tuff and basalt layers which
might be used in gravity modelling. Three of the lines (1, 2, and 3)
were located onAthe northeast, or upthrown side of the fault, and two
(4 and 5) were located on the southwest, or downthrown side of the
fault (Figure 16).

An Atlas Copco ABEM Terrimeter was used in a standard Wenner array
in the survey. -The spacing between electrodes was expanded from 1.5 to
3, 6, 15, 30.5, 61, and 152 m as needed. If the resistivity values re-
mained constant over several a-spacings and were not expected to change,
the.array was only expanded to an a-spacing of 61 m. The readings on
the Atlas Terrimeter are values of V/I times some power of ten. To
find the apparent resistivity, this value was multiplied by the multi-

plication factor and then 2wa, where a was the a-spacing.

Interpretation.

The Tagg method for interpreting simple two or three horizoﬁta]
layer cases was used on the resistivity data (Dobrin, 1960). Tagg
curves are a family of k curves plotted on a p,/p7 versus h/a graph,
shown in Figure 18. H is the depth to discontinuity and k is fhe resié—
tivity contrast. Since the apparent resistivity is the measured quanti-

ty, then a-spacing versus apparent resistivity for various a-spacings
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can be matched with the theoretical Tagg curves to give values or h and
k. The pa/p1 value for field data is found by estimating e1 from P,
at values of a that approach zero and dividing the Pa value for each
a-spacing by this value of Pj. These values are then plotted as hori-
zontal Tines on the Tagg curve graph of pa/bl or p1/ep, (whichever value
is less than one) versus h/a. A plot of k versus h is developed, giving
" a curve for each a-spacing, and where these curves intersect, the value

for h at that point is taken to be the depth to the second layer.

Line 1. Line 1 is located on the upthrown side of the fault.
Plots of apparent resistivity versus a-spacing and k versus h for lfne 1
are shown in Figure 19. An isolated basalt outcrop near the line was
interpreted to be only a thin cap, and the Tagg curve intersection at
2 m was taken to be the depth to a tuff layer below the basalt. This
was consistent with the high resistivity values for a-spacings from 6
to 61 m. Another Tagg curve intersection at approximately 44 m was
interpretgd to be the depth to a basalt layer below the tuff. This

corresponded with low resistivity at a-spacings. of 61 and 152 m.

Line 2. Line 2 is located northeast of the fault, shown in Figure
16. The same pattern in the apparent resistivity versus a-spacing plot
of Tine 1 is evident jn Tine 2 - Tow resistivity values at small a-
spacings, high resisfivity at intermediate a-spacings, and low resisti-
vity values at greater a-spacings (Figure 20). However, the gradual
increase of resistivity at a-spacings of 61 and 152 m is somewhat con-
fusing. It is possible the basalt is compressed depth, and some of the

fractures are closed, closing water channels. If this is the case, it
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Apparent resistivity
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is curious that other lines did not indicate the same pattern. Tagg
curve intersections occurred at 5 and 21 m. Five meters was taken to
be the depth to the tuff layer. Twenty-one meters was interpreted to

be an’épproximate depth to the lower basalt layer.

Line 3. ‘Line 3, just northeast of the fault, (Figure 16), showed
a high resistivity layer at small a-spacings and a lower resistivity
layer at greater a-spacings. The one point Tow resistivity value at
3 m spacing may be due to a very thin finger of basalt. Plots of k
ve?sus h (Figure 21) show depths of 1 m and 11 m to interfaces. The
1 m interface was interpreted to be the thin basalt wedge, and the 11
m intersection has been interpreted to be the depth to a lower basalt

layer.

Line 4. Line 4 was run on the downthrown side of the fault near
two of the hot water wells and an OIT heat exchange building (Figure
16). The plot of apparent resistivity versus a-spacing is shown in
Figure 22, along with the plots of k versus h for this line. If the
line lies below the fault, then the depth to which the a-spacing per-
mits penetration should show only a high resistivity layer, tuff, to
be consistent with well data from the area. A Tagg curve intersection
of 3 to 6 m may be due to water flow in the surface layer due to the
three hot water wells in the area, or to interference with underground

pipes from the heat exchange building.

Line 5. Line 5 was located on the downthrown side of the fault
west of the OIT campus. The lowest resistivity value was measured at

152 m a-spacing. Plots of k versus h (Figure 23) showed an
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intersection at approximately 56 m. Klamath Lake Ties approximately 61
m below the elevation of this line, so this 56 m intersection was taken
to be the depth of the water table in this area.

The ca]cu]atéd depths to basalt and tuff layers were used where
possible in the gravity modelling. Data from lines 1, 2, and 3 were
used in determining depths to a basalt layer in the model for gravity
Tine C. Line 4 showed an interface which may be due to interference
from water wells and pipes in the area, and Tine 5 showed an interface
interpreted to be the water table in the area. A cross section perpen-
'dicular to the resistivity lines using depths calculated from the plots

of k versus h is shown in Figure 24.
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“Figure 24. Cross section perpendicular to resistivity profiles.



SEISMIC REFRACTION

Seismic exploration depends on the bfopagation of waves through
elastic media. An elastic substance is oné which deforms when a force
is applied but returns when the force is removed. Rocks can be consid-
ered to be elastic if deformations are small.. The velocities at which -
seismic waves travel through rocks depend on the density and elastic
properties of the rock units.

Relations between stress and strain are defined by certain elastic
constants. Young's modulus (E) measures the relation of compressiohal
or tensional stress to linear strain: S=E3u/3x, where 5u/3x is the
change in length in the x direction. The bulk modulus, k, measures the
proportionality between hydrostatic pressure and cubic dilitation, and
is equal to P/(aV/V), where P is‘hydrostatic pressure, AV is the cﬁange
in volume, and V is the original volume. The rigidity modulus, s re-
1ate§ shear stress to shear strain in the equation St=u€. Poisson's |
ratid, o, is the change in length of one dimension of a body due to a
change in length in another dimension.

When stress is applied to a body, the resultant strain is propa-
gated outward as waves. Surface Waves travel across the free surface
of an elastic body, while body waves travel within the body. There are
two types of body waves. P waves are compressional-dilitational waves
which cause d change in only the volume of a material. Particle move-‘
ment is in the direction of travel. Shear waves, or S waves, cause a

rotation in the material. Particles move perpendicular to the direction
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of wave propagation. The velocity of P waves in rocks is given by the

equation:’ Vp=¢Tk+4u/3)/p or ¥(1-0)E/(1+0)(1-20)p where p is the rock

density. The shear wave velocity, Vs is vu/p or v(E/p)(1/2(1+c)). For

most rocks, ¢=.25, and V_ is then approximately 1.7 times VS.

P
When a stress is applied at a point, P and S waves travel in all
directions. As the waves strike an interface, part of the wave energy
is reflected, and part of the energy is refracted into the second me-
dium. The angle at which the refracted wave travels in the second
medium is given by the relation: sin a/sin Rp=Vp1/Vp2, Snell's law.
Vpl is the P veTocity in the upper layer, sz is the P velocity of the
second layer, i is the angle of incidence, and Rp is the angle is re-
fraction of the P wave. If sin i is equal to Vpl/VpZ’ then sin Rp is .
equal to one, Rp=90 degrees, and the refracted wave travels along the
MU y/Vp)s s the

angle necessary for this refraction to occur. Energy is also refracted

interface. The critical angle, i., equal to sin”

back towards the surface at the critical angle. For refraction at the
critical angle to occur, Vpl must be < sz. Low speed layers underly- A
ing higher speed layers are not 'seen' as refractors in seismic refrac-
“tion.

In a refraction survey, a series of geophones is placed along a
line. A seiSmic wave is generated at one end of the line, and the time
of arrival of the refracted wave at each geophone is recorded (Figure
25). These times are used in calculating depths to interfaces and
velocities.

Refraction 1lines are reversed (the wave is generated at the oppo-

site end of the 1line) to check for dipping beds. The time for the wave
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" to travel the total distance is the same, but if the beds are dipping, |
it will fake Tonger for a wave introduced at.%he downdip end of the
line to reach an intermediate geophone than one introduced at the.Updip
end of the line (Figure 26).

Surface velocities for the area were estimated to be between 200
and 700 m/sec, velocities for a soil-sand-clay mixture (Clark, 1966)
Tuff velocities were estimated to be between 1500.and 2500 m/sec
(Clark, 1966). Basalt velocity was estimated to be approximately 5000
m/sec. This is a rather low velocity for basalt (range of 5000-6400
m/sec: Clark, 1966) but was thought appfopriate for the fractured ba-

salts of the area.
Field Work.

The refraction survey was carried out in June, 1979. Three lines
were run: one northeast of the fault, one southwest of the fault, and
one across the fault (Figure 27). |

Lines were 335 m (1100 ft.) in length. Twelve geophones were
placed in a line at approximately 3 m and 15 m spacing from the point of
the weight drop. The closer spacfng\was used to estimate surface veloc-
ities. The recording equipment, consisting of a power source, an amp-
iifier, and an oscillograph, and carried in a separate vehicle, was left
at either end of the line. Three drops were completed for each forward
and reverse line: a 3 m spacing drop, a 15 m spacing drop covering the
first half of the line, and a 15 m spacing drop covering the second Ha]f
of the Tine. All lines were reversed. A thumper (a weight-dropping

device), loaned by the School of Oceanography, Oregon State University,
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was used to generate a sejamic wave. The drop was repeated until the
arrival time at each geophone was recorded clearly. Gain and filter
adjustments on the amplifier were used to adjust the signal and noise
levels. When the first half of the 1iné at 15 m spacing was completed,
the last geophone was left in place and the other geophones were placed
at 15 m spacing along the second half of the line. When the second for-

N\

ward profile was complete, the process was reversed to check for dipping

beds.

Interpretation.

Arrival times for refracted waves were plotted on time versus
distance graphs, and velocities of layers calculated by a least squares
lmethod (Walpole and Meyers, 1978). Depths to interfaces and dip angles
of beds were calculated using methods in Dobrin (1976, pp. 296-305).

Because the refraction survey was conducted after.gravity model-
ling was completed, the refraction data was used as a gravity model
check. Ca]cu]ated depths to interfaces were not always exactly the
same as those used in the gravity modelling, but there is enough un-

certainty in the methods.to imply that all differences may not be real.

Line 1. Line 1, located just northeast of the fault, is shown in
Figure 27. The forward and reversed profiles show three layers (Figure
28). The surface layer has an average velocity of 435 m/sec (1400 ft./
sec), and a calculated depth of approximately 12 h. The layer dips to
the south at approximately 2 degrees, almost negligible. A surface |
density was not used in the modelling of gravity lines A and B, located

near the ends of refraction line 1. A surface layer with density of
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2.0 g/cc 12 m thick would chénge the gravity by approximately .2 mgal.
If the surface density were used on both sides of the fault, the loca-
tion of the fault would not change. ‘

The velocity ofAthe tuff was calculated to be approximately 2175
m/sec (7140 ft./sec). Calculated basalt velocity is approximately 4800
m/sec (15,750 ft./sec), which is 10Qer'than estimated, but not unrea-.
sonable for fractured basalts. The depth to the basalt-tuff interface
was calculated to be approximately 85 m (280 ft.) at the north end Qf>
the 1ine, and 95 m (315 ft.) at the south end. If the length of the
line and the elevation difference between the ends of the 1ine are taken
into account, the'dip,is negligible.

The difference between the depth to the basalt in this area used
in the modelling of gravity Tine B and the depth calculated at the north
end of the refraction line is approximately 15 m. The gravity model in
this area was constrained by data from well number 1, and 15 m is not
an unreasonable difference considering error in both methods.

The calculated depth to the basalt at the south end of the line
is approximately 95 m. This does not agree at all with the depth to .
the upper basalt layer in the area used in gravity line C. However,
the depth to the Tower basalt layer is approximately 90 m, which agrees
quite well with the refraction data. This discrepancy may be explained
if the tuff layer just north of the fault in gravity line B (Figure 10)
meets both tuff layers north of the fault in gravity line C (Figure 9).
The refracted Qave might travel along the interface connected by these
layers. Two cross sections of possible subsurface structures parallel

to the fault are shown in Figure 29. The upper basalt layer in gravity
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Tine C may either thin out to the north, or be truncated by erosion.

Line 2. Line 2 is located southwest of the fault near the end of
~gravity line A (Figure 7). This is the area in which resistivity Tine

5 was run. The refraction profile (Figure 30) shows two layers. The
profile 1s'characteristic for a dipping bed, giving two apparent veloc-
ifies for the lower layer. The velocity of the upper layer is approxi-
mately 600 m/sec (1975 ft./sec). This bed dips to the north at an angle
of 5.5 degrees. Its depth at the south end of the line is less than a
meter; near the north end of the line its depth is approximately 25 m.
This is consistent with the 2.0 g/cc density layer used fn gravity lines
A and B. The thickness of the layer is near zéro at the southwest end
of gravity line B, and thickens to approximately 20 m at the southwesf
end of gravity line A, with a dip of approximately 3.5 degrees. The
Tower layer has a velocity of approximately 1482 m/sec (4860 ft./sec),

and-was interpreted to be tuff.

Line 3. Line 3 was run across the fault, near the location of
gravity line A. The refraction profile is shown in Figure 31. It was
hoped that this line Wou]d show a standard normal fault profile, (Figure
32, Sharma, 1976), but this was not the‘case. Results for the second
half of the. forward drop were not obtainable. Even with adjusting the
gains and filters of the geophones on several drops, no clear wave ar-
rivals could be seen. The profile does show two layers - the surface
layer has a velocity of 690 m/sec (4850 ft./sec). The calculated
depth of this layer on both ends of the line is approximately 20 m (70

ft.). It is unclear exactly what this depth shows. Although there are
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no arrival times for the second half of the forward drop, this facﬁ in
itself shows that for some reason, the wave energy is not reaching the
geophones after a certain point.. The wave energy must travel somewhere;
it may possibly be diffracted by fault gouge.

The refraction survey provided a check for the gravity models.
Line 1, northeast of the fault, showed three layers: a surface layer
with a depth of 12 m, a nearly horizontal tuff layer (see Figure 29),
and a basalt Tayer. Line 2, southwest of the fault, showed a surface
layer dipping to the north at approximately 5 degrees, underlain by
tuff. Line 3, crossing the fault, showed two layers. Returns for the
second half of the forward drop were not obtained, indicating that, for

some reason, wave energy is lost in that area.



MAGNETICS

The intensity of the earth's maQnetic field, Tike the gravitation-
al field, depends on the type of rock the field is measured over. The
magnetic field has both intensity and direcfion, whereas the gravita-
tional field has magnitude only, the direction being essentially towards
the center of the earth. |

A11 magnets have two poles: a positive pole, which, when é11pwed
to rotate freely, points in a general north direction, and a negative,
or south-seeking pole. The force between two poles is given by the e-
quation F=1/u(P0P/r2), where P0 and P are the strength of the two poles,
r is the distance between them, and u is the permeability of the mate-
rial surrounding the poles, a dimensionless quantity. F is measured in
dynes. The magnetic field strength at a point due to a pole of strength
P at r distance away, is P/urz. When a magnetic material is placed in
an external magnetic field, the material is polarized - magnetic poles
are induced in the material. The intensity of magnetization, I, or the
pole strength per unit area, is equal to kHcose where H is the external
field, e is the angle of the field with the normal to the surface of
the material, and k is the susceptibility of the material and is a meas-
urement of its capability to be magnetized. |

The susceptibility of a material is closely related to its magnet-
ite content, and its variation in different rock types makes magnetic
prospecting a useful tool. When a magnetic survey is conducted, the

measurements are dependant on the susceptibility polarization, kH, and
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the remnant polarization. For igneous rocks, remnant polarization is
the directional polarization induce& in the rock as it cooled from mol-
ten material in the direction of the earth's field at that time. For
sedimentary rocks, the remnant polarization comes from the orientation
of the grains with the earth's field as they were deposited. For most
surveys, the susceptibility of the rocks is the distinguishing charac-
teristic. Lateral changes in the earth's magnetic field result fron
lateral variations in rocks type. The closer the lateral variation is
to the surface the sharper the anomaly (varying with 1/r3).

The magnetic field strength is measured in oersteds, which is one

dyne per unit pole. The total magnetic field of the earth is approxi-
5

mately .5 Oe, so a smaller, more practical unit, the gamma, or 107> Qe

is more commonly used.
Field Work.

The magnetic survey was conducted at the same time as the gravity
survey, during February and March of 1979. After gravity readings for
each Tine were taken, magnetic readings were taken at the same stations
(Figure 7), with a Geometrics Proton Magnetometer. The unit consists
of a sensor, staff, and console. After pressing a button, the total
intensity of the earth's magnetic field in gammas is displayed. Three
reaaings were taken at each station, and the average value used in con-
structing magnetic profiles. A base station was occupied approximately
every hour, and those readings used to construct a drift curvé for the

measurements.
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Interpretation.

Readings were corrected for drift, using base station readings.
The data for each line was smoothed using Sheppard's five-term equa-
tion (Davis, 1973). In models that were tried, a susceptibility of
.006 was used for basalt (Telford and others, i976), and a susceptibili-
ty of 0 was used for the tuffs and ofher sediments, as most seqiment
susceptibility is negligible (Telford and others, 1976).

The magnetic contour map is shown in Figure 7. The data exhibits
a strong linear trend, at an angle of 15 to 25 degrees to the fault.
This is not unreasonable, as magnetic anomalies are aften displaced
from the feature they dé]ineate, (Hanson, 1966: pp. 49-50). However,
if .the trend is displaced it would be expected that the Tow would ap-
pear on the dbwndropped side of the fault. This is not the case. The
magnetic profile for magnetic line B is shown over the model from the
gravity analysis of that Tine in Figure 33. The low occurs northeast of
the fault, over an area where sediments are quite shallow. If the data
were rather irregular, it might be contributed to interference from
power Tines or underground pipes, but the trend exhibited by the data
is very linear, and is consistent over several lines. Several simple
models were tried to see if they could produce the‘same type of anom-
alies shown by the data.

One of the models, that of a thick'horizontal slab representing
a fault block (Dobrin, 1976), is shown in Figure 34. The slab repre-
sents basalt on the northeast side df the fault, with a susceptibility
of .006. The thickness of the slab was 500 m, buried.25 m beneath the

surface. The model does not fit the pattern of the magnetic profiles,
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Figure 34. Magnetic profile and associated model for faulted
horizontal slab with susceptibility k=.006.
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but.show; a pattern simi]af to the one expected, a positive anomaly
over the basalt and a negative anomaly over the tuff.

It is possible that the magnetic low over the basalt just north-
east of the fault may be attributed to'oxidation of magnetite in the
fractures of basalt (M. Cummings, personal communication). Greatest
oxidation may occur closest to the fault, where the basalt may come in
contact with water traveling up the fault. This oxidation'may reduce
the magnetic susceptibility of the basalt near the fault and cause the
magnetic Tow seen in the data.

The linear trend can most likely be associated with the fault.
The Tow exhibited in the data could be imitated by any simple model,
but may be due, as explained above, to oxidation of magnetite in basalt

near the fault.



CONCLUSIONS

Gravity modelling and results from resiﬁtivity data, were used
to accurately locate the fault exposed at one location on the campus of
Oregon Institute of Technology. Refraction data provided a model check.
Magnetic data appeared to be contradictory to the results of other meth-
ods, but may possibly be explained by oxidation of magnetite near the
fault. The models are limited by the geologic control available and
geologic reasoning, but outside of these limits, the models are some-
what arbitrary. Hopefully, after somé experimentation, the preferred
model is the most accurate representation.

A cross section based on data from four of the water wells on the
campus of OIT defined two faults in the area; the second fault located
between 45 and 75 m west of the exposed fault. The second fault was
always included in the gravity modelling, and appeared to fit the grav-
ity profile. GraQity modelling delineated the primary fault trending
approximately N35W and dipping 65 degrees to the southwest. The tuff-
filled, downdropped basin slopes to the north at approximately 10 de-
grees. Basalt flows interfinger with upper sediments on thé downdropped
side of the fault in fhe southernmost portion of the area, and thin to
the north. This northward thinning is also evident in the geologic
cross section. These basalt flows appear to thicken south of the study
area, and may be the source of the gravity high located over Klamath
Falls (Sammel and Peterson, 1976). Several layers of tuff are present

on the upthrown side of the fault. The gravity modelling required the
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presence of some low density material in this area, outcrops and well
data provided some geologic control. The estimated thicknesses and
depths of these tuff layers are somewhat arbitrary, however, resistivity
‘profi1es northeast of the fau]f indicated depths to the upper tuff 1ayér
in gravity line C.

Models-of alternative dips and trends of the fault on gravity
1ine A indicate a dip of approximately 65 degrees to be most appropri-
ate, and the trend of the fault to be N35W (within four degrees).

Refraction data indicated a low density layer dipping north near
the southwest ends of gravity lines A and B, consistent with a 2.0 g/cc
density layer used in the gravity modelling of these lines. The re-
fraction profile run northeast of the fault indicated that the tuff
layer just north of the fault in gravity 1{ne B must meet the two tuff
layers north of the fault in gravity line C. Refraction profiles run
across the fault near gravity line C (Figure 7) did not give complete
returns. A refraction Tine run across the fault near the north end of
the area might better delineate a fault structure because of reduced
subsurface interference with pipes and wells.

Magnetic data, rather than de]ineafing sediment filled areas'and
basaltic areas with lows and highs, respectively, suggests almost tHe
opposite. The explanation offered here is that the magnetic low ob-
served in the data may be due to oxidation of magnefite in basalt near
| the fault. It is also possible that the data may be influenced by ma-
terial outside of the study area. If this is true, a magnetic survey

on a broader scale would be needed to delineate such a feature.
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