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ABSTRACT

‘Magnetotelluric and téllgric. data were gcquired_in ‘the,vicjnity of Mount Hood
Oreg’on‘ as part of a multidiéciplina;y gxploration program to cvaluatg the g"ic_o.therm.al
potential of this stratocone volcano. Eleven field compoqents were acquir'eg‘ si@ul-
taneously over the frequency band of 50.-.001 hertz. These data consisted of qo_ne.ﬁv;e
cbmponent magnetotelluric base sité, two sets of two component remote electric field
measurements and one set of remote horizontal magnetic field measurements. The A
data were recorded digitally in the field and processed later using the rembte electric
and mégnetic signals to obtain unbiased tensor impedance and geomagnetic transfer

function (tipper) estimates.

The effects on the surface field measurements of the rugged topographic relief
~were evaluated using forward simulations. A distortioﬁ removal scheme based on a
linear relation between the topographically distorted fields and distant reference fields
indicated that this distortion could be easily removed when a forward solution of the
topographic model was available. This procedure, based on a three-dimensional

integral equation solution of Laplace’s equation, was applied to selected data. This

analysis indicated that the topographic effects were responsible for only a small




component of the total field response observed.

These Vdata were interpreted using one- a_md two-dimensional harametefized fitting
schemes in conjunction with simple three-dimensional simulations. The data were
divided into five bands based on the frequency characteristics exhibited by various
transfer functions throughout the survey area. Polar diagrams for apparent resistivity,
impedance phase and the complex geomagnetic transfer functions were generated over
each band. The shape and orientation of these diagrams were used to choose
appropriate forward simulations. The models obtained from various data subsets were
combined into a composite three-dimensional model. This model indicated that at
least two near surface conductors probably associated with saturated pyroclastic debris
were located under the slopes of this Cascade volcano. The conductivities from near
| surface to depths of 10-15 kilometers were dominated by a largé resistive zone possi-
bly related to a Pliocene intrusive. The main component of the model consisted‘of a
large conductor with a finite cross-section buried 10-15 kilometers and striking north
20 degreeé west. This conductive body may represent a paftiél melt zone in therl'ower

crust.
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Chapter 1

* The Quest for a Magma Chamber

[I1] Intrcduction

A series of geological, geochemical and' geophysical studies sponsored by the U.
S. Department of Energy, U. S. Geological Survey, u. S. Forest Ser_vice and the Ore-
gon Depaf_tment of Geology and Mineral Industries were initiafed in 1977 to assess the
geothermal potential of the Mount Hood region. Mount Hood was chosen as the site
for this.mul;idisciplinary investigationAbecause it is one of the la;gest most recently
active stratovolcanos in the Cascades which was readily accessible for research. Furth-
ermore, Mount Hood is lpcateci 80 kilometers from a metropolitan center, Portland
Oregon, which would provide a ready market for any geothermal resburce, discovered.
The presence of the chain Qf active volcanos, high regional heat flow, coupled with its
tectonic setting, indicate that 'fhe High Cascades of north central Oregbn should have a
significantly large geothermél potential. The domihant economic 'fac‘tor hdwever is
assoéiated with the discovery of iocglized near surface heat sources. An active volcano
with a historic record of _eruptive activity is a logical place to begin such an.exploration

effort.

Lawrence Berkeley Labpratory under contract with the Department of Energy
was responsible for the electrical studies undertakén at Mount Hood. Due to the
rugged terrain which limited accessibility and the probable existence of high near sur-
face conductivities, the magnetotelluric-remote telluric sounding. method was chosen

as the most practical means to investigate this hostile environment. These data were

supplemented by controlled source electfomagnetic soundings at several locations.



‘ The loop soundings were used in conjunction with the high frequency magnetotelluric
impedance -estimates to interpret the near surface conductivity distribution at several

locations. The'. results are described in detail by Goldstein, Mozley and Wilt (1982).

[II] Regional Geologic and

Tectonic Setting

The regional tectonics of northern: Oregon are intimately related to the juan de
Fuca ridge and the associated interaction of the Juan dé Fuca plate with the Nhrth
American plate. The relative positidn of these plates are shown in Figure 1.1. It was
.magnetic anomaly data acquired in this area in the 1960’s that introduced an ere of
rapid evolutiontinthe geologic sciences, resulting in the genveral'ece'eptance of plate
tectonics. It is therefore irOnie that the tectonics in this region are so poorly under-
'stood'_. | | ,

The chain of High Cascade volcanos are commonly attributed to the subductlon .
of the Juan de Fuca plate under the contmental margin of Washington and Oregon.
: Whether th1s subductron is currently occurrmg is unclear The absence of deep to
mterrnedrate focus seismic activity and the featureless bathymetry charactenzmg the
Cascadla plaln, which indicates the absence of a trench, ‘have convrnced some scien-
tists that subduction is not presently occurring, (Hollister, 1979). However there is
some evidence from P wave residual inversion studies in northern ‘Oregon by
lyer, the, and Green (1982) and from P wave conversion studres in western Oregon
by Langston (1981), that a south eastern dnpplng subductlon zone exists under north-

ern Oregon. Fu_rthermore_; Geodetrc evrdence for the aseismic subduction of the Juan

de Fuca plate'Was,presented by 'Ando and Balazs (1979).
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Superimposed on the volcanic activity associated with the past or present subduc-
tion of the Juan de Fuca pliat.e'i’s" aless obvious major north-south structural change in
the crust which is located in the vicinity of Mount Hdod. Evidence for this crustal
change is both geological and geophysical in nature.. Andesitic volcanism dominated
all other eruptive rock types prior to 15 million years before presént in the C.ascades.
Since this périod, the andesitic volcanism dei:réased relative to the volume of basaltic
lavas occurring south of Mount Hood. The. __\Iolcatiism whichb has occﬁrred north of
Mount Hood is older and dominately andesitic. The factors associated with this transi-
tion in type and age of the vo.lcanism which occurs in the vicinity of Mount Hood
have been considered by Williams, Hull, Ackermann and Beeson, (1982). The crust
beneath the central Cascades in southern Washington and northern Oregon is
younger, thinner and made up of mafic materials.. In contrast the crust in the Cas-
cades of northern Washing_toii and California consists of older crust. A second factor,
may be the close association of the Cascades south of Mount.Hood with the hot

extended crust in the Basin and Range Province.

The most striking geophysical evidence to support this north-south transition at
Mount Hood is the regional heat flow shown in Figure 1.1, which is adapted from
Blackwell (1978); Blackwell, Hull, Bowen and Steele (1978). An additional indication
of this transition is found in the long range refraction seismic studies of eastern Wash-
ington and Oregon by Hill (1972). These data indicate that the crust thins from 35
kilometers in north eastern Washington to 25 kilometers under the Columbia plateau
of southern Washington, then thickens again inbeast central Oregon. .Deep resistivity
measurements in Washington, Or_egon‘and'California, by Caiiiwell eind, Orange (1965),
indicate that the crust in norlthern Washington and southern Oregon is underlain by a
resistive basement which is missing in southern Washington 'and northern Oregon.
This geological and geophysical'ci/idéncé provides an incovmplete but complex. picture

of the region in the vicinity of Mount Hbod,, implying that the lateral changes in the



lower crust and upper mantle are three dimensional in character.

[ III ] Geologic and Structural

Setting of Mount Hood

Mount Hood is one of the major Pleistocene 66mposite volcanos occurring mid-
way alohg the Cascade volcanic~ chain which extends from northern California to Brit-
ish Columbia as shown in Figure 1.1." A geologic study by Wise (1969), was the ea;rli-
est work devoted to a detailed understanding of the evolution of Mount Hood. The

simplified geologié map shown in Figure 1.2 was based on the results of this study.

The volcano consists of approximately 180 cubic kilometers Qf dominately andesi-
tic flows and pyroclastic debris. Approximately nine'tyApér;_cent of the cone was formed
between 15,000 - 700,000 years ago. This main phase of the conevbﬁilding era was
fpllowed by a post glacial period which has been char.acteriz\ed by dacitic eruptions
from the Mount Hood crater and olivine andesite lava flows from.vents on the lower
flanks of the cone. The youngest of these satellite vent lavas ha§ been radiocarbon
dated at 6,900 years ago. Three principal eruptive periods of dacitic volcanism have
been rec’og’niéed by Crandell (1980). The ea}rliest of these periods wﬁs between 12,000
and 15,000 years ago. Pyroclastic debris and mudﬂows avalanched down the flanks of
the cone into glaciated valleys as‘dacitic d‘omes wére extruded. from the summit. The
next period of activity, between 1,500 and 1,800 years ago, resulted in additional
pyroclastic flows and mudflows which were restricted to the southern and
southwestern flank of the cone. This material was derived from a dacite dome which

"was extruded within the'crater. The ﬁissing south rim of the crater directed the

debris Which resulted as the dome collapsed onto the southern slope of the cone. The

last period of activity occurred 200 - 300 years ago, which resulted in the extrusion of
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the Crater Rbck dome. This dacite plug dominates the south facing c;ater of Mount
Hoé_d and is associated with 'exténsifré fumarolic activity.

The Mount Hood volcanics erupted through the upper Miocene Columbia River
basalts. These basalt flows were extruded onto a surface characterized by low relief.
The region near.Mount Hood was subseq‘u\ently subjected to stresses which resulted in
the development 'of folds and thrust faults oriented northeast-southwest. Uplift and
vélcanism associated with Pliocene intrusives culminated in the development of the

complex basement structure under Mount Hood.

~ Present tectonic activity has superimposed on this complex setting, a series of
right-lateral strike-slip faﬁlts oriented no;thwest-southeast. In addition, line,ar‘features
have been interpretated as subsidence pgtterns"which indicaté block faulting associated
with the development of a graben structure around Mount Hood. The older volcanics
in this vicinity haive 'been deeply eroded and covered with re;:ent pyroclastic debris,
which has hidden many geologic features. This complex structure and the various
means of inquiry used to unravgl its intricacies are summarized by Williams, Hull,

Ackermann and Beeson (1982).

[IV ] The Relevance of Electromagnetic

Induction Studies

Complex multistage fractionational models of andesitic-dacitic volcanic centers
based on petrological evidence have been de'veloped. Based on these models which -
are described in detail by Hildreth (1981), a complex distribution of magma and partial
melt zones. may-be eXpeéted in the crust and upper mantle under a composite strato-
cone volcano. An upper limit of 8-10 kilometers for these melt zones under Mount

Hood has been provided by geothermometers discussed by White (1980). A lower




limit on the depth to a pélrtial melt zone of 15 kilometers may be reéched_ By a simple
~ extrapolation for a heat ﬂoﬁ o_f 2.5 HFU or a thermai gradient of 60 C/krh”i:n the
vicinity of Mount Hoodf_A('V,‘V'illiamé, Hull, Ackermann and Beeson 1982; Blackwell and

Steele 1979).

- Two phase'rhodel sfudies of ‘Wa.ff (1'974)- indicatéd that fhe \bulk eigctrical conduc-
tivity of a’partial melt was dorrﬁnated by the fractio;l of melt éh& ﬂie éonnei;tiyity of -
liquid paths. This would -indicate that the édnductivity was a strong function of tem-
perature. Experimental studies by Waff and Wei_li ‘(1975) showed that compésitional
, .variations at fixed iéihpératures within the magmatic rang.e'caused 'changeé in electrical
cohductivity of less tﬁén an order of magnit'ude. However; thermal variatiohs‘provid-
ing 'pai‘rtial melt conditions coul& change the conduc‘tivities by two tg'.fohr’ orders of
. magnitude. These stﬁdies subpo'rt the earlier findings of Watanabe (1970) and
Watanabe (1972), which indicated that increases in conductivity by two orders of mag-
ﬁitude occurred at the time of melting under high pressure conditions. This strong
dependence of electrical conductivity on temperature has endowed the induction
methods with the ability to detect geothermal targets in.‘comp'lex environments where

other techniques may be unreliable.



Chapter 2

Data Acquisition and Processing Procedures

[I] Field Operations and Equipement

The data in this study were acquired_in two stages by Geonomics Inc. under con- -

tract with Lawrence Berkeley Laborator)?;" The first phase of the program commenced
in Jvune 19774and resulted in the measurement-of 'magnetotelluric data at eight loca-
tions supplemented by remote telluric measurements at an addrtronal eleven sites.
The second phase of the acquisition resulted in the completion of an additional seven
magnetotellurlc and thirteen remote telluric measurements. The onset of inclement

weather required the premature termination of the survey in early November 1977.

The survey was.designed to use the 'remcte reference scheme introduced by
Gamble, Goubau,»a'nd.Cl‘ark (1978) for obtaininé unbiased estimates of the tensor
impedance. The general field procedure used to implement' this scheme is shown in
Figure 2.1. The details describing the system components used are shown in the block
diagram in Figure 2.2. The two component remote magnetic measurements were
‘acquired for the remote reference data processing ‘procedure. The requirements on
these remute data are that they must be coherent with the magnetotelluric field com-
ponents measured at the 'b‘ase station and that they must have independent noise pro-
perties. .Remote electric ﬁelds acquired simultaneously could be used in place of the
remote magnetic measurements since these data should also have independent noise
properties. Howeyer, the electric field measurements were expected to provide a less
reliable reference signal than the magnetic measurements because in regions character-

ized by near surface lateral changes in conductivity the electric fields may be linearly
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Figure 2.2

A block schematic of the data acduisition system.
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polarized. In the remote reference processing technique, described in detail later, two
in.dependent field quantities must be measured at the remote site. Impedances cannot
be calculated if the coherence of the two ﬁelds is unity. A strong linear field polariza-
tion implies a linear dependence and therefore results in a high coherence measure-
ment. The geologic information available indicated that the near surface conductivity
distribution could be quite complex in the vicinity of Mount Hood. Based on this

information it was deemed prudent to acquire ‘the remote magnetic data.

Near surface inhomoéeneities give rise to rapid spatial variations and broad band
distortions in the resulting transfer functions. These characteristics greatly impede
quantitative' interpretation of the data. In such an env'ironment, a large number of
measurements are required to provide sufﬁcient information for a quantitative estima-

tion of the conductivity distribution. The two sets of remote horizontal electric field

12

measurements were acquired to supplement the magnetotelluric data, thus proving an

economic means of effectively increasing our observation density.

The electric ﬁéld inputs to the differential mode preampliﬁers, depicted in Figure
2.2, were provided by an orthogonal pair of grounded electric dipoies. The“dipole
lengths were 150 meters and copper-copper sulfate electrodes were used to prevent
electrode polarization effects.‘ Some measurement locations in the survey area were
characterized by high contaet impedanee values and several electrodes wired in parallel
were used to reduce the source impedance. A second difﬁculty encountered on the
upper slopes of the volcanic cone were self potential voltages so large that the D.C.
bucking circuit was unable to cancel them. When this phenomenon occurred the

measurement dipoles were rotated to minimize the effects.

Eleven field components were amplified, filtered and monitored for data quality.
These data were then digitized and recorded on nine track magnetic tapes. The data

were acquired in five to six overlapping bands providing a total frequency coverage of

40.-0.001 hertz. The data in each band were recorded serially, thus requiring a total



record time of approximately twenty hours per site to acquire a sufficient number of

time series to estimate accurate impedance and geomagnetic transfer functions.

[II] Data Acquisition

During the linitial phase of the field work the measurement locations were
confined to an eight square kilometer region on the southern slope of the volcanic
peak between Timberline Lodge and Trillium Lake which are shown on the geologic
map in Figure 1.2. There 'are"' two thermal manifestations in the region; the first and
rnost evident is the furnarole‘activ‘ity in the Crater Rock area located on the summit of
. Mount Hood. The other thermal manifestation, Swim Warm Springs, is located in the
survey area. Throughout this phase of the field work, the remote magnetic measure-
ment position was. relocated only once to satisfy the line of sight requirements of the

telemetry.

Extensive commercial development in this region provided a great deal of elec-
tromagnetic noise associaterl with sixty hertz power lines and switching transients with
broad band frequency characterrstics. This extensive cultural noise combined with
equipment malflrnctions resulted in the acquisition of a great deal of poor quality data.
Even remote reference srgnal processmg technlques were unable to improve the
results srgmﬁcantly at most srtes Only three magnetotellurlc s1tes and one remote tel-
luric site were used durmg the interpretation stage. These sites are designated as 11,
13, 14, and 15a in Figure 2.3. Most of the measurements in this area were character-

ized by a north-south polarization of the electric fields.

The next phase of field work consisted of obtaining data in four regions sur-
rounding the volcanic peak. The initial acquisition plan called for two magnetotelluric

sites and four remote telluric sites in each region. A magnetotelluric and a remote

13
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telluric sounding was to' be made at the same location in each of the areas. Good
quality data were obtained dui‘ing this phase of the project. The location of these data

sites are indicated in Figure 2.3.

The first cluster was located approximately three miles north-east of the volcanic
peak, in the vicinity of an oliQine andesite satellite vent with an estimated age of 12-
16,000 years before present. Magnetételluric data were acquired at sites 1 and 2, with
site 2 being the location:of a previously measured remote telluric data set. Three
remote telluric sites provided additional control on the near surface conductivity varia-

tions in this area..

The. next group of measurements acquired provided an east-west profile across
“the Hood River. This profile consisted of magnetotelluric sites 3 and 4 supplemehted
by four remote telluric measurements. The sites on the eastern end of the profile
were located in an area of rugged topographic relief. The profile was made across the
- expected fault trace delineating the eastern boundary of a north-south trending graben

structure within which Mount Hood may be located.

The third group of meésurements consisted of magnetotelluric sites 5 and 6 with
three remote ‘telluric measurements. As in the first cluster of sites, one magnetotellu-
ric site was located at the same point as a previously recorded remote telluric measure-
merit. These data were acquired in an area south-east of Mount Hood and east of the
area where the initial data were collected. This region was covered with a relatively
high density of measurements with the hope that the resulting information would del-
ineate the conductivity distribution responsible for the strong north-south polarization

of the electric fields in.the area south of Mount Hood.

The last area covered in the survey was near Old Maid Flat on the western flank
of Mount Hood. This cluster of measurements consisted of the magnétotelluric site 7
and three remote telluric sites. Due to equipment malfunctions and several inches of

snow, the survey was prematurely ended. This group of sites completed the survey

15




. goal of obtaining a reasonable distribution of field measurements around the volcano.

[III ] Evaluation of the Remote

Telluric Impedance Estimates

In order to increase the density of measurements and. minimize time and cost

16

factors, remote telluric measurements were used to supplement the magnetotelluric o

data. These remote electric measurements are used in conjunction with the horizontal
magnetic fields measured at the magnetotelluric site to calculate an impedance tensor.

This tensor estimate will be correct if the horizontal magnetic fields do not vary appre-

ciably between the two measurement locations. .The distortion of the horizontal fields -

. and their effects on_‘ the impedances calculated from remote telluric data are well - ..

described using two- and thrée dimensiorial vmodels by Stodt, Hohmann, and Ting
(1981). Their results indicated the distortion of the horizontal magnetic fields caused
' by near surface conductors could resﬁ‘lt in significant changes in the resulting
impedance values. This effect was most pronqunced for two dimensional models; the

distortion due to the presence of a three dimensional scatterer was less but still appre-
ciable at higher frequencies.

In order to minimize the effects of these spatial variations in the horizontal mag-
‘netic fields, the remote telluric‘ sites were !bcated less than five kilometers from the
corresponding magnetotelluric site. The' field proced_urés used during the survey pro-
vided six checks on this possible source of error. The measurement of remote telluric
data at the same location as a magnetotel]uric sounding was initially plannevd for each
qlu_ster of méasurements. This check was ac'tually,vi_mplemented twice during the sur-
vey, initialjy at site 1B - 2 and later at site 5 -_6A. A second check for thi_s type of

error was made by placing the remote magnetometer at the same location as one of



the remote elgctric‘ﬁeld measurements. These sites were then processed as both a
remote telluric and magnetotelluric measurement. This dual processing procedure was
implemented at sites 2A,3A,4A and SA. These data provided an additional four loca-

tions to check for variations in the horizontal magnetic fields.

The results of the six magnetotelluric-remote telluric data sets are presented in
Figures 2.4 through 2.9. The apparent resistivities calculated from the off-diagonal
~components of the impedance tensors, plotted as a function of the square root of
period, are shown; the vertical bars indicate a 50 percent confidence interval based on

a Normal distribution as described by Gamble, Goubau and Clark (1979).

These results were nearly the same at five of the locations. These sites were dis-
tributed throughout the survey area and consequently were subjected to a variety of
near surface conditions. The apparent resistivities at sites 2,5,2A,4A and S5A are
shown in Figures 2.4, 2.5, 2.6, 2.7, and 2.8 respectively. These figures indicate that
both apparent resistivities below 1.0 second period are coincident within the statistical
errors. They also show spatial variations in the horizontal magnetic ﬁeld components
throughout the survey area in the frequency range above 1.0 hértz. The resulting high
frequency distortions in these apparent resistivities could affect their interpretation.
However, this would be a second order affect since the general frequency characteris-
tics aré similar. The major limitations on the interpretation are provided by the sparse
spatial sambling and limited frequency range of the entire data set collected at Mount

Hood.

The only dual processed field measurement which indicated a significant amount
of distorti(;n due 'to lateral variations of the horizontal magnetic fields was at site 3A.
These data, shown in Figure 2;9, clearly show different frequency characteristics from
0.1 to 0.02 seconds. This implies that ihe‘horizontal magnetic fields vary appreciably
over lateral dimensions as small as two’ kilometers. These magnetic fields measured at

site 3, were associated with highly pblarized electric fields. The resulting apparent

17
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Figure 2.4(a)  Magnetotelluric site 2 processed usinig the remote magnetic signals.
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- Remote telluric and magnetic data both measured at site 4A, pro-
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the reference signal. :
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resistivities in the principle vdiréctio_ns were separated by nearly four orders of magni-
tude and the tensor skew values wefe greatervthan 0.5. A quaiitative interpretation of
. the geomagnetic data in conjunction with other impedance estimates in this area indi-
cate that site 3 is located near the edge of a near surface three dimensional conduc-
tivity distribution possibly associated with a Pliocene intrusive center. In addition,
~ sites 3 and 3A are located in some of the most rugged topography in the survey area.
It is interesting to note that even in the extremely inhomogeneous environment prd-
vided by this example, the magnetic fields are apiareciably distorted only at periods less

than 10. seconds.

The reason such small lateral changes in the horizontal magnetic fields were
observed was probably related to the_' small Sepafations used between the magnetotellu-
ric sites and the associated remote telluric measurements. The near surface inhomo-

geneities which were encountered on this scale were three dimensional in nature and
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therefore had characteristics similar to the TM respohse of a two dimensional ,

scatterer. This resulted in small horizontal magnetic field variations over distances less -

than 5 kilometers.

[IV ] Data Processing Procedures

The five to six bands of the various electric and magnetic time series were visu-

: aily edited to exclude any segments where poor correlation exjsted between appropri-
ate field components. - The remaining time series were tapered ‘and _Fourier
transformed. Aﬁtopower and cross power -estimates were then averaged over all the
available time series. Additionql smoothing of the spectral estimates was obtained by
averaging the harmonics over constant Q windows. The first three harmonics in each

band were excluded to minimize the effects of the distortion in the spectral estimates



caused by the tapered windows.

These various auto and cross spectral estimates were theri used to -calculate an
- estimate of the imbedance tensor which provides a measure of the conductivity of the
. earth as a function of frequency for each measurement location and which is indepen-
dent of source polarization. When the electric and magnetic field components are

measured in the presence of noise, the impedance tensor may be systematically dis-
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torted depending on the distribution of the noiséh in the various field components.

The most popular schemes for estimating the impedance tensor Z have been various
types of least squares estimates which are summarized by Sims;Bostick and Smith

(1971). The least squares'H field estimate of the impedance may be written as,

[EH'] = Z, [HH']

o

where the * implies complex conjugate, <> indicates spectral averages, and the nota-
tion is defined as follows.

<EH,> <EH>

EH] - <E,H,> <EH>

Z, = [EH'] [HH']™!
Two simple cases are provided to illustrate the problem associated with noisy data.
First assume that only the magnetic field components H have a noise component H,, ,

H = H, +H, e

then the estimate of Z, would be biased down since Z, has autopowers of H in its
denominator. A second example of the effects of noise may be clearly seen in the

least squares E field estimate of the impedance which is given by:

-



Z; = [EE] [ﬁE‘l-l
If m ithis case, one assumes that only the electric heids have a ncise.component E,,
E =E + E,
EE" = |E|2= B+ E‘,,'Jz > K1

then the estimate of Z E is biased up since the cutopowers’of E are in the,nurnerator

i

of ZE

1

A techmque whlch prov1ded an unbxased 1mpedance tensor in the presence of

correlated noise was developed by Gamble, Goubau and Clark (1978) The method
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utilizes an additional vector measurement of the electric or magnetic field at a remote -

location. These remote measurements must be coherent but have uncorrelated noise
characterlstlcs with respect to the magnetotellurrc measurements Usmg thlS reference

signal, an impedance may be estimated using the following equation;
~ [ER’] = Zg [HR']
Zp = [ER’] [HR']™!

where R represents the remote reference signal. Since by definition the noise in all of

the above cross-spectra are uncorrelated and no autopowers are used, then as the sig-

nals are averaged the impedance error will tend to zero and the bias problem is elim-'

inated. An additional advantage in using the remote reference scheme is that it pro-
vides an accurate estimate of the signal and n01se powers These powers may then be
used to calculate accurate error bounds for the 1mpedance estlmates The details. of
these calculations are provrded in the Ph.D. dissertation by Gamble (1978). An exam-
ple illustrates the signal estimation procedure. Assume that only the electric field E

has a noise component E, .. N
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‘E = E,+E, -
First calculate Z, as described earlier, then calculate the predicted electric field E”

using Zy and the measured H fields.

- [EPE’] = ZRx[HE'] = [ER’] [HR']"! [HE']
The expectation of [EPE’] is given by the following equation,

B, EE;
* 2
EysExs |Eys|~

[E,E] =
which is a Hermitian matrix. Due-to the existence of noise on the various field com-
ponents [EPE’] is not Hermitian. However, the Hermitian component of [E’E’] may

. be estimated by the following relation.
[E,E)? = %(BE'] + [PE')) = % (B + (B

Once the signal components have been estimated the noise component is easily found.
E, = E-E

This procedure may be used for all field components from which the variance of the

impedance estimates may be calculated.

The remote reference scheme requires only that the remote signal be coherent
and have independént noise characteristics. Since two sets of remote electric fields
were acquired as well as a remote magnetic, the magnetotelluric data could be pro-
cessed using any of these 'signals. To estimate the relétive efféct of various types of
reference signals, impedance estiﬁla't'es were calculated using both electric and mag-
netic.references. This comiparison at five locations are shown in Figures 2.10 through

2.14. The upper plot in each figure represents the apparent resistivities calculated




28

000 E =TT T T T T Y

100

Tensor apparent resistivity {ohm-m)

L S O X I X T O O 1| I I WA 101
01 1.0 10 100

/ Period (sec)
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from the off-diagonal éléments of the impedanée" tensor using the remote magnetic
signals as ‘the reference. The: lower plot indicates the same information with remote
electric fields used to process the data. ‘All ﬁvé Jﬁgures indicate that the apparent resis-
tivities calculated with either electrié or magﬁetié' reference signals provide ;:ompérable
impedance estimates. - B .

When the field survey was planned, the choice was made to use a horizontal

.chosen because they are less susceptible' to the distorting effects of near surface inho-

mogeneities than the electric 'ﬁelds.’ "This decision was made at the expense of losing

the additional information regarding the subsurface conductivity which may have. been

" obtained by using the remote electric 'signéls. "l"he"-résults dei)ic‘téd in Figures-2.10.

through 2.14 indicate that the incréased §patial sampling prbvided by the substitution

of an additional remote telluric for the remote magnetic- measurement would have

-been a wise decision. If remote electric signal processing had been incorporated into

the survey plan, unbiased impedance estimates could have been calculated along with

. an additional six measurement sites. This ?proce_dure was inadvertently used in the

cluster of measurements at Old Maid Flat, sites 7,7A,7B,7C. The remote magnetome-
ter malfunctioned and was replaced by. an additional remote telluric site. These data
were processed using remote -electric fields and resulted in excellent impedance esti-

mates.

[ V] A Comparison of Two Processing

Techhiques for Bias Removal

Various techniques have been developed to reduce the effects of noise on the

impedance estimates, using only local -'ﬁeld measurements (' Kao and Rankin- 1977,
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magnetic field measurement as the remote reference signal. Magnetic fields were -




Jupp 1978). These. techniques have the advantage of re’qﬁiring no additional informa-
tion and thus simplifying the écquisition requirements. The relative merit of these

‘techniques compared to the remote reference scheme has not been shown when data

. are characterized by low predicted coherencies or correlated noise components. How-

ever, a comprehensive study of bias removal using data with these characteristics,
indicated that a successful bias reduction scheme would require additional information
with uncorrelated noise properties with r'espect‘to the local measurements, Goubau,

Gamble and Clarke (1978).

An opportunity to compare directly alocal field bias reduction scheme and the
| remote reference technique on the same data sets was provided by this sur_véy.‘ The
data were initially processed by the. contractor using a bias reduction scheme which
required only local field measurements. This approach us_ed 'multiple coherence estif
mates to- develop a sys'tem' of nonlinear equations which were solved in an iterati?e
fashion. A detailed description of this procedure was published by Lienert, Whitcbmb_,

Phillips, Reddy and Taylor (1980).

This iterative method may be easily summarized. Initially one assumés a signal
to noise ratio (sn) for the magnetic field components and calculates the multiple
coherence functions from the autb and cross-spectral estimates. Utilizing the relation-
ship between the signal to noise ratio sn of the various components and the multiple
coherence (y ,-jk) of the i field component in terms of the j” and kfh components,

"one obtains the following nonlinear equations.

sn;
1+ sn

sn; + smy

Yik =

1+ sn; + sm

Using the multiple coherence value based on the field measurements and the assumed
sn value for the magnetic field components, one solves the system of equations for

the signal to noise ratio of the electric field-components. Next, calculate the signal to
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noise estimates for the magnetic fields using the- electric field ratios previously

obtained. Adjust the various autopowers P using these estimated signal to noise .

ratios.:

sn;
1+ sn;

Pi,adjuste_d = Pi,measured

These adjusted autopowers are used to calculate an updated multiple coherence esti-
mate. This iterative procedure continues until the updated multiple coherence values
equal or exceed unity. The adjusted autopowers are then used to obtain a least

squares estimate of the impedance tensor.

Two exampies are provided to comﬁare the-vresults using the iterative technique
with those provided by the remote reféréncé method. The first comparison is shown
in Figure 2.15. The upper portlon of this figure 1nd1cates the apparent resistivities cal-
culated from the oﬂ'—dlagonal components of the 1mpedance tensor rotated into its
principle direction, using the iterative method. The lower portion provides the
apparent resistivities based on the same data calculated using remote electric reference
signals. Large differences in the two sets of impedance estimates are quite evidént,
the largest departure occurring in the speétral range above 0.1 secoﬁd pefiod. This
portion of the power spectra was characterized by a low signal to noise ratio. The
rapid véﬁétions as a function of period indicated in the iterat_i\_/e impeglance estimates
are physically unlikely. The iterative apparent resistivities calculated at all thé sites in
this area were characterized by a great deal of spatial variability. Ili contrast, the
impedance estimates célculated by the remote reference technique broduced smoothly
varying apparent resistivities at site 7 which provided a high degree of spatial

coheréncy with respect to the ‘other measurements in ”the area.

A second example is shown in Figure 2.16. The upper plots indicate the apparent

resistivities calculated using the iterative scheme and the lower plots depict the results
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obtainéd using the same data with a remote signal processing. The discrepancies
bgtween the two sets of apparent resistivities are not as pronounced as in the first
example. The only significant departure in these results occur in the vicinity of 1.0
second period. This portion of the spectra was again characterized by a low signal to
noise ratio. The smooth variations of the apparent __resiétiVities calcﬁlated using the
remote reference technique, coupled wifh their _ﬁigh spatial coherency with other
‘measurement sites in the array, provide evidencé éupporting the,accurapy of these esti-
mates. This indicates that the iterative method fails to provide accurate impedancé

estimates when the signal to noise ratios are low.

In summary, the remote reference technique provided impedance estimates with
smoother frequency characteristics and higher spatial coherencies than the iterative
method throughout the entire data set. This impro_vgd data quality provided by the

-remote reference method, proved to be an invaluable aid for interpretating these data.
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Chapter 3

b

Topographic Effects at Mount Hood

[I] An Evaluation of the Topographic

“Effect on Magnetotelluric Data

- The Interpretationai complexities associated with maglnetotelll_;r.icxdaté may i)e
compounded by the distortion of the surface field measurements caused by hear sur-
face inhomogeneities. The degree qf this dAistortionr depends on the relative condu‘c-
tivity contrast’ with respect to the background ‘media, the size, and the shape of the
anomalous zone. The most obvious source of field distortion in é mountainous region
would be the topography. This problem Was cbnsidered in defail since vthe to.po_graphic
relief in the region around Mount Hdod ranged from 3400 meters c;n the";')eék to as
low as 600 me;efs in the suryounding valleys ovér lateral difnensibﬁs on the order of

tens of kilometers.

To estimate the effects of .tlhis‘type of "geologic noise", a set .of two. d.ir,nensional
topographic models were calculated using a half-space resistivity of 100 Ohm-m. The
lateral dimensions were approximately 2500 meters with a height of 375 meters.
These dimensions were appropriate to simulate the effects on local rﬁeasurements

caused by the mountaing in the survey area.

The magnetotelluric response was simulated using a two dimensional modeling
program which provided a solution to Maxwell’s equ_ations through the use of the
transmission system and network analogies. The program, (li‘evc_:loped' byAT._ Madden,
was modified and provided to the. author by K -Yozoﬁ'. The mddeling_results indi-

cated that the only field component which was significantly affected by the topographic




model was the electric field directed perpendicular to the strike of the model. This
transverse magnetic (TM) mode response was compared to the direct current solution

developed by Oppliger'(1982). This solution was calculated using a three dimensional

integral equation solution of Laplace’s equation. The topography was modeled by rec- -

tangular cells oriented parallel to the local terrain. Each cell provided a constant sur-
face charge distribution which simulated the potential distortion caused by the non-
planar surface. The comparison: was m_a_de by using an elongate three dimensional
structure to simulate the two dimensional model. A uniform current source was pro-
vided by placing the source €lectrode a large distance, on thev. Qrder'of fifty model
" dimensions, from the center of the model. The electrode was pqsitior_;ed such that the

" resulting current flow was perpendicular to the strike direction.

The first model considered was a simple ridge with a twenty degree _slope, which
| is' shown in Fiéure 3.1(a).” The steps indicate‘ the electromagnetic model Which
approxirhates the topographic feature with rectangular cells. The solid s'mooth line
'indic'ates the tangentiaily oriented cells which prdvides the integral equation solution td
Laplace’s equation. The comparison between the electromagnetic response over a
“band width of three decades (1.0-0.001 hertz) and the direct currerit sdiuﬁon‘ is shown
in Figure 3.1(b). The similarity of the field responses indicates that the magnetoteliu-
ric distortion below 1.0 hertz for this model may be ‘well approximated by the D.C.
solution. In this figure the total electric field perpendicular to strike is normalized by
the undistorted field. The field distortion is over 40 percent at some positions along

the profile. A distortion of this magnitude would have a significant effect on the

‘resulting apparent resistivities. .

The next simulation considered was a valley with 20 degree slopes which is

' showﬁ in- Figure 3.2(a). Both the électromagnetic response fvrom 1.0 to 0.001 hertz
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and the direct current solution are presented in Figure 3.2(b). As in the previous .

case, the results are similar; indicating that electromagnetic distoption below 1.0 hertz
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may be well approximated by the D.C._solution.

These two models represent extreme examples of two dimensional topography
which could significantly affect the field measurements. The results indicate that the
electric fields in the 'frequency range considered may be approximated by the D.C.
solutions. The phase of the impedance for_> the TM mode was less than four degrees at
1.0 hertz. The 'plané wave response for transverse electric‘(TE).,source polarizations
(electric field parallél to strike) was less than ten percent in amplitude and dné degree
in phase. The amplitude of the TM mode electric field was the only field component
whiéh suffered a significant distortion. This was expected since the maximum dimen-
sion of the'modelu (2500 meters) was less than the half space skin depth of approxi-
mately 5000 nieters. The size of the electromagnetic scatterer with respect to the skin
depth is related to the relative dominance of fhe two mechanisms responsible for the
indﬁced fields. The flollowing' rep.resentation for the electric field (E) and the magnetic
induction (B) as a function of a scalar potential (p) and a vector potential (A) is a

convenient form to visualize this bimodal nature of the induced electromagnetic fields.

E = -

Vet 797]

B=VxA

This dual nature of the electromagnetic fields has been investigated by various
researchers, e.g. Berdichevskiy and Faynberg (1972). A rigorous dévelopment of the
concept, applied to forward modeling, was presented by Vasseur and Weidelt (1977).
When the dimensions of the anomalous region are sufficiently small, the primary elec-
tromagnetic fields are characterized by small spatial variations within this zone. As
these variations .decr‘ease the eleétrodynamic' éoldtion appfoachEs the static solution
and the gradient of the scalar_potential becomes the dominant term representing the

secondary fields.
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[II] The Evaluation of a Distortion

Removal Technique

Since the distortion in the frequency range bel:ow 1.0 hertz is dominately galvanic
in nafure, one may assume with some confidence that the mutual 'coupl'ing‘between
various inhomogenedus structures, whether they are topqgraphic features or buried
bodie's, would not be a significant factor. This would imply_that _-the property of super-
position commonly associated with the solution to Laplace‘s equation could be utilized
to separéte_ the effects of topography and buried anomalous zones. The problgm of
.detecting and removing the effects of near surface inhofnogeneities is not new; one
approach was presented by Larson (1977). However, the removal of the field distor-
tion due to topography has not been investigated. The idea of normalizing the
estimated impédance elements to compensate for:the topographically induced distor-
tions was simpliﬁed sincé the only field component which suffered a significant degree

of distortion was the electric field directed perpendicular to strike.

The procedure is based on the assumption that the measured electric field in the
* vicinity of a topographic feature may be linearly related to a reference electric field

located where no topographic distortion is present.

E"(w) = dw EF (0)

- The distorted impedance is defined as follows,

E" (o)

Hy (w)

ixy (w) =

which is related to the undistorted impedance by the following relationship.

, 1 Ee .
Zy@ = 2y B,@ ~ ) 2@
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As in the models presented in Figures 3.1 and 3.2, the frequency dependent distortion
factor may be well approximated by its D.C. value when the maximum dimension of

the feature is mlich less than the skin depth in the media.

In order to check the validity of the assumptions used in this stripping procedure,
the first model with all dimensions inereased by a factor ef two and with the addition
of a buried conductor was used to test the technique. Their relative geometry is indi-
cated in Figure 3.4(b). The distortion factor calculated using a model of the topo-
gfaphic feature alone is provided in Figure 3.3. The corrected electric fields are calcu-
lated for various frequencies using both the frequency dependent and the D.C. distor-
tion factors. The results are shown in Figure 3.4. The solid line indicates the electric
ﬁelds» on the surface due only to the buried conductor. The square symbol indicates
the corrected field using the frequency dependent distortion factor and the triangular
symbol depicts the co;rected ﬁeflds;‘ utilizing the D.C. distortion factor. The procedure

worked .well at all frequencies considered, when a frequency dependent complex dis-
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tortion factor was used. However, the D.C. distortion factor only provided a reason-

able correction for frequencies below 0.1 hertz. The pdor results obtained using the
D.C. factor at 1.0 hertz is probably related to the size of the scatterer. The skin depth

being on the same scale as the dimension of the scatterer at this frequency.

A possible pitfall, in the use of this stripping technique may be associated with
using a homogeneous topographic feature to calculate the distortion factor. Any
anomalous conduetivity within the topographic feature would have a degfading effect
on the method. The model provided in Figure 3.5(b) is the same as tﬁe previous
model with the addition of a 200 metef thick 30 Ohm-m layer, located ip the base of
the ridge. As one would expect the observations. in the vicinity of the layer intersec-
tion with the su.rface are greatly distorted. However, the corrected fields near the crest
of the ridge are only slightly distorted by using the distortion factor calculated from

the homogeneous ridge model. The complex distortion factor provides a phase
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correction which is virtually unaffected b){' the presence of the anomalous layer.

[III] A Three Dimensional Extension
and Application of the Stripping

Technique

The use of the topographic distortion factor may be extended to three dimen-
sions. The distorted electric fields are linearly related to ‘the undistorted reference
electric fields through the matrix relationship which is in general a two by two tensor

with complex elements.

Em  |D, D | |ER
i E)f" = I)y)c Dyy E;?ef

This may be indicated in vector notation as follows.

E" = [DIERY ' - G '

The distorted impedance tensor Z is related to the measured field components in the

following way.
Em = [Z]IH™ ' (3.2)
H" = HR"/”' | 3.3)
Substitute equations 3.1 and 3.3 into equation 3.2.

CERY =Dl [ZIHRY = [z) HRY A



where

[z)’ = [D]-! [Z]

The distortion marix D! is defined as follows.

< AQ) AQ)
D7 = 14(2) A

The undistorted impedance tensor Z may be easily calculated once a forward simula-

tion of the field response due to the topographic feature has been provided.

(AZ, + AQ)Z,) (A(I)Z +A(3)Z )] (3.5)

"[Z]" [(A(Z)Z +A(4)Z ) (AQ)Z, + ADZ,)

In a similar manner, field distortions due to a known near surface inhomogeneity ‘
with dimensions on the order of or less than a skin depth, may be removed. This
however, may require the use of a linear relationship relating the distorted horizontal

magnetic fields to the undistorted reference magnetic fields.

H" = [GIHRY - 6o

Substitute equations 3.6 and 3.1 into equations 3.2 which provides equation 3.7 after

some simple algebraic manipulations.

" EReS = [Z]" HRe " (3.7)
where
[z]” = [DI"! [Z] [G]

For the tbpographic cases where the dimensions of the features are much less then the
skin depth ,the field distortion is due to the surface charges which accumulate on the

nonuniform air-earth interface. The resulting distortion has a major effect on the



normally incident electric field and minimal effect on the tangential electric and hof—_

" izontal magnetic field components.

The models presented in Figures 3.1 and 3.2, provide extreme examples of local

topographic variations observed in the vicinity of Mount Hood. These models indicate:

that the distortion factor was nearly independent of frequency and therefore could be
approximated by the D.C. value. This approximation greatly simplifies the forward
modeling requirements, since the D.C. solution is a scalar problem-as compared to a

~ vector solution for the frequency dependent case.

The topography data, covering a thirty five square kilometer area surrounding
. Mount Hood, 'was digitized and interpolated onto a fdfty by forty unit square grid, as
depicted in Figure 3.6. The arrows indicate the field measurerr.‘léntAsites and a vertical
to horizontal sceiling ratio of 2:1 was used to enhance the‘topograpihic relief. This
ﬁgur'e represents the model with an exaggerated vertical scale which was used for the
D.C. ihtegral equation solution. These data are presented with the-correct scales in the

contour map provided in Figure 3.7.

The resulting forward models were used to calculate the distortion matrix. The
diagonal components A(1) and A(4) of this matrix are shown in contour form on Fig-
ures 3.8(a) and 3.8(b) respectively, the contours representing positions of équal field
distortion. The unit contour indicates regions where nb distortion of the impedance
tensor occurs. Contour values greater than unity indicate that Qbserved impedanée
elements on these contours would be biased down. Thesé contours usually coincide
with positions of high tqpographic relief. The contours for values less than unity
represent regions of abnormally high current density and are generally associated with

topographic lows. Impedance measurements on these contours would be biased up.

The off-diagonal components of the distortion matrix represent that component
of distortion due to a lateral deflection of the primary fields. The direction of this

deflected current component is represented by the sign of the distortion element.
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Figure 3.7 Topographic model used to simulate the topographic distortion at Mount
Hood. c ’
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These components A(3) and A(2) are provided in Figures 3.9(a) and 3.9(b) respec-
tively. For these components the zéro contour indicates positions where no distortion
of the electric field is observed. For measurements within areas where these elements
deviaté significantly from zero, one could expect a resulting.bias in the impedance esti-

mates.

A detailed examination of the distortion 'eleme.nts,’ presented in Figures 3.8 and
3.9, indicate that the field measurement locations most affected by the topographically
induced field distortions are sites 3 and 3A. These sites are located on points of high
élevation, approximately ten kilometers east of Mount Hood. The D. C. distortion
matrix was épplied to these data and the results are shown in Figures

3.10), M), ©, @).

The apparent resistivity at site 3 was characterized by a three decade separation
between the diagonal impedance components. This measurement was acquired on a
narrow ridge connecting two dominant topographic vhigh points in the area. The ridge
had steeply dipping slopes, with elevation changes of 450 meters over lateral dimen-
sions of 1800 meters. The diagonal distortion elements presented in Figure 3.8 are
both near unify at this location, providing no evidence of distortion. However, the
oﬁ'-diagonal components shown in Figure 3.9 deviatgf from zero by a significant

amount, which indicates that current is laterally distorted in this \}icinity. The effects
of the resulting correétions on the apparent resistivities are showh on Figures 3.10(a)
and 3.10(b). These corrections which are provided for the off-diagonal elements of
the impedance tensor, resﬁlted in a smaller separation between the resulting apparent
resistivities calculated in the principal directiohs. This.cbrrection was insignificant in
comparison to the distortion caused by subsurface inhomogeneities.

The second location which was appreciably affected by the terrain was site 3A.

This measurement was acquired on a mountain peak east of Mount Hood. Both diag-

onal distortion elements in Figure 3.8 indicate that distortion occurs at this location.
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The off-diagonal elements shown in Figure 3.9 are non-zero, providing additional evi-

dence indicating a significant amount of field distortion in this area. The resuits of the

correction are shown in Figures 3.10(c) and 3.10(d). They are similar to the TM

mode response of the two dimensional ridge model, indicating that the surface electric
fields were reduced in amplitude on the crest of the ridge. However, both electric
field components at site 3A were affected by the three dimensional terrain, resulting in

a corrected impedance with larger apparent resistivities in both principal directions.

This analysis implies that the topographic features in mountainous regions may
srgmﬁcantly affect local 1mpedance measurements These sources of ﬁeld distortion
may be eﬁ'ectlvely removed by the simple stripping techmque presented The major
llmrtatlon on the method is related to the difficulties associated with obtaining the
solution of the general three dimensional forward problem in electrodynamncs For
cases where the topography is sufficiently resistive, such that the dimensions of the
| topographic features are small relative to the skin depth of the media, one may calcu-
late the distortion At:actors from the solution of Laplace’s eqpation. ‘This scatar'problem
is much more amendable to accurate solutions representing realistic topographic
features than the general electromagnetlc problem. The utility of the technique was
demonstrated by correctmg the impedance estimates calculated from data acquired- 1n

the vicinity of extreme topographic relief.

58



| Chapter 4
Numerical Pfeliminariés Required for

the Three Dimensional Model Studies

[ 1] Introduction to a Hybrid

Modeling Technique

The data acquired at Mount Hood, were characterized by three dimensional
response functions. In order to interpret this data, it was necessary to study the
response from a suite of simple three dimensional models which would reflect some of
the observed characteristics. There have been several numerical techniques developed

~ in the past few years which could have been implemented to obtain these simulations.

»

. The finite element technique has been used to model arbitrary conductivity distri-
butions by various researchers (Reddy, Rankin, and Phillips 1977; Pridmore .1978).
The method is quite expensive and requires a large amount of computer storage since
the entire éarth must be discretized into an element mesh. The finite difference
modeling scheme used by Jones and Vozoff (1978) for magnetotelluric studies has the
same disadvantages as ihe finite element method. The third scheme which has found

extensive use in three dimensional magnetotelluric problems has been the integral

equation method developéd by Weidelt (1975) and Hohmann (1975). This technique’

has the advantage of conﬁnihg the c!is‘cretization zone to that portion of the model
occubied by the anomalous conductivity structure. This technique has been imple-
mented using the assumption that the secondary current distributions induced by the
zone of anomalqus conductivity are constant over each cell. This éssumption limits

the accuracy of the method but provides a great deal of computational advantages.
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The hybrid modeling technique was introduced by" Scheen (1978). This scheme.
combines the versatility and accuraéy lof the finite element linear shape functions with
economic parameterization of the integral equation method. The hybrid modeling
technique was chosen for tl‘1is' stud); because of its availability and computational
advantages. The details of the original version of thé algorithm and the initial model-
ing results were presented by Lee, Pridmore and Morrison (1981). The general. three
dimensional electromagneticvscattering problem was solved in terms of the secondary
electric fields. The electric field solution was preferred over the magnetic field formu-
lation because the integral équation cémponent of the algorithm required the electric

- field values within the anomalous finite element cells. The solution in terms of the

magnetic fields would have required the. calculation of the electric fields within the

mesh via a numerical approximation of the curl operator. This approximation would

. have been difficult to accurately implement.

The hybrid method consists of discretizing the anomalous region of the earth and
describing the field solutions within the resulting mesh by a mathematical functional

defined by the minimization theorem, Pridmore (1978). -

q

" FE,) - ETIKIE, + 2EISIE, ‘ @.1)
E, = secondary electric fields
E, = primary electric fields
-8 S
E, = N, EJ
: g=1
N, = linear 'shape'function for hexahedral elements -

[K] = symmetric banded system matrix

[S] = source matrix
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" The variation of the functional or the derivative of the functional with respect to the |

secondary eleCt'rié fields equated to zero, provides a linear system of equations.
‘ [KI E, = —I[SI E,

The solution of this system of equations provides the secondary electric fields which
numerically sétisfy the vector wave equation. This solution does not however satisfy
the correct internal boundary conditions. The ﬁnite element solution in this form
assumes the cqntinuity of all electric field components within the anomalous. region.
The physically defined boundary conditions at an intérface between different conduc-
tivities results in the discontinuity of electric fields, which are required for the con-
tinuity of ‘normal currént. This omittgd boundary condition in conjunctioh with some

‘numerical problems which will be discussed later, resulted in a poor finite element
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-solution. The algorithm initially assumed the secondary electric fields were zero on -

. the mesh boundaries. The linear system was solved, providing the secondafy:ﬁelds
within the mesh. These solutions within the internal ;egion of the mesh containing
anomalous conduct_ii'ities were used by a set of integral equations to update these
boundary values. The procedure‘ was repeated until the boundary values converged to
a solution. The pdor finite element solutions caused by the above errbrs often

resulted in the it_erative procedure either diverging or converging to the wrong solu-

- tion.

{1II'] The Modified Hybrid Algorithm .

The method used to incorporate the correct boundary conditions into the finite
element formulation was based on earlier work by Kiha Lee. The scheme which is

elegant in its simplicity, may be easily described using one anomalous ceil as an



example‘7 This cell with conductivity o, surrounded by regions with conductivities
o), 0 03, . .., 0g is shown in Figure 4.1. The x directed electric field inside the

cell Ex,, is related to the external field Exe at the cell boundary between nodes 5,6,7

and 8 by the folldwing relation:

toal _ total
o, EX% = 0 EY
(

- which may be formulated in terms of secondary electric fields E¢ and primary electric

fields E”9 at the ¢ node,

o, [E;;q+ E,g;q] = o, [E,f;‘1+ Ef;")

where E£: = E2% This relation is a statement of the continuity of normal current on

" this surface of the cell. When the continuity condition is extended to include the

entire surface, one obtains the following set of equations.

ES9 = A Es9+ |— — 1| Er? ¢=1,2,34
‘ a Ga e aa e
Es? = 2 Esa+ |22 —1|Er¢ ¢=56,78
a o-a Ye o-a e
a3 a3
Esd = T3 gsay ~1|Ere ¢=1,35,7
Ya o, Te o, 2 .
o,
ESY = 4 ES9 + N Ep? ¢q=24,68
a ‘ o-a e a-a ‘€
a
Es? = L Esa4 |25 1| EPd g =3,478
a Ua (3 Ola €
Esd = 28 Eso+ |2S 1| EPY g =1,256
a a (4 o-a “e .
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Figure 4.1

.- conductivities o}, 0y, o3, . . ., (3

Finite element cell with an anomalous conductivity of o, surrounded by

8
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This set of simple transformations are used in each anomalous cell in the mesh.
These transformations may be combined into vector notation where E7 defines the
transpose of E and the vectors have twenty-four terms defining the three field com-

ponents at the eight nodes of the cell as indicated by the followihg form:

) T
st 1 1 sl spsl 8 5.8 K
ET = - [o-lE,fe 3K ’0'6Ez¢ v 0ESN aE)0 0B ]

+

! 1193 1|96 e .1
L —1Ept | = - 1| EpL [ -] B2, L
T, 1 Ta {Ta

. L. ' ) T
[ ]1':1’8 ["4 —1]E§"8,l°5 —1]E5’*8] ’
Tq e g, ¢

= [AlE, + [BIE, | 4.3

~ where matrix A is defined as,

r;c'l/ %a

o3loa 0

[A] = .




65

and matrix B as the following.

p-

(01\/03 - l) .

(c13/ca -1) ' 0
(°$y°a -1)

(8] =

(OZ/Oa -1) |
0 ‘ (04/0, = 1)

(.Us/éa - IJ

To enforce the above 'constraints on the finite element solution, substitute éqliéfion

(4.3) into equation (4.1). The résulting miodified functional is obtained.
F(E) = ETIA] K] [A] &, +2E][A] [K] [BI E,

+ E/IB] K] [B] E, + 2£71A] [S] E, + 2EIB] [S] E, 4.4)

Take the variation of the modified functional with respect to the secondary electric
fields and equate the results to zero. This procedure provides the modified finite ele-

ment linear system.

[AI K] [A]E; = ~([Al[SIE, - [A] [K] [BIE,

. where
. r ! T “ r ’ - r - ‘ i -
a K, K,ooeeeK b
1 a, 0 112 " Mpf |1 b, o
S Ka1Kaz =*** K3, by
laxkael = [ o ‘ : :
. . o | 0 .
. oa K K eeenk < b
: 1p2
L Py Pte mj i pj




When this system of equations are solved, the resu)ting secondary electric ﬁélds will
satisfy the necessary internal boundary conditions. The solutions in the anoir;alous
cell for all normal electric field components are in tefms of the external fields. These
solutions must be rescaled in order to obtain the correct t'otal: field solution in the

anomalous region by the following relationship.

Eoal - [Es +Ep] = [Al] [Esﬂ' Ep] |

The total rescaled fields in each anomalous cell, provided the source term in the

volume’ intégral component of the formulation.

E(r) = Zn:f GE(r,r) Ao (E(r) + E,(r)) dv

i=1 v,

" where

Ao, = o,,—0op

i

o, = anomalous condu(;itivity in the i cell
.0 B = bagkground conductivity

v, = volume of the i" cell

G(I':,,,:) = Green’é function

A numerical quadrature scheme was used to approximate the integration over each
anomalous cell. This procedure was originally implemented using a fixed order qua-
drature for all integrations. This was where the second source of trouble with the
algorithm was encountered. The order of the quadrafurg was a dominant factor in the
over-all comphtation costs, since a major portion of thefcentfal processor time was

devoted to the cailculation of the Green’s functions. A first order quadrature required
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one Green’s funcfion ‘compared to a third order -quadrature which required the calcula-
tion of twenty-seven Green’s fu'hctions. This cost dependence on the order of the
quadrature required that a lower order be used for most models. This ofte-n resulted
in large numeri;:al errors which decreased the convergence rates and in some cases

‘caused the iterative procedure to diverge.

- To minimize both the error and the computation time, the quadrature integration
scheme was modified such that the order was automatically adjusted to be inversely
 proportional to the distance between the mesh boundary or the observation position
and the anomalous cell being integrated. After studying the results obtained from a
small suite of models a second order quadrature was established as a minirﬁum
" requirement for the integrationé used to calculate the updated boundary conditions on
each iteration. The calculation of the surface fields in the vicinity of the anomalous
zone required third order quadrature when this zone was located near the surface of
the half-space. However, first ofder quadrature could be safely used when the obser-
vation point was located several cell dimensions away from the scatterer. A clear cri-
teria for the adjustment of the quadrature order was not established since the order
required for a given accuracy was a strong funcﬁon of the model parameters. The
adjustment procedure used for the models éonsidered in this study, was strafght fér-
ward but expensive. . For each general type of model at the highest frequency to be
considered, the order criteria was adjusted until the solutions no longer varied as the

order of quadrature increased. This criteria was then used with all similar-models.

' One of the most kuxiexpe‘cted results encountered during the modification of the
algorithm, was that the internal boundary con‘ditions were not required for an accurate
simulation of a resistivé scatterer. In fact, the method used to enforce these condi-
‘tions failed completely for the case of a resistive anomaly. This was probably related
to thé different secondary field 'dist’ribuﬁoﬁs in the vicinity of a resistive' body as com-

pared to a conductive region. ’Fo_r a co.nductiVe body, a large component of the
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secondary currgnts is directed into or normal to the boundaries of the body. .There-
fore the boundary condition enforcing the continuity of the normal component of
current is a very important factor in accurately representing the electric fields for such
models;- For the resistive mociels however, the dominant components of the secon-
dary currents are tangential to the boundariés of the anomalous zone. The smaller
~ normal electric fields are probably dominated by numerical noise and hence when
these fields are scaled up by an order of magnitude through -the transformation
required to enforce the internal boundary éonditions, one obtains a poor solution.
This problem was resolved by simply. using the modified finite element equations to
| define the fields only in the anomalous cells where the cell cogductivit){» was greater
than the backg;ou_nd conductivity. In anomalous cells whgre rthe condupt_ivity is less

than the background values, the normal iinear_equations were used.

[1II ] Numerical Checks on the
Modified Algorithm

A Most difficult phase in working with any three dimensional electromagnetic

modeling technique is associated with the verification that the code provides an accu-
~ rate solution. In this study, three basic checks were used to evaluate the accuracy of

the program.

The first and most certain test, would be to extend a three dimensional body and
see if the fields measured across the center of the body approached the.two dimen-
sional solution as the length of the scatterer increased. The results from this test afe
* shown in Figure 4.2. The scatterer was éharacte’ri_zed by a strike length of 2850 meters
and a conductivity of 10 Ohm-m, _bur-ied in a .100 Ohm-m half-space. This figure

shows the electric field oriented perpendicular to strike and measured on a surface
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Figure 4.2 The comparison of the (a) amplitude of the electric field perpendicular to
: strike and (b) the corresponding phase for the modified hybrid, original
hybrid and the two dimensional response over an elongate three-
dimensional conductor.
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profile. The observation positions are denoted by the'lvertical arrows on the insert.
The dashed curve indicates the two dimensional response of a body with the cross séc-
tion shown. The frequehcy used for both models was 10. hertz. This solution was
provided by zi program developed. by T. Madden which solves the two dirhensional
scattering problem by méans.of the transmission line aqd nétWork analogies. The
solid circles indicate the results obtained by the modified hybrid and the open circles
show the results ébtained with the original version. The same numerical accuracies on
all spatial integratidns were used to obtain these data. The di_ﬁ"ef.ences between the
solutions indicatec} in this figure are“dué only to the missing internal boundary condi-
‘tion in the original version,o-f the p:rog_ram.' The close fit between the modified hybrid
and the two dimensibnql solution indicates tﬁat the hy-brid -algorithm is now providing
an accurate solution for this elongate model. __Th; phase response for the model at 10.
hertz is .provided in Figure 4.2(b). Again, good agreement between the two dimen-

sional and modified hybrid results are evident.

The next' éxample was for an elongate ’reéistivé body with the dimensions indi-
cated on the insert in Figure 4.3. This ﬁgure shows the modified hybrid results indi-
cated by the triangular symbols with the primary electric ﬁeld‘ ovriented perpendicular to
strike. This is cofnpared tb the two dirﬁensional results indicated by the open circles
'_cohnected by the cﬁrved line. -Since this body is resistiveAwith respect to the back-
grohnd media, the internal boundary conditions are not enforced and therefore the
same finite element‘equations are solved on each iteratioﬁ' as used in the origihal
hybrid version. As the figure indicates the apparent resistivities are very similar
_ be‘fween the two and three dimensional cases. The ifnpedance phase curves for the
two éases are similar _l_)ut' differences of. as much as fou‘rA degrees are. evidént. The
model used for this comparis'dn was buried only 50 imeteré.) 'fhis: shallow depth of
burial may have introduced some numerical problems whicﬁ were responsible for the

phase discrepancies observed in Figure 4.3. This model probably represents a "worst
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case" situation, for a resistive scatterer.
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The second check available was to compare the results for the modified algorithm -

witﬁ ‘an independent numerical technique. The next two figures show the comparison
of the modified hybrid with the integral equation formulation developed by Hohmann
(1975). The comparison of apparent -resistivities is provided in Figure 4.4(a). The
model simulates a shallow 5 Ohm-m conductor buried 250 meters in a 160 Ohm-m
‘media. The solution is at 0.1 hertz with the observation position indicatéd by ihe vert-
" ical arrows. The results from the modified hybrid program are again indicated by the
black circles; The 4results“_of the integral equation method published by Ting and
‘Hohmann (1981), are indiéated by the open triangles. The two programs provide
similar responses with only one significantly different apparent resistivity ()ccurripg at
the observation position x = 250 meters. The modified hybrid results seems to. pro-
' v'ide‘ a trend ‘along‘ the profile Whiéh is an enhanced version of the two dimensional
.response. This is reasonable since the body has'a strike length of only 2000 meters
- which is equal to its depth extent. The ﬁelds aléng a profile over a conductor charac-
ferized by a,-.short strike length should be affected by additional surface chargés fésult-
.ing from the lateral current distortion introduced by the ends of the three dimensional
body. The‘ impédance phase response for this model is shown in Figure 4.4(b). The
phase responses for both three dimensional iéchhiques are nearly coincident with the

two dimensional response.

A second comparison with the integral equatibn method provided by Hohmann

(1982) is shown in Figure 4.5. This model has the same geometry as the previous

comparison with the conductor now buried 500 meters with.a conductivity of 0.5
Ohm-ﬁm. The apparent resistivity response from the two programs are provided in Fig-
ures 4.5(a) and 4.5(b) with two source polarizations. The smooth curve provides the
two dimensional apparent resistivities for the two source polérizations on é profile

across the body. The results from the three dimensional programs vary by over a 100
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percent over the center of the body. This discrepancy indicates that the body is prob-
ably too large, too conductive and too near surface for either or both of the algo-
rithms. The short strike of the body would indicate that the two dimensional response
should be greatly different than the three dimensional results fof an eiectric field
soufce polarization parallel to strike, as shown in Figure 4.5(a). The source polariza-
tion with the primary electric field perpepdicular to strike should have been less sensi-
tive to the strike length. However, since. the strike and depth of the scatterer are
equal as in thev previous model, there should be a significant lateral‘ distortion of
current due to the ends of the body. This lateral distortion would require an addi-
tional charge component in the anomalous region which would result in an enhanced
response at the surface.‘ Tﬁe integral equétion response which is enhanced on the
external edges Qf the conductor buf is less' than dr equal to the two dimensional
response over the c§nductor as indicated by the diamond shaped syrhbols in Figure

4.5(b), is therefore physically unlikely.

The ‘last check available was to compare the numerical results with those from an
analdg or tank mo;dél. T-his comparisbn' for a vertical' dipole source-receiver with a
fixed separation is shown in Figure 4.6. The curved lines indicate the tank model
results obtained With the tank modeling system described by Frischknecht (1971).
The opeﬁ circles and plus symbols indicate the results obtained by the original hybrid
version; and the square and triangular symbols represent the results provided by the
modified hybrid program. Thé major change in the results was on the inphase com-
ponent. The original version provided a 100 percent miématch for this component.
The modified version however, provided similar results to those obtained from the

analog model for both inphase and quadrature components.

The test results shown in Figures 4.2 and 4.3 indicate that the modified algorithm
provides solutions which asymptote to a reasonable approximation of the two dimen-

sional solutions for conductive and resistive scatterers. The similar results between
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the integral equation and hybrid techniques presented in Figure 4.4 for a low contrast

model, provides additional evidence that the solutions are reasonably accurate. The
discrepancies between these modeling methods for the high contrast model shown in
Figure 4.5, indicate .carHe should be exercised when applying these schemes to such
models. The simulations usgd in this study had conductivity contrasts of no more
than twenty, the_:reby preventing numerical inaccuracies. The similar response between
- the numerical and tank modeling results shown in Figure 4.6, depicts the last bit of
- evidence supporting the accuracy of the quiﬁed algorithm. In summary, these
ch¢cks ipgiigate; that the modified hybrid scheme presented in this section has provided

accurate solutions for low contrast scatterers which are buried at reasonable depths.



Chapter 5

Data Interpretation

[I] Introduction

The interpretation of magnetotelluric data acquired in an environmer_lt whefe the
~ electrical condﬁctivity variés oniy as a fuhction of depth o (z), has been considered by

A mahy ihvestigétors ovér the past thirty yeafs. Most of these interpretation /schemes
utilized the frequency A résponse of the scalar surface - impedance
(Z=E,/H,=-E/ H,'c) and may be separated into two categories. The first and most
easily implemented approach consists of fitting the frequency response of a parameter-
ized model to the measured data. This may be done by using either a trial and error
approach or an automated scheme to "minimize" the difference between the observa-
tions and the calculated fields using a systematic search in parameter space. These
iterative techniques using various minimization criteria have been implemented by a
number of researchers, e.g. Oldenburg (1979); Jupp and Vozoff (1975). The main
advantage to this type of inversion scheme is that it requires only a forward solution
énd a minimization procedure both of which are easily calculated for the one-
diménsi,onal case. Its disadvantage is that an initial model or parameterization is
required to begin the procedure. ‘The alternative approach is to use a direct inversion
method. T‘hese' direct techniques require only the surface conductivity with no prior
assumptions made concerning the conductivity variations with depth. The methods in
this category are based on the application of a sequence of non-linear transformations
on the measured data. Aftér the solution of a set of integral equations and the neces-

sary transforms are implemented, the conductivity as a function of depth is obtained
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without solving the forward problem. The disadvantage associated with these schemes
is that the numerical implementation of the required transforms is difficult and
requires sophisticated techniques, é.g. Becher and Sharpe (1969); Weidelt (1972).
Recent innovations by Coen and Chang (1982) have to a large degree overcome this
disadvantage through the development of simplified numerical techniques which pro-

vide a direct inverse solution.

When the conductivity varies as a function of two spatial dimensions a(y,z), the
scalar surface impedance or simple field ratios will no longer be ﬁme invariant. This
problem was identified by Cantwell (1960). He resolved the problem by introducing
the tensor impedance which is independent of source polarization. The tensor
impedance is the transfer function whiéh lineafly relates the two component horizontal
magnetic ‘ ﬁelds to the horizontal electfic field components
(E,=2,H,+Z H,E =Z H +Z,H). The two resulting equations may
be solved for the four unknowns by using two independent sets of field measurements
(i.e. electric and magnetic fields with two different source polarizations). The two sets
of field measurements provide four independent equations, the solution of which
yields the four complex impedance elements. The tensor impedances resulting from
this type of conductivity distribution vary as a function of both frequency and observa-
tion position.

The differential equations defining the two-dimensional scattering problem may
be decomposed into two independent components, each requiring a scalar solution.
These solutions are designated as the transverse electric mode (Ex, H,, H,) and the
transverse magnetic mode (Ey, E, H,). The four element impedance tensor for the
two-dimensional case, reduces to two non-zero off-diagonal elements when the meas-
urement coordinates are rotated parallel to strike. These oﬂ‘-diagonal elements are
equal and of opposite sign in a one-dimensional environment. In an interpretation

scheme based on an incomplete data set both modes should be used to understand the
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conductivity variations. The'impedance element (Zyx = Ey/ H,) associated with the
transverse magnetic (TM) mode is very' sensiiive to. near surface lateral changes in
conductivity and relatively insensitive to conductivity variations occurring at great
depth. In contrast, the impedance element (Z,, = E,/H)) corresponding to the
transverse electric (TE) mode is less responsive to latefal surface contrasts than the
TM mode and is characterized by a strong response to deep conductors. The vertical
magnetic field is an additional surface measurement parameter associated with the TE
mode which‘has only a secoqdary component within the frequency range considered in
this study. The vertical and horizontal fields aré_as'sumed to satisfy a linear relétion-
ship (H, =T, H, +T, H,). These geomagnetic transfer functions or "tippers" pro;
vide a measure of the field response which is independent of the source field polariza-
~ tion and reduces to one complex component (T, = H,/H)) for the two-dimensional
case. This component which varies as a function of frequency and observation posi-

tion is non-zero only in the vicinity of a lat_eral contrast in conductivity.

These various time invariant measures of the surface fields (Z,,, Z,,, T,) are
reiated to the anomalous- current distributibns caused by conductivity inhomogeneities
through five different Greens functions. Therefore the various transfer functions cal-
culated from the surface measurements may be characterized by differing sensitivities
to an anomalous conductivity distribution. The relative resolution and sensitivity of

these parameters will be considered later.

As in the one-dimensional inversion methods, one may calculate the electromag-
netic response of a parameterized earth model. The resulting simulations may be used
to fit the observed data as a function of both frequency and position in an iterative
manner. Automated techniques for minimizing the diﬁ'erence between the. measured
and computed fields have been implemented by Jupp and Vozoff (1977), and Weidelt
(1975). These techniques are difficult to use because the forward solutions require a

great deal of computer storage and are expensive. The rate of convergence.and the
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final model obtained by these schetﬁes depend on the initial parameterization used to
begin the iterative procedure. Two-dimensional direct inversion schemes have not yet
bcen successfully imblemented for electromagnetic scattering problems. However, as
ind‘icated by Ne“wt‘o‘n (1982) the generalization of direct techniques used for the solu-
_ fion of the one-dimensional inverse problems of quantum mechanics are under inves-
tigation. PerhapS these technique_s may be adapted in the future for the two-
dimensional magnetotelluric problem as similar schemes were in the past for the -one-

dimensional case.

Matéhing the simulations to the observations by trial and error is currently the
most widely used technique for the interpretation of two-dimensional magnetotelluric
data. A suite of simple forward models are generated. These models ére implicitly
| and on rare occasions explicitly constrainéd by any geologfcal or other geophysical data
available. . The characteristics of the model responses for the various componeﬁts are
then compared to thev'ﬁeld observations and model refinements aré made in é subjec-

tive manner.

The earth unfortunately is usually characterized by a three-dimensional conduc-

tivity distribution. This complication provides four non-zero impedance elements and
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two non-zero geomagnetic transfer functions. The simulation of these frequency

responses require the vector solution of Maxwell’s equations. The computational
complexity of the forward problem is more than an order of magnitude more diﬁicult
than the two-dimensional problem. Thi§, in conjunction with the absence of any

direct three-dimensional inverse method has so far prevented the quantitative

interpretation of data acquired in a complex environment.
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[II] Constraints, Objectives and

Presentation Techniques

The data acquired at Mount Hood were distinguvished by complex frequency
characteristics in conjunction with rapid spatial variations of the impedance tensors and
geomagnetic transfer functions. These characteristics indicated that the conductivity

distribution under thrs Cascade volcano was extremely complex in nature. The com-

plex environment coupled with the sparse data set provnded an 1mpenetrable barrrer to

a quantrtatrve mterpretatron. There were four major constramts assocrated with this

data set.

The first of these constraints was the finite band width of 'the data. The lower

end at approximately 0.001 hertz was limited by the acquisiticn time which in turn was

dictated by cost factors. The high frequency end was set by transducer and acquisition '

system hmrtatrons to approxrmately 50 hertz The upper limit was too low to deﬁne

“the surface conductivities and the low frequency hmrts hmdered attempts to estrmate -

upper mantle conductivity variations. The interpretation was affected by these poorly
constrained extremes in the vertical conductivity structure since both deep and shallow
* conductors may distort signiﬁcantly the various transfer functions 'Within the frequency
* band acquired. | . |

Another :factor which ~great.ly impeded the‘ interpretaticn waswthe‘ srnall spatial
wmdow over whrch these data were acqurred The data were llmrted in spatral extent
to a thirty square kilometer area centered on the volcanic peak ThlS narrow wrndow
is an important consrderatlon in any mterpretatron scheme smce lateral conductlvrty
variations occurring beyond the hmlts of the survey area may distort the frequency
response of the magnetotellurrc and geomagnetic transfer functions in the lower por-
tion of the frequency band. A second problem created by this small spatial sample is

“associated with defining the geometry of deep conductors underlying the survey area.



These conductors may provide distinctive characteristics in the lower frequency range.
- However, the spatial variations of these frequency responses which indicate the-lateral

extent of the conductors are truncated and thereby limit the interpretation.

An additional constraint wﬁs caused by the spatial aliasing created by the availabil-
ity of only twenty four irregularly spaced observations spread over the thirty square
kilometer area. A qualitative interpretation of thesel data indicatéd that three-
dimensional near surface conductivity variations in this regioh were characterized by a
wide range of dimensions and the limited sampling prevented a detailed delineation of
these features. Thus,a quantitative evaluation of the resulting field distortions caused

'by these scatterers was not feasible.

The last factor which significantly restricted the interpretation was associated with
. -the low signal to noise ratio at many locations. Some examples of impedance tensor
and tippér estimates which were characterized by large statistical errors based on data
acquired at sites 11,13,14 and 15A are provided in appendix A. The error bars on
these examples indicate the 50 percent confidence interval based on a normal distribu-
tion as described by Gamble, Goubau and Clarke (1979). A significant noise com-
ponent in the measurements provided poorly defined transfer functions at some fre-
quencies throughout the data set. .The remote reference processing technique

- described in chapter 2 greatly minimized this problem.

The objective of the research presented here was the development of a procedure
utilizing the crude interpretational tools currently available which would provide a con-
ductivity distribution based on a sparse data set and which wduld be consistent with
geological and other geophysical information. The procedure which evolved was com-
posed of two basic components. First, one dimensional interpretation schemes were
used to estimate _the pavr}amete‘rs of some near surface inhomogeneities. This was fol-
lowed By fitting various daté subsets with two-dimensional simulations. The resulting

models were then combiged into a composite three-dimensional representation of the
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spatial conductivity variations. In parallel with the parameterized data fitting pro-
cedure, a sensitivity analysis was performed on the .various measurement paralﬁeters
through the use of simple two- and three-dimensional models. These models pro-
vided information regarding the relative reliability of the various parametgfs in the

composite model. _

The pitfalls in such an approach are many. The effects on the transfer functions
caused by inductive coupling in a multiconductor environment are difficult to quantify.
. In addition, near surface lateral changes in conductivity may cause broad-band distor-
tions in the various' transfer functions, a problem well described in an excellent review
paper by Berdichevskiy and Dmitriev (1976). The effects of these surface inhomo-
geneities are difficult to evaluate since the sparse data set does not provide the neces-
sary spatial resolution to delineate these‘structures. This, coupled with the narrow fre-
quency and spatial windows which characterized thq data,~ obscured the definition of
the subsurface parameters. To reduce the ambiguities caused by this "ill-posed" prob-
lem, constraints provided by other geophysical methods were utilized tc‘)l provide the

simpliest consistent model.

The general character of the data was quite.complex. As noted earlier, apparent

resistivities varied by orders of magnitude over distances as small as two kilometers.
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The principal direction of the impedance tensor based on the minimization of the diag- -

onal elements as described in Vozoff (1972), changed as a' function of both frequency
and observation posifion. The geomagnetic transfer fungtio‘n (tipper) was bimodal,
that is both components T, and T, were characterized by al\rnplitudg peaks within two
decades in the frequency domain. The strike directions indicated by these tipper
responses were extremely variable as a function of both position and frequency.
These strike directions seldom corresponded to the principal directions indicated by
the tensor impedances. The phase of the tipper at some locations swept through 300

degrees over the frequc_ncy band of five decades.




To obtain a coherent view of these _spatial variations as a functiqn of frequency,
band a\-/eraged. tensor impedances and geomagnatic transfer functiorrs were used to
.generate smoothed polar diagrams. The polar diagram is a simple graphical procedure,
which provides a convenient vehicle by which one can study the dependence of the
transfer functions at each frequency or band of frequencies on the orientation of the
measurement coordinates. This useful irrterpretation aid was popularized by Berdi-
chevskiy (1968) and by Berdichevskiy and Smirnov (1971). This scheme has been
used er(tensively to portray field results in‘Eastern European electrical studies and has

recently gained some popularity in the West as indicated by Thayer (1975).

The generation of the polar diagram is quite simple. The impedance tensor or
geomagnetic transfer function at»each frequency is rotated through a 360 degree coor-
dinate system rotation. The apparent résistivity is then calculated and averaged over a
number of harmonics at each angle of rotation if smoothed diagrams are desired. This

procedure provides a graphical representation of the apparent resistivity which varies

as a function of coordinate rotation angle and frequency band at each measurement

location. These data are then scaléd by a convenient amount and plotted in map form
with the diagram centered on the geographical coordinates of the observation position.
An example of this procedure for one field observation 'is provided in Figure 5.1(a).
This figure describes the calculation of the apparent resistir/ity in a polar form which is

consistent with common usage in literature.

Figure _5.1(b) defines the notation for describing the geomagnetic or tipper
diagrams which will be used in this study.l The evolutionary root of these diagrams is
related ta an interesting observation made by Parkinson (1959). He found lthat the
geomagnetic tranafer functron estimated from data acquired near the Pacific Ocean in
Australia was characterized by the curious property that it was consistently oriented
perpendicular to coast line. This observation initiated an era of inquiry which'resﬁlted

_in the complex induction arrow. The variable notation associated with these induction
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IMPEDANCE ELEMENTS AND APPARENT
- RESISTIVITY
Ex=ZxxHx * ZxyHy
Ey=ZyxHx + ZyyHy
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Figure 5.1(a) Notation defining the apparent resistivity polar diagram.

COMPLEX TIPPER & INDUCTION
ARROWS : Re[IA], Im[IA]
Hz=TxHx*+TyHy _.
T;[61=T, COSIO1+T, SIN[GI=TIPPER[X]
Re[IA]=Re[TyJ+Rel T, ]

Im[IA]=Im[Ty ] +Im[T, ]
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~ -
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Figure 5.1(b) Notation defining the complex geomagnetic transfer function (tipper)

polar diagrams and the real and imaginary induction arrows.
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arrows reflects this evolution in the literature as indicated by Gregori and Lanzerotti
(1980); Jones (1981). These arrows simply portray the geometrical relationship, which
was first empirically derived from field observations and later verified by model stu-
dies, between the tipoer phase at an observation position and the relative lateral posi-

tions of mduced current concentratnons in the earth. The real and 1magmary com-
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ponents of the tipper are shown in Frgure 5 1(b). These real and 1magmary functrons :

are plotted in polar form or as functions of the coordrnate system rotatron angle and
are indicated by the sohd and dashed c1rcles respectlvely The rotation 1nvar1ant meas-
ures whrch brsect the solid and dashed circles are the real and 1magmary induction
arrows. The observation position is located at the pornt of intersection of these real
and imaginary induction arrows. The utilityl of these arrows are easiiy seen 1n the sim-
ple rule which holds for all two-dimensional confined single-body con:ducto..rs investi-
gated in this study. These models indicate that for frequencies below the neak ampli-
tude response. of the tipper function, the imaginary induction arrows lare oriented
towafd, and the real arrows are oriented away from, regions characterized' by high

current concentrations.

To mrnlmlze the confusron, all simulations and field data provnded by a varrety of
programs were changed mto a form using common conventlons A right-handed coor-
dinate system was used with x directed north, y east and z into the earth. A negative
time denendency (e~@") provided impedance phase responsesv in the ‘second and
fourth quadrants. The phases in the second quadrant were shifted into the fourth qua-

drant for display purposes.



[II] A Qualitative Interpretation of
the Near Surface Conductivity

Distribution

The initial step in the interpretation scheme was to unravel the near surface con-
ductivity. distribution using the magnetotelluric and tinper‘ data supplemented by three
electromagnetic loop soundings. The one-dimensional interpretation of these data are
presented by Goldstein, Mozley‘and Wilt (1982). The results are only qualitative since
this region is characterized by a complex near surface conductivrty drstribution which
could mtroduce large errors in such a simplistic analysis. However, the srmilarrty of
the results from both methods did suggest that at least two near surface conductors

were located in this area.

The one-dimensional analysis was first used on the north-eastern flank of Mount

Hood. This measurement array consisted of magnetotelluric sites 1 and 2 (Figure 2.3)

and the associated remote telluric measurements. The data in this array were charac-.

terized by similar principal directions and a small separation in the apparent resi}stivities
calculated from the off-diagonal elements of the impedance tensor These characteris-
tics implied that these data were only moderately distorted by near surface mhomo-
geneities. The impedance data in this cluster of s1tes were rotated 1nto the same prm-
cipal direction, based on the average value at all frequencies of all sites in the array.
This direction for the impedance (ny) which is associated with the x directed electric

field was north 80 degrees east.

An example of a one-dimensional inversion of the oﬁ“—diagonal impedance ele-
ments measured at site 1 are show_n in Figure 5.2. The parameterized inversion tech-
nique developed by Jupp and Yozoff (1975) was used to obtain these results. Both
apparent resistivities corresponding to the off-diagonal impedance elements provided

similar conductivity variations with depth. Since the data at periods greater than 1.0
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second indicate that the one-dimensional model is not valid, the conductivity variation

below 3 kilometers was disregarded.

A selection of one-dimensional parametric inversions for all sites in this array are
shown in Figure 5.3. The results are projected onto ‘a_proﬁle directed north 35 degrees
east. These results imply that theré exists a very conductive zone at a depth of
approximately 500 meters under site 1. The one-dimensional interpretation of the
loop sounding data acquired in this vicinity indicate a conductor at approximately 700
meters depth. The proﬁie inversions presented in this figure indicate that the conduc-

tive zone thins and becomes more resistive on the north eastern end of the profile.

The next region where the simple one-dimension inversions were attempted was

on the southern flank of the volcanic 'peak. The magnetotelluric data in this area pro-
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vided poor quality impedance estimates which were characterized by large statistical

error bars. The impedance estimates were available only at periods greater than 0.1

second. . The two loop soundings in this area however provided some control on the -

near surface conductivities. These results indicate that a conductive zone of 5-20
Ohm-m exists at a depth of 300-700 meters. These interpretations are subject to a
great deal of error since the data characteristics in this vicinity imply the existence of a

two or three-dimensional conductivity distribution.

The shallow conductor indicated by the loop soundings and which was consistent
with the magnetotelluric data on the southern flank of Mount Hood correlated with
the water level in a drill-hole located near Timberline Lodge. This implied that the

conductor was associated with a saturated zone in the massive pyroclastic debris which

has accumulated on the southern flank of the volcano over the past few thousand

years. The high degree of north-south polarization which. characterized the electric
fields measured in this area indicated that this shallow conductive zone was elongated

in the same direction as the pyroclastic flows.
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To verify that the distortions observed-in the apparent resistivities were due to
these saturated pyroclastics, some simple three-dimen,sioilal simuiations were imple-
' mented using the modified hybrid modeling scheme desbribe,d in Chapter 4. The stip-
pled region on Figure 5.4(a)' indicates the area characterized by a north-south polariza-
tion of the electric ﬁelds as indicated by the figure-eight shaped polar. dlagrams of
'apparent res1st1v1ty These polar diagrams are presented using the logarnthmlc scale
shown at the bottom of the figure. This was necessary because of the large range in
A apparent resistivities observed. Figure 5.4(b) shows the results in plan-viéw of the
near surface conductor indicated in the iﬁsert. This 10 Ohm-m conductor has a length
to width ratio of two and is buried 500 meters in a 100 Ohm-m medié. The data are
provided at 0.01 hertz over only one quadrant of the model since there are two planes
of symmetry. The dashed line indicates the lateral extent of the conductor. The
observation positions a,re iocated at t.he center of each poiaf diagram. The diagrams
aré linearly scaled wifh the apparent resistivity as fndicated in the upper left corner _of
~ the figure. These diagrams indicate that thé apparent resistivities associated with the
electric field parallel to strike are only a factor of two greater than 'thé-apparent resis-
tivities related to the electric field perpendicular to strike. This model was calculated at
0.1 hertz and. 0.001 hertz. The resulting appareht’ resistivities for both frequencies

were similar to those at 0.01 hertz shown in Figure 5.4(b).

A second simulation at 0.022 hertz is shown in Figure 5.5 in the same form as
the previous model. The conductor in this simulation is a 10 th-m‘ body with a
length to width ratio of three buried 1500 meters in a 100 Ohm-m material. The

difference in apparent resistivities oriented parallel and perpendicular to strike, again

)
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vary only by a factor of two. The change in geometry and depth of burial for these

simple low contrast models provided similar results indicating that the variation of
these parameters may not provide the desired characferistics. Due to time and cost fac-

~ tors, further parametric variations were not attempted. However, the 1500 meter
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depth of burial of this model which was necessary to insure numerical accuracy on a
related two body model, which will be considered néxt, was probably a signiﬁcant fac-

* tor in decreasing the difference between the orthogona} apparent resistivities.

The next approach used to simulate the field characteristics at sites 11,1A3,14 and
15A, shown in Figure 5.4(a), was based on a two body rﬁo‘dcl. i;his simulation is
shown in Figure 5.6. The shallow elongate conductor m thiﬁ_éimulation has the same
parameters as thje model previously considered in Figure 5.5. This new simulation has
a second deep resistive body with _é strike perpendicular to that of ihe shallow body.
The full plan-view and a cross-section are‘shown as inserts in this figure. As in the
previous.ﬂmodels the dashed lines delineate the létergl dimensions of the conductors
under the -observation positions. These observation positions are égain confined to
one qﬁadrant of the model since two planes of symmetry were used. For observation
points o"ver the conductor, one can see that the ratio of the apparent resistivities asso-
ciated w'ith the electric ﬁelds-parallel to the strike of the conductor relative to those
using the electric field perpen'dicﬁlar to strike are approximatel); three to one. This
indicates that the existence of a resisti\}e structure undef a three-dimensional surface
conductor can enhance the ﬁeld polarization measured over this conductor. This
result mimics the observed field responses in a general way. However, the degree of
distortion of the model resuits shown.by a-‘line'ar scale are less by an order of magni-
tude than the ﬁeld data. presented on a logarithmic scale. One factor which may con-
tribute to this large difference between the magnitude of the simulations and the field
observations may be associated with the diﬁ'e}rencé b’gtw‘eqn the conductivity- contrasts
used in the models and those that actually 6ccur in the éarth. The model contfasts
used were small to insure numerical accuracy. The contrasts in co;lductivity which
may occur in this area may be greater than those used in the simulation by an order of

magnitude or more.
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The third area which was charactefized by similar polar diagrams is indicated in
Figure 5.7(a) by the stippled region. The large apparent resistivities in this area indi-
cate the presence vof a near surface resistive nodil. ‘To’.veri‘fy this cenjecture, the simu-
lation shown in Figure 5.7(b) was calculated. The same conventions are used in this
figure as was used with previons models. The pqlat ,diagfams of apparent resistivities

provided by this simulation indicate that the region is probably unlain by a resistive

structure which may extend to relatively great depths.

The last two areas were evaluated usmg only the distortion characteristics of the
apparent resistivity dlagrams The sensitivity of the apparent resistivity to near surface
conductivity structures is quite ev1dent in these models. By considering these models
over two decades in frequency, one can see that this distort_ion is a broad-band
phenomenon. . Therefore it may be used quite effectively to interpret near surface con-
ductivity. variations, 'but may present problems when deep conductors buried under
| complex surface conductivity distributions are theldesired targ_ets. This problem will

be considered in more detail in Section [IV].

The second set of measurement parameters which may be used to analyze the
surface conductivity are the induction arrows. The distribution of the complex tipper
functions and the associated induction arrows for the simple near surface conductor
considered eatlier are shown in Figure 5.8. The frequency used in this example is 0.1
hertz. This frequency is below the peak in the amplitude of the complex transfer
function. The phase at this frequency has shifted into the second quadrant which
results in the orientation of _the_real and imaginary induction arrows away and toward
the region of high current density respeetiVely. This property of the induction arrows
and the relative reliability of the real and imaginary components will be considered in
Section [V]. The ability of the geomagnetic data to indicat_e the relative lateral position
of current concentrations as indicated in this figure is a valuable tool in any interpreta-

tion scheme.
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The complemehtary case of a buried resistive body is_ the next example con-
sidered. The compléx tippef a‘lnd."i'hdhction arrows for .the-resistive model presented
earlér ére shown in Fiiﬁre 5.9. Again the frequency 'used is 0.1 hertz which is
sufficiently low tﬁat the phase response has shifted into the fourth quadrant and the
real and imaginary induction arrows are oppositely directed. The real arrows are

directed away from the high current density and the imaginary arrows are oriented
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toward the current concentrations. An important observation provided by these

models is that the amplitude of the induction arrows decay rapidly as the observation

position moves away from the conductive body. However, this decay is relatively slow '

as one moves away from the resistive body. Therefore, one would expect to observe
a much broader induction arrow anomaly for large buried resistive bodies than for sur-

face conductors. -

The complex tippers and associated induction arrows for the field data averaged
over the frequency band of 5.0-1.0 hertz are presented in Figure 5.10. This frequency
band was chosen to coincide with a high frequency peak in the amplitude of the
geomagnetic transfer function at several locations. The small imaginary inductidn

arrows indicate that the phase of the transfer function is near 0 _of +180 degrees. The

three previous areas ihterpreted through the use of the apparent resistivities are indi-

cated by regions A, B, and C. From two-dimensional model studiés, it can be shown'

that conductivity contrasts located in ‘the first kilometer below the earths surface will
result in a tipper maximum occurring in this frequency band. These surface conduc-
tivity changes are delineated by the real induction arrows in this figure. The real
i_nduction arrow at this frequency will be oriented perpendicular the conductivity con-
trasts and be directeci 4a§va_y frb_m concentrations of induced currents. The earlier
interpretations are therefore supbofted by these results. In addition, there is some

indication that a resistive body resides in region D.
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Figure 5.10 The complex tipper and induction arrows for the frequency band of
: 5.0-1.0 hertz. The dashed circles with bisects indicate the imaginary
components and the solid circles with bisects represent the real com-

ponents. The stippled regions indicate the locations of near surface

resistive bodies and the banded zones are locations of near surface con-

ductors. -
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Figure 5.11 The complex tipper and induction arrows: for the frequency band of
.03-.006 hertz. ‘'The dashed circles with bisects indicate the imaginary
components and the solid circles with bisects represent the real com-
ponents. The stippled region represents a resistive body.
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A second frequency band 0.03-0.006 hertz was chosen such that it would be
located below the 0.02 hertz low frequency tipper maximum observed at several meas-
urement locations. Again,‘ two-dimensional mode1§ indicate probable depths for the
lateral changes in cohdﬁctivity responsible for t_hié tipéer .maxim'urri to be on the order
of 4 to 6 kilometers. The induction arrows for the field data in this band are shown in
Figure 5.11. All sﬁrvey siteé indicate a fegion éf abnormally lbw current density in the
south-western portion of the area. The stippled region presented with some artistic
flare indicates this resistive region which has sufficient depth extent to dominate the

tippers over the entire area in this low frequency band.

[IV ] Principal Directions Defined
by the Residual Phase

Thé» simulations of near surface inhomogeneities considered in the last section
indicateéd that the presence of scatterers above a deep bonductive target would create
problems for an interpreter. The resulting distortion of the surface- measurements
would be broad-band in'character. Their removal would depend on the availability of
a dense high'quality data set which would in-turn pfovide detailed information as to
the parameters of the near surface conductivity distributions. 'I_‘his‘ information could
then be used to simulafe the response of these features and then a removal technique
such as the one introduced in Chapter 3 could be utilized to remove or at least reduce
the effects caused by this "geologic noise". The sparse nature of the data set at Mount
Hood prevented a dgtailed delineation of any of the surface inhdmogeneities whose
effects are quite evident in the déta, thereby prgventing the quantitative‘ remoVal of
these distortions. This situation initiated an investigation of the various measurement

parameters, in order to find which components of the various transfer functions would
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least be affected by these near surface contrasts. A few details of this search follows

in condensed form.

A second significant ques‘tion, concerns the effect of a finite strike on a "cheap"
two-dimensional interp'ret‘ation.v The data at Mount Hood provided an interesting
problerﬁ which is not uniq‘ue‘ to this area. The impedahce data in the lower frequency
bands ‘had certain frequency characteristics which were suggestive of a two-
dimensional response caused by a.conductor buried at depth. The- structure which
may represent the object of the quest was not expected to be two-di_mensional, due to
the geological and geophysical constraints suggested in Chapter 1. This led into a
small scale investigation of the various measurement pafameters which are indicative
of deep conductors in two- and three-dimensions. Differences and similarities were

noted as the strike length shrank from infinite to finite dimensions.

The third and final problem which will be touched upon in this section is the rela-
tive sensitivity of the impedance parameters to perturbations in the geometry. of sub-
surface conductors. An understanding of this sensitivity is important since it provides
a measure of the resolution provided by the impedance parameter. This will have
important ramifications on the joint application of impedance tensor and tipper esti-
mates in the inferpretation of data acquired in a three-dimensional environment, as

will be seen in the next section.

The three problems will be considered in light of the response provided by three
simple three-dimensional models. The results will be used to justify the use of a two-

dimensional model to represent the deep conductivity variations under Mount Hood.

The investigation begins with a comparison of the two and three-dimensional
response of a conductor buried 15 kilometers with a 15 kilometer square cross-section.
The strike length of _the tﬁree-dimensional body was 60 kilometers. The frequency
response for the two cases are shown in Figure 5.12 for the observation position over

the center of this elongate conductor. The two and three-dimensional responses are
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nearly the same for the source polarization with the primary electric field perpendicular
to strike. Both the apparent resistivity and the phase for this polarization provide only
" a weak frequency resﬁonse for the model. From the earlier models considered in Sec-
tion III, one can see that the response for this source polarization is greatly affected by
near surface scatterers. These observations indicate that the TM mode in two dimen-
sions or the cor‘resbonding source polarization in three-dimenéions provide apparent
resistivities and impedance phases which are not of great use in prospecting for deep

conductors. This is especially the case when near surface inhomogeneities are present.

Next consider the model responses for the primary electric field parallel to strike.
- The two-dimensional frequency response provides a significant indication of the con-
ductor in the apparent resistivity and impedance phasé. The absolute phase maximum
occurring in the vicinity of 50 seconds provides a major response characteristic.
Ektensive two-dimensional sensitivity studies indicated that the frequency of this peak
\r'esponse may be shifted by many factors; conductivity of the conductor, depth of
burial of the conductor, the dimensions of the conductor and condlictivities of the
over bﬁrden and back ground media to mention a few. This phase peak however,
does represent an important diagr:ostic feature in the frequency response. The three-
dimensional response for this so:n'ce polarization indicated in Figure 5.12 by the tri-
angular symbols, shows a significant departure from the two-dimensional response.
The apparent resistivity at the shorter periods are quite similar for both cases. The
phase in the vicinity of the absolute maximum is also similar for both cases. The
main difference in the frequency response is that the long period "over-shoot" in the
impedance phase which is a standard two-dimensional characteristic is missing in the

- three-dimensional frequency response.

This model shows two important features of the phase. First, the three-
dimensional frequency respbnse is characterized by a maximum in the same frequency

range and of similar amplitude as the two-dimensional TE mode phase, which as
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explained above, is an important interpretation aid. The second important feature to
note is that the two-dimensional over-shoot in the long period phase response is miss-
ing in the three-dimensional response. This provides a three-dimensional impedance
| phase characterized ‘by variations which are conﬁ_ned to a smaller frequency band than

the two-dimensional response.

The frequency range over which the conductor affects the various measurement
parameters is very important when interpreting data acquired in a media characterized
" by multiconductors. The models considered in Section III indicated that near surface

- conductivity variations may distort apparent resistivities over very wide frequency

ranges. The phase responses from these models as well as the model presented above
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are characterized by relatively narrow frequency responses. This small model study -

indicates that the three-dimensional impedance phases are generally characterized by
narrower range of frequency variations than the corresponding two-dimensional
model. This phase characteristic may be utilized to minimize the affects of near sur-

face inhomogeneities on an investigation of the underlying structures."

.The useful impedance phase properties summarized above may be easily utilized
through an impedance normalization procedure. N This impedance normalization results
in a simple phase differencing scheme which is described in Figure 5.13. The phase of
the impedance defined in the first equation is calculated as a function of rotation angle
6. All phases are then shifted into the fourth quadrant.

An example of the phase as a function of period for some typical field data is
shown in the top sketch of Figure 5.13. The absolute minimum phase response as a
~ function rotation angle is found at the angle '00. This phase minimum equals 30

degrees for the period of 75 seconds. The frequency response in the fourth quédrant

of the impedance phase at the angle of rotation 0, is indicated by the dashed curve.

Next consider the phase response for another angle of rotation 6,, represented by the

solid curve. The absolute value of the phase at this rotation angle for the period of 75
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\
seconds is 50 degrees.. The difference between the absolute phases |A®,| = 20

degrees is defined as the residual phase at the angle of rotation 9,.

| The residual phase may be Calculafe'd at various angles‘ of rotation over a range of
360 degrees. Th'e_se values may then be plotted in a polar diagram as indicated by the
bottom sketch in_'thils figure. The length of the arrow in this diagram represents the
residual phase at the coordinate rotation angle of 6 = 6,. The arc circumscribed by the
tip of this arrow, as all angles of rotation from 0 to 360 degrees are plotted, represents

the polar diagram of the residual phase.

The residual phase for the model shown in Figure 5.12 may be easily found at
the frequency of 0.02 hertz. First shift the phase response for the 'pfimary electric

field perpendicular to strike (TM mode) into the fourth quadrant. For this observa-
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tion position the impedance phase associated with the impedance tensor element Z -

will provide the absolute minimum i;hase at 90'= 0 degrees. This phase component
coincides with the absolute value of the TM phase response which equals approxi-
mately 51 degrees. As this impedance tensor is rotated to 8 = 90 degrées, the abso-
lute value of itls phasé becomes approximately 57 degrees. The frequency response for
" the phase of this impedance element at 8 = 90 'de-grees is equivalent to the model
response for the primary electric field parallel to strike (TE mode). The residual phase
for this model has a minimum of 0 degi‘ees for the rotation angle 8 = 6, = 0 since
this was the angle a which the absolute minimum value occurred (i.e. 51-51=0). The
maximum residual phaée occurs when the rotation angle 0 = 90 degrees (i.e. 57-

51=6), which is when the electric field is oriented parallel td strike.

The residual phase polar diagrams for this three dimension conductor are pro-

vided in Figure 5.14. The polar diagram described in the previous paragraph is located

over the center of the conductor (i.e. the upper right diagram in Figure 5.14). The
distance from the center of the po_lar diagram to its maximum dimension represents

the 6 degree residual phase oriented parallel to strike. These simple diagrams clearly
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Figure 5.14 Residual phase polar diagrams for the three-dimensional elongate con-

ductor described in Figure 5.12 at the frequency of 0.02 hertz. The ob-
servation positions are confined to one quadrant since the model has
two planes of symmetry.
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Figure 5.15 Residual phase polar diagrams for .a modified version of the model
‘shown in Figure 5.12. This new model has a séction of the conductor
removed as indicated by the dashed lines on the cross-sections provided
in the inserts and by that portion of the. plan-view shown. Since the
model has one plane of symmetry, the observation positions are
confined to the left half of the model.



provide an accurate estimation of the local strike for this model. To evaluate the sen-
sitivity of the impedance parameters on structural changes in the scatterer a perturba-
tion of the above model was created by removing a section from the center of the
conductor as indicated in Figure 5.15. The polar diagrams shown in this figure indi-
cate that the impedance phase in the form of the residual phase is fairly insensitive to
significant changes in the geometry of the conductdf. The strikes indicated by these
diagrams are undisturbed by the structural changes even when the observation poSi-
tions are directly ove‘r those portions of the altered model characterized by rapid
changes in geometry. The only noticeable change in the diagrams is the decrease in
the absolute value of the residual phases measured over the conductor. This is rea-
sonable since the effective cross-section of the modified conductor has only half the

area of the original model.

The ‘relative‘sensitivity of the apparent resistivity to the strike direction of the
elongate conductor is indicated in Figure 5.16. The only characteristic which is
observed is a slight decrease in the apparent resistivity over the conductor at all rota-
tion angles. This was expected since both source polarizations provide similar

apparent resistivities as indicated in Figgre 5.12,

Next cohsider the —sensiiivity of the apparent resistivity to changes in the
geometry of the conductor. Figure 5.17 shows the apparent resistivity polar diagrams
for the same model perturbation» as considered earlier with the residuél phase
diagrams. The apparent resistivities at this frequency are not significantly affected by
the change in the model cross-section. This indicates that the residual phase is more
sensitive than the apparent resisti?ity to variations in the effective cross-section of the

model at 0.02 hertz. However, neither apparent resistivity nor residual phase were
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sufficiently sensitive to detect local changes in strike caused by the change in shape of '

the conductor.
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. tor removed as indicated by the dashed lines on the cross-sections pro-

vided in the inserts and by that portion of the plan-view shown. Since
the model has one plane of symmetry, the observation positions are

_confined to the left half of the model.
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The relationship of the above models to the field data may be seen in the follow-
ing example. Two acquisition arrays, Old Maid Flat with magnetotelluric site 7 and
Cloud Cap with magnetotelluric sites 1 and 2 provided similar transfer functions with
characteristics which indicated that these data were relatively undistorted by near sur-
face inhomogeneities. Based on the frequency variations of the tipper and impedance
phase responses, the transfer functions were separated into five -Bénds. A set Lof
smoothed polar diagrams for all the field data were generated for each frequency band.
The five bands are indicated by the vertical sections numbered one through five in
Figure 5.18. The impedance parameters pfovided in this figure are rotated into the
principal direction defined at each frequeﬁcy by the maximization of the oﬁ'—diagonal

elements of the impedance tensor as described by Vozoff (1972).

The ir’nped_ance phase characteristics of the field data which were interpreted as an
indication of an elongate condubtor Buried at 10-15 kilometers, are clearly evident in
- this example. The phase maximum which occurs in band 4 on only one phase com-
ponent associated with the impedance element ny is analogous to the absolute phase
‘maximum observed in the model response shown in Figure 5.12. At this location, the
absolute minimum phase in band 4 is approximafely équal to the impedance phase
associated with the impedance element Zyx which has an average absolute value of 38
degrees. This is then '_the normalization value which will be subtracted from phases
calculated at all other rotation angles. The maximum phase response as a function of
rotation angle in band 4 coincides with the bhase associated with ny in this figure.
The absolute value of .this maxixﬁum phase is approximately 50 degrees which pro-
'vides a reéidﬁal phas‘e‘ of 12 degrees. In thié example the principalldirections i)é{se'd on
.~a' maximization of the off-diagonal impedance tensor elements coinéidcs with the prin-

cipal direction indicated by the direction of the maximum residual phase in band 4.
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This occurred at this measurement site because the impedance tensor was relatively .

undistorted by near surface inhomogeneities. When a significant degree of distortion
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does occur these estimates of the principal direction are no longer coincident. Some
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examples of field data where this phenomenon is observed will be shown later in this

section.

If the impedance phase response in band 4 for site 1 is causéd by a deep conduc-
tor similar to the model presented in Figure 5.12, then the resulting phaée diagrams
throughout the sur_véy area should be characterizéd by a reasonably high degree of
spatial coherency ahd provide an estimate of the average strike of the conductor. The
residual phase diagrams for all the field data in band 4 are provided in Figure 5.19.
These diagrams show a surprising degree of spatial coherency throughout the area. If
one assumes that the anomalous conductivity structure is centered under the volcano,
one has a situation similar to that indicated in Figure 5.14. For this case, the max-
imum dimension of the residual phase diagram is oriented parallel to strike. Under
the above assumption, this analysis indicates that the regional strike of the conductor
under Mount Hood is approximately ﬁorth 20 degrees west. This conductor is indi-
cated in the figure by the banded r_égion. Also included in this figure as the stippled
area is the resistive structure inferred from the apparent resistivities and induction
arrows in Section III. ‘The residual phase diagrams in the vicinity of this resistive body
south-eaSi of the volcanic beak are éharacteri_zéd by a signiﬁcanf amoﬁnt of Adistortion.,
These diagrams, distorted as they are, still prdvide a strong indication of the regional

strike.

Due to modeling limitations, it was not feasible to model the phase distortions
observed in the field data south-east of Mount Hood.' In order to simulate these
responses, two body three-dimensional modelé were required with a sufﬁcient depth
separation 'such that the phase variations caused by these bodies occur in significantly
different frequency ranges. Due to this limitation the broad band problem of ampli-
tude distortion was considered. To understand the magnitude of the distortion due to

complex surface conductivity distributions, the simulation shown in Figure 5.20 was



121

Figure 5.19 Residual phase diagrams of the field data in frequency band 4 (03-.006
hertz) with inferred conductor at depth indicated by the banded zone
and a resistive region which extends from near surface to depths near
the conductor is indicated by the stippling.
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implémented. The conductor is a laminar shaped 10 Ohm-ﬁl body 1 kilometer thiék
buried 1 kilometer below the surface. The plan-view of thes stfucture is shown as an
* insert. The observation positions.are confined to the“left half of the model since it has
one plane of symmetry. The apparent resistivity is shown‘ in this ﬁgﬁre at 0.001 hertz.
The. impedance phase response which is inclu'déd iﬁ appendi;( D has nearly returned to

the half space value of 45 degrees at this frequencyi In contrast, the impedance ampli-
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tudes are distorted in a broad-band fashion. The apparent resistivities and the associ-

ated principal direction calculated by maximizing the off-diagonal elements of the

impedance tensor are dominated by this surface distribution even at near D.C. fre-

quencies.

It is not difficult to visualize the superpoéition of this- "co'mpl.ex-surface‘ conductor
positioned over the elongate conductor buried at a depth of .15 kilometers. The obser-
vation positions located in the vicinity the two ninety degree bends in the conductor
would be characterized by distorted apparent reéistivitieé and associated principal direc-
tions of about 45 degrees at frequénci_es below 0.1 hertz. These distortions would
slowly increase to those indicated in this figure at 0.001 hertz. The impedance phase

will also be affected by this surface structure. However, this phase distortion will

probably have a maximum effect above 0.1 hertz and will decrease to near zero at

0.001 hertz. The elongate conductor on the other handv was characterized by a small
change in apparent resistivity and a large impedance phase response at 0.02 heftz. It is
therefore very likely that the éuperposition of these models would result in an
apparent resistivity and associated principal directions wﬁich are completely dominated
by the surface conductor in this region. However, this Would probably nbt be the case
for the impedance phase. Since a significant component in the rangé of 0.02 hertz

would be caused by the underlying conductor. This phase signature would provide an

indication of the deep conductor if the impedance estimates are not rotated to the 45 |

degree angle dictated by the maximization of the off-diagonal elements of the
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impedance tensor. At this rotation angle the phase response would be half-way
between the two principal phase responses and no indication of the conductor would

be evident.

There are some examples in the field data acquired ih the éoutﬁ-eastern region of
the survey area that provide characteristics which are similar to those expected from
the above composit‘g model. Figure 5.21 depicts the first example of this masking
effect caused by surfape inhomogeneities. These data were 'écquired at site 3A. The
impedance phase calculated from off-diagonal impedance tensor elements rotated into
the principal directions provided by the maximization of these elements for each fre-
quency are presented in Figure 5.21(a). The frequency response of these impedance
phases provide ’nb vériatiohé' below 1.0 héftz which would indicate the presence of a

conductbr at depth. | .

The sarhe phasé' 'resl.l‘a'o'nses rotated into the pr,iricipal direction of -20 degrees
(north 20 degrees west) at all frequéncies is shown iri figure 5.21(b). This llprincipal
direction is based on the average direction of the maximum residual phase in band 4
as indicated in ﬁgurq 5.19. The separation of the principal phases is obvious at this
coordinate rotation angle Aand is consistent wifh the phase response provided by a deep

conductor with the strike indicated by the principal direction.

A second example of this phenomenon is shown in Figure 5.22 which provides
the impedance phase responses at site 3. The apparent resistivities at this location, cal-
culated from the off-diagonal impedance elements, were separated by four orders of
magnitude. The c_iata processing techniques described in Chapter 2 indicated that the
horizoﬁtal ﬁiaéhetic fields were signiﬁcaxn‘tly{ dist_ofted at frequencies above 0.1 hertz at
this site. These observations indicate that there éxists a near surface inhomogeneity
under this location which provides the distdrted phasé functions shown in Figure

5.22(a). These phases vary as a function of the rotation angles calculated by maximiz-
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ing the off-diagonal impedance elements. The ‘electric fields were highly polarized and
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the principal direction was controlled by this polarization throughout the measurement
band. The resulting phase values shown in this figure are scattered and appear to drift
out of the fourth quadrant. This type of phase response would not be amendable to

any kind of interpretation.

Figure 5.22(b) provides the same impedance phases rotated into the principal
direction defined by the average maximum of the residual phase in band 4‘. The phase
functions in_the vicinity of 0.01 hertz are significantly distorted. However, the separa-
tion of the principal phases at this frequencyv is still evident and an Aindication of the

deep conductor is again provided by using the correct rotation angle.

The model studies coupled with the high spatial coherency observed in the field
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" data in band 4 indicated that the residual phase would be a useful method to estimate

the average strike of the_ dominant conductors at depth. This strike was used to estab-
lish a perpendicular profile ihdicated by the straight line in Figure 5.23(a). The obser-
vations in this vicinity were relatively _.undistorted by surface inhomogeneities and indi-
cated principal directions similar to the rdtation angle obtained by the residual phase
throughout the frequency band acquired. These factors indicated that a reasonable
estimate of the conductivity variations in the area could be obtained by projecting
these data onto- the profile and then applying a two-dimensional parameterization to

simulate the observations. The results of this parametric inversion is provided in Fig-

ure 5.23(b).

The most important parameters in this model were associated with the 1 Ohm-m
conductor with a 10 kilometer cross-section buried 12 kilometers. The second most
important portion of th_e model was the larg_e resistive body on the squth-western end
~ of the profile which extended fli'omA a depth of 2.5 kilorﬁefers to 14 kilometers. The
near surface 3 Ohm-m conductor near the éenter of the fnodel simulated 4th¢ conduc-
tor detected under Cloud Cap (Site 1) by the high frequency magnetotelluric data and

_the single electromagnetic loop sounding. The 3 Ohm-m conductor buried directly
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under the projected position of Mount Hood at a depth of 4 kilometers was not a sen-
sitive parameter for the impedance response functions. However, the induction
arrows which will be considered in the next section provided a strong response from a

conductor in this vicinity at approximately this depth.

There were two implicit constraints utilized in this model. The first was associ-
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ated with the near surface conductivity distribution under the Old Maid Flat array near

site 7B. A 1.2 kilometer bore-hole in this vicinity provided information which indi-‘

cated that the near surface materral in this area was composed of impermeable rocks
characterrzed by hrgh seismic velocmes at shallow depths. The electrrcal logs from this
bore-hole match fairly well with the results obtamed from a magnetotelluric one-
dimensional inversion of the 1mpedance parameters at site 7B associated with the elec-
tric field oriented north 70 d_egre_es east. These results indicate a relatively resistive

near surface zone with higher resisti\}ities at depth. |

The next constraint anri the most important single factor ir1 the interpretation was
associated with initial parameterization which resulted in the large conductor at a depth
of 12, kilometers. There.ere at least two .basic‘ families of models which could have
been adapted to provide low frequency response characteristics sirrrilar to those
observed in the impedance parameters ‘measured at Mount Hood. .The spatially
confined data proved to be insufficient to distinguish between these two major
categories of possible models. The first possibility was a model based on the existence
of a large near surface lateral conductivity contrast existingﬁoutside ef the survey area.
The parameters of various medelé investigated in “this:_fanii_:ly which would provide the
necessary frequency characteristics were not consideregl ‘te be reasonable for this geo-
logical environment. The second suite of candidates considered were associated with a
deep eonductive anomaly under the survey area. This general model was ehosen as
the appropriate starting point for the twd-dimenéior'ra'j parameterized inversion, based

on the heat flow measurements acquired by Blackwell and Steele (1979) in the
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Cascades near Mount Hood. These data shown in Figure 5.24 indicate an anomalous
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zone of heat flow confined to an area in the immediate vicinity of Mount Hood. The

strong thermal dependency of electrical conductivity in conjunction with the localized
heat flow high, indicated that the most reasonable source of the low frequency
impedance variations exhibited by the data would be associated with this thermal ano-

maly centered on the volcano.

The model response is compared to the field data at two positions along.the

profile to indicate the quality of the fit. Since the field data were grouped on each end

of the profile a representative site' from each is shown. Figure 5.25(a) indicates the

match between - the simulated and the observed _data at x=5 kilometers which

'eorrespond's to site -'2.' The solid and dashed curves fndieate the TE and TM model -

responses respectively The symbols 1nd1cate the field data. The data at s1te 7B
observed at x=-8 krlometers 1s shown in Figure 5.25(b). This ﬁgure indicates the
quahty of the ﬁt between the field measurements and the srmulatrons on the south-
west end of the proﬁle In this figure, the solrd curve provrdes the TM' response ‘and
the dashed curve indicates the TE solution. The degree of fit for the: other sites were
similar to the two examples shown in these figures, since the frequency responses

between locations in each of the two arrays shared similar characteristics.

‘ The degree of fit between the observed and the calculated impedanee vperameters
are similar in both examples. The match is good at frequencies below 1.hertz with
one important exception. The phase for the TE mode simulations and the observa-
tions below 0.02 hertz provide different frequency responses The differences between.
these phase responses are srmrlar to the departures observed between the two- and
three-dimensional model results provided in Frgure 5. 12. Thrs would indicate that the
observed mismatch in the TE mode phase response may be related to the finite strike

length of the 1 Ohm-m conductor buried at a depth of approximately 12 kilometers. -
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{ V1 Induction Arrows: A Sensitivity Study

The impedance data over the entire survey area provided a dominant iow fre-
quency phase characteristic which displayed a high degree of spatia1 coherency. The
electrical conductivity models, which satisfied this regional phase response and which
were consistent with a local heat flow high, indicétéd that there was aﬁ elongated con-
ductor under Mount Hood at a depth of 10;15 kilometers.. A conductor at this depth
with the dimensions indicated in Section IV should provide a signiﬁcént secondary
vertical mégnetic field. The resulting tipper should have a phase respéﬂée of 0 or +
180 degrees at a frequency of approximately 9.0023 hertz. Such a Are‘spox.lse was not
seen in the data. The problem posed by this apparent incdnsistehcy bétween the tipper
and the impedéqce estimates required a solution before -the credibility of this model

could be established.

The resolution of this pafado‘x.was attempted through the use of a suite of simple
to complex two- and three-dimensional models. These models were designed such that
their responses wouid provide an indication of the relative sensitivity of the various
' tipper parameters,'an indication of -the effects of strike iehgth on these parameters,

and an estimate of their se‘nsitiVity with respect 'to the impedance tensor estimates.

To initiate this investigation, the simpliest case was qonsidered which would pro-
vide the iipper. parameters which would be pﬁsérved- in the vicinity of .the deep 1
Ohm-m conductor obtained by the parametefized inversion- of the profile data
presented at the end of Section IV. This two-dimensional modgl is.presented in Fig-
ure 5.26(a).. The TE mode impedance phase response -for this mbdel in pseudo-
section is pfo_vided ‘in' Figure 5.26(b). fhis ﬁgure lshowé the dbmipant absolute max-
imum in the i’rtr'lpedance' phase at approximately 0.022 hertz. The phase characteristic
is similar to that observed in the impedance phase estimates when with the electric

field is oriented north 20 degrees west. This maximum phase response is centered
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over the conductor and decreases slowly as the observation positions are moved away
from the conductor. A strong response would be expected over a 30 to 40 kilometer

range centered on the conductor.

The tipper amplitudes associated with this structure are presented in Figure
5.26(c). The first interesting observation is that the amplitude response along the
profile seems to cdnlplement the TE im;")edance. phase response. The amplitude of the
tipper is zero on.the symmetry plane through the center ef the conductor and doesn’t
reach a maxnmum until the observatlon posntlon 1s nearly 20 kllometers from the
center of the conductor The next pomt of interest is that the maximum tlpper ampli-
tude on each side of the conductor occurs at about 0.0022 hertz. This maximum in
the tippef response is a decade below the absolute impedance phase maximum which
occurred at approximately 0.022 hertz over /the center of the conductor. This figure
indicates -‘that the tipner amplitudé maximum is spread over a very broad frequency
range in the vicinity of the‘eonductor‘. For data acquired only over the conductor, the
frequency response of the tipper amplitude would be a very insensitive parameter to

use in the -estimation of the depths to the anomalous zone.

The tipper phase response is shown in Figure 5.26(d). The phase information is
1nd1cated by quadrant with the orientation of the associated real and imaginary induc-
tion arrows indicated by the solid and dashed arrows respectively. The presentation

clearly indicates that the tipper phase response would provnde a stable frequency
characterlstxc as a function of posmon along the profile. The txpper phase has a value
of 0 or :t 180 degrees at approxnmately 0.0025 hertz. This phase value provides a
Zero 1mag1nary 1nduct10n arrow and occurs at approxnmately the same frequency as the
peak in the tlpper amplltude These 0 or + 180 degree phase points however should
provide a. much more reliable estimation of the depth to the conductor for observation
points near the body: This would be the case since the zero imaginary induction arrow

is confined to a much narrower range of frequencies than the broad tipper amplitude
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in this area. A limiting factor on the use of this parameter is that its reliability when
applied to field data would be subject to the degrading effects of noise in the region

near the conductor caused by the attenuation of the amplitude response.

The ‘next step is to evaluate the effects of a finite strike length on the two-
dimensional characteristics indicated in the last model. The model used for this com-
parison is shown in Figure 5.27. This model conéists of al Ohm-m body with a 15
square kilometer cross-section buried 15 kilometers in a 100 Ohm-rh half space. This
model was initially introduced in Figure 5.12 where the impedance frequency
responses were presented. The smooth curves in Figure 5.27 indicate the two-

| dimensional almplitude'and phase response calculated at the position indicated by the
arrow on the insert. The corresponding responses for the three-dimensional inodel
with the same cross-section and a strike length of 60 kilometers is indicated b:y the
symbols. The conductivity of this model is less than the previous model considered
(Figure  5.26). This was necessary to insure an accurate numerical solution for the
three-dimensional model. Despite this difference in conductivity, the tipper amplitude

and phase characteristics of these two-dimensional models are similar.
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" The comparison of the two- and three-dimensional results in Figure 5.27 indicate -

two important features. First, the tipper phase in the lower diagram appears to be
relatively insensitive to the finite strike length of this model. The difference between
the two- and three-dimensional case is only ten degrees. This small difference may
indicate a slight upward shift in the frequency at which the phase value equals--180
degrees. However, these differences in the two phases are so small that they may be

numerical in nature.

The second bbint of interest is the aftenuation of the tipper amplitude response at
the two lower frequencies in the three-dimensional case. This attenuation results in a
frequency shift of .the peak amplitu'd'e‘ response of the tipper to higher frequencies.

“This sensitivity of the amplitude frequency reéponse to strike length would lead to
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erroneous depth estimates when used for a two dimensional analysis. These results
indicate that if a frequency domain match is used for a two-dimensional analysis the

tipper phase would be the "best" parameter to use.

The spatial variations of ‘the tipper parameters for the above three-dimensional
model are considered at 0.0044 hertz in Figure 5.28. This frequency provided the
tipper phase of approximately 170 degrees in Figure 5.27. This phase response results
in a small imaginary induction arrow and sincey it is in the second quadrant the feal and
imaginary induction arrows have op~posite orientations with the real component
directed away from the region of current concentfation. The complex tipper diagramé
in Figure 5.28 indicate that the real and fmaginafy responses over most observation
positions share similar ratios and Qrieniations with respect to the region of high

current density. This implies that the tipper phase is not a strong function of position.

This characteristic is similar to that displayed by the phase at 0 or + 180 degrees for a.

similar two- d1mens1onal model in Flgure 5.26(d). The tipper amphtude for this thrée-
dimensional model as mdlcated by the magmtude of the induction -arrows is character-
ized by a hlgh degree of spatial variability with the attenuation most pronounced over

the conductor.

The spatial variations of the complex tipper response for the same model ai the
frequency of 0.02 hertz is presented in Figure 5.29. For this frequency, the tipper
phase was shifted into the third quadrant at the bbservation position indicated in Fig-
ure 5.27. The resulting induction arrows have a cc;mmon orientation for both real and
imaginary components away from the region of high current density. This portion of
the frequency response of the two-dimensional pﬁase is éharacterized by an increased
dependency on frequency. The spatial distribution at 0.02 hertz of the Complex tipber
components provided in Figure 5.29 indicate that the tipper phase 6r the ratio of real

and imaginary components is characterized by a greatér'degree of spatial variability

than was observed at 0.0044 hertz. The phase variations however are not significant
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enough to change quadrants as indicated by the imiformity of the induction arrow

orientations for both components away from the region of current concentration.

The sensitivity of the induction arrows to changes in the geometry of a conductor
are considered using Athe same model perturbation as utilized in Section IV for the
impedance parameters. This model with the complex tipper responses at 0.02 hertz is
shown in f“igure 5.30. The model considered is a modified version of the model indi-
cated in Figure 5.29. Tﬁis model was altered by removing a center section of the con-
ductor. This change is iﬁdicated by the dashed lines on the cross-section in the inserts
and by the outline of the conductor in plan-view_' in Figure 5.30. The orientation of
the induction arrows in this figure indicate that the phase remained in the third qua-
drant. The direction of Vthe induction arrows at observation points remotely located
- with respect to the altered portion of the conductof are generally ihe same as.those
provided by'the original model. Those 'observations in the vicinity of the altered por-
tion of the mo‘del generelly provided slightly different orieﬁtations than the original
model. For one observation position over the conductor designated by the letter A in
Figures 5.29 and 5.30 the two models provide significantly diﬂ'ereﬁt results. The direc-
tion of the induction arrows over the perturbed model at this point diﬁ'er from the
direction given at the same point over the original model by nearly 90 degrees. A
comparison of these results with the results pl;esented in Section IV on Figures 5.14-
5.17 indicates that the induction arrows are more sensitive to local changes in the

model geometry than the impedance estimates.

. The sensitivity to structural changes in a conductor at depth indicated by the last
model, suggest thet the tipper may also be very éensitive to near surface variations in
conductivity. To obtain a measure of understanding for this sensitivity and the rela-
tive depth-frequency resolution, a two body three-dimensional model was designed.
Results from this model were obtained using the modified hybrid method at two fre-

quencies.
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The initial model used as the reference for this study is indicated in Figure 5.31.
This simulation consists of a single 10 Ohm-m elongate body buried 6 kilometers in a
100 Ohm-m media. The conductor dimensions are indicated in the cross-section and
plan-view on the inserts. The results are provided in the form of the complex tipper
components and associated induction arrows .af 0.22 hertz. As in earler models'the
solid and dashed circles indicate the real and iméginary components respectively.» The
results in this ﬁgure indicate that the tipper phase at this frequency is. well into the
third quadrant' and varies to a fair degree és a function of position. This is indicated
by the uniform orientation of both the réal an(i imaginary components aﬁ'rdy from the
current concentration and by the large imaginary component. The spatial variability in
the phase is indiéated by ‘the variable ratio of real to imaginary c0rhponents. The

tipper amplitude response which is related to the size of the induction arrows as shown
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in the figure reaches a maximum on a profile perpendicular to strike at a distance from

the center of the body approximately equal to its width.

The next model will be similar to the above simulation with the addition of a sur-
face conductor. This two bociy model is shown on the insefts in Figure 5.32. The
complex tipper responses at 0.22 hertz are provided at fewer locations than the pfevi-
ous model to simplify the diagram. The observation positions provided here
correspond fo some of the same observation. points given in Figure 5.31. The affects
of the shalléw 10 Ohm-m body are very. evident in the compléx components
presented. Those observation points which are distant.from the shallow body provide
a phase response in the third quadrant consistent with the results from only the deep
- conductor. However the orientation of the real and imaginéry componentS'a;re no
longer in the same direction. As the obse_:rvation positions'a;e moved near the con-
Aductor th¢ phase shifts quad_rants‘ and the real and imaginary components provide radi-
cally different directions. The real component however consisfently is oriented away

from the region of high current density and would provide a reasonably accurate
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conductor model at 0.22 hertz. A cross-section and plan-view are pro-
vided as inserts. The deep conductor has the same dimensions as the

model presented in Figure 5.31.
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position for the center of the conductive zone. The imaginary component in the vicin-
ity of the shallow conductor provides an ofiéntation that is a strong function of the
measurement position. At some locations the imaginary induction arrows are oriented
toward the regions of current concentratioh and at other positions are oriented away or
tangential to the high current density.. This model indicates that when two conductive
bodies are present the regl induction arrow will provide a more reliable es.timate of the

relative position of the conductor than the imaginary component.

To investigate the dependence on fréquenéy of the complex tipper over this mul-
tibody model, the surface fields were calculated at an additional frequency of 0.022
hertz. Thel results -at this _frequency for the single conductor buried 6 kilometers
(reference model) is provided in Figure '5.33. These results show that the phase has
shifted into the second quadrant and provides a uniform value near 180 degrees. This
is indicated by fhe uniform and oppoéite orientation of the real and imaginary induc-
tion arrows with real component .oriented away from the current concentration. The
small imaginary component indicates that the phase is near the 180 degree value and
the spatial uniformity of ‘the ratio of the real and imaginary components indicate that
the phase at this frequency has a weak spatial dependeﬁcy. These characteristics are
the same as those previously provided by two-dimensionél aind other three-

dimensional models.

As in the previous set of models, a new model is formed by combining the con-
ductor buried at a depth of 6 kilometers with a shallow conductor. The results from
this model at 0.022 hertz are shown on Figure‘ 5.34. The model response for this fre-
quency provideé a much simplier sp'atialAdistribution of induction ‘arrow's than observed
at the higher frequency. The tipper phase remains in the sécoﬂd quadrant for all
observation positions which is consistent with the results fromlthe single deep body

model. The amplitude and orientation of both real and imaginary components for this
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model are very similar to the response of the referénce model when the observation
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positions are remote with respect to the shallow conductor. When the observations
are made in the vicinity of the shallow body, both real and' imaginary components
increase in amplitude and change orientation. Both real and» imaginary induction
arrows provide a coherent picture of an average current concentration in the vicinity Qof

the two cbnductors.

Two important 'pointé are'indicated by these results. The first is that when fre-
quency responses from multibody scatterers are evaluated,'one should look for the
lowest frequency which provideé a phése value of 0 or :t 180 degrees. This frequency
bs_hould be a slowly varying function of position if it is indeed the lowest 0 or = 180
degrees éhase point. If this weak spatial dependence is observed, then one should
obtain a spatial_ly cohérent tipper phase in the second .or fourth quadrant W};icﬁ would
provide a real and imaginary induction arrows which‘are oppositely oriented with the
real component directed away from the region of high .curr-ent density. This lowest 0
or + 180 degree phase pointvc'orresponds to the lowest frequency maximum in the
tipper amplitude response for two-dimensional models.‘ This however may not be true
for tﬁe three-di_mensional case since the tipper amplitude is a sensitive functionv of

strike length as indicated in Figure 5.27.

The second note of interést is that care must be exercised in the multiconductor
case at frquencies above thé lowest 0 or £ 180 degr‘ee phase point, when using the
spatial distribution of imaginary induction arrows in an interpretation scheme. The
ability of real induction arrows to provided a more reliable estimate of the location of

an anomalous region in this frequency range is clearly indicated in Figure 5.32.
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The last multibody three-dimensional model considered in this section is devoted

to the case of a buried resistive body overlain by a shallow conductor. This model is

of interest in this study since the induction arrows were used in Section III to supply

supporting evidence for the existence and location of resistive bodies indicated by a

two-dimensional inversion and the spatial distribution of characteristic distortions of



the apparent resistivities. The complex tipper response for a single buried resistor pro-
vided in Figure 5.9 was used to justify this interpretation. However, the conductivity
environment south of Mount Hood was interpreted as being a near surface conductor
overlying a buried resistor (see Figures 5.4(a) and 5.6). The effects of these near sur-
face conductors on the ;:omplex tipper components were not considered at that time.
In light of the results from the previous models which iﬁdicated that a surface conduc-
tor overlying a deep conductor could cause a significant amount of distortion in the
complex tipper components, the case of a buried resistor overlain by a shallow conduc-

tor should be considered.

The compiex tipper. components for this conductor over a resistive body ére
shown in Figure 5.35. This model was initially used in Section III to provide the
apparent resistivity diagrams provided in Figure 5.6. The tipper results considered

| here are at a frequency of 0.022 hertz. This frequency is sufficiently low that the
tipper phase is in the second quadrant below the 180 degree phase value provided by
the large underlying resistive body. Since the large resistor provides the lowest fre-
quency response m the model, this 180 degree phase represents the last (lowest fre-
quency) 0 or + 180 degree point over the entire frequency response. As in the previ-
ous models the complex components in Figure 5.35 provide very uniform variations
which clearly indicate the resistive region characterized by a abnormally low current
density. The real and imaginary induction arrows are oriented in opposite diréctions
with the real component directed toward the resistive body. The distortion caused by
~ the small near surface conductor would provide an induction arrp'w distriButiOn which
would indicate two resistive zones, one on each side of the north-south plane of sym-
metry. The induction arrows at observation points r_émotely, lqcated with respect to
the shallow conductor provide a small imaginary-corhpbnent indicating that these data

are near the 180 degree phase value provided by the deep resistor.
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These simple two body rhodels provide some assurance that if one chooses the
frequency window such that it is below the low frequency 0 or + 180 degree phase
value, then the real ahd imaginary induction arrows may be relied upon to 'provide the
relative lateral locations of both anomalously resistive and conductive regions underly-
tng small near surface conductors. At higher frequencies the real component provided
a reasonably accurate location of the anomalous current distribution but the imaginary

component proved to be unreliable.

The models considered here were seriously limited in their scope. Orie important
consrderatron in a multrconductor envrronment is the resolution of the complex tipper
components. The above models did not provide sufficient separatlons 1n depth
between bodies to provrde a separatlon of their responses in the frequency domain.
Therefore an evaluétion of the depth resolution in' these frequency domain functions
coutd not be intplemented.", Perhaps numerical irriprovement's'in ‘the future will pro-
vide a .sufﬁcientlly versotile three-dimensional modeling scheme such that a
‘ comprehensive study of the frequehcy resolution of both tipper and impedance func-
tions rnay b-e .carried out.

This digression into the details of simple three-dimensional respohses indicated
that the induction arroWs provided the expected dragnostic features with or without
the presence of a hear surface condoctor when the frequencies w.ere in the 'asymptotic
limit (i.e. below the lowest 04 or + ‘180 degree phase valﬁe) This was cohsistent with
simple two- drmensronal model studies. These results imply that if the elongated con-
ductor burred at 10-15 krlometers were the dominant conductor at depth then a diag-
nostic phase value of 0 or + 180 de'grees should exist at approximately the frequency
indicated by a two-dimensional simulation. The simple one body response in Figure
5.26 indicated that this transition into the'asyrmptotiC‘ rénge'for the expected conductor

would occur in the frequency band of 0.0022-0.0033 hertz (300.-_450.’seconds).'
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The example of th_e tipper parameters in Figure 5.36 provides no indication ofa0
or + 180 degree phase value in the entire decade bé_tween 100-and lt)OO seconds.
~ These response functions are representative of all the data at Mount Hood for periods
greater than 10 seconds. The top two _diagrams prdvide the tipper -amplitude and
phase responses at §ite 1. These parameters are provided at the rotation angles indi-
cated in the bottom diagram on this figure. The rdtatiOn angle is obtained by finding
that angle at each frequency which provides a maximum complex response of the
corhponent shown in this figure in the form of amplitude and phase. .‘The frequency
bands 6ver which these data were' averaged to provide the smoothed complex
dnagrams presented in Flgures 5.10 and 5.11 are indicated by the banded zones num-

bered 1 and 4 respectlvely
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The data at site 1 were chosen for this example since the rotation angle which'

maxim_ized the tipper component corresp'ondingcto the horizontal magnetic ﬁeld per-
pendicular to strike was nearly “ind‘ependent of frequency. " This "approximate” two-
dimensienal response at this. lqcation, pi‘dvided a situation where the simplified presen-
tation provided in Figure 5-.»36 vt/ddld he easily related to model results. This lack ot‘
dependence on rotation angle was not usually found at Mount Hood. At some loca-

tions in this area the rotation angle designated by the direction of the maximum tipper

component varied by 90 degrees over one or two decades in frequency These rota-

tion angle varlatlons are clearly indicated by comparing the complex tipper diagrams

for data in band 1 and 4 shown in Figures 5.10 and 5.11.

Another reason this site was used as an example is because the 0 or + 180 phase
v values_.are clearly evident in two of the bands. The first is located in the high fre-
quency nortion of band 1 indicated by a 0 degree phase. The second is located
between band 3 and 4 and is designated by a -180 degree phase. These phase yalues
imply that there are two conductors at varying depths. A two dimensional analysis

based on the frequency where these 0 or + 180 degree phase values occur indicate
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approximate depths of 0.5 kilometers and 5 kilometers for the lateral current varia-

tions responsible for these phase characteristics.

The phase response indicated in ban;ls 4 and 5 provides a very interesting fre-
quency variation. Instead of observing the 0 or = 180 degree phase value expected
from the interpretation based on the impedance functidns, oné sees a rapid frequency
response‘ which results in a phase of approximately 90 degrees. This type bf response
requires the presence qf yet another conductof. Based .on a projection of this fre-

quency trénd one iyould e_;mect the 0 degreg phase to occur at approximately 10,000
| seconds period. Again a simplistic two-dimensional analysis implies a depth o_f approx-
imately 50 . kilometers for the lateral conductivity variation responsible for this

predicted frequency response.

The co_mplex nature of this phase response may be observed in a more realistic
three-dimensional frame of referenée by considering the data in these bands in‘the
form of the complex tipper and phase polar diagrams. These diagrams are presented
in Figure 5.37. The observation position (site 1) is located at the center of each small
diagram. The left column of the figure displays the complex tipper responses with the
associated induction arrows for each of the five bands ot: Figure 5.36. The right hand
column provides the tipper phase polar diagrams. Model results in this form were not
covered in this chapter for the sake of brevity, however some examples may be found
in appendix D. Thé interesting characteristic of this form of presentation for the
phase is that fhe fan shaped diagram, seen in a relatively undistorted form in band 4

of this example, opens toward the region of high current density.

The sequence of p'olaridiagrams shows the répid changes in the direction of the
induction arrows which are a manifestatior; of the rapid variations of the tipper phase
observed in the last figure. The data were averaged over the band indicated above
eaph row of diagrams. Tﬁe daté ih band 1 cbrfééponds to the inferred source at a

depth of 0.5 kilometers. The polar diagréms indicate a relative position for a resistive
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Figure 5.37 An example of the complex tipper diagrams with induction arrows and
the tipper phase diagrams are presented for the data at site 1 over the

east
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region to the north-east of Site 1. This coincides with the results indicated by the
one-dimensional intfarpretation of the proﬁle at Cloud Cap (Figure 5.3) andywith the
two-dimensional inversion based on the profile through the arrays at Old:Maid Flat

and Cloud Cap drawn in Figure 5.23(b).

Band 2 provides a small real induction arrow cofnponent indicating the -90 degree
phase response which is interpreted as being the transition ione from that portion of
the spectra dorriinated by the near surface conductivity distribution to that portiox}
controlled by a conductor loéated at greater depths. This transition continues into
band 3 where the real induction arrow has changed direction with res.pect to the Band
1 'resulting from a phase shift of 180 degrees. By band 4 the peak amplitude response
for the conductivity variation at 5 kilometers has been passed. This corresponds to
the phase response at periods greater than the + 180 degree phase point for this con-
ductivity variation. For this band the real and imaginary induction arrows are orjented
such that a resistive zone is indicated to the south-west 'of the Cloud Cap array. This
5 kilometer traﬁ_sition from conductive to resistive structures coincides with the
inferred 3 Ohm-m,'/IOOO Ohm-m contact in the two-dimensional results indicated in

Figure 5.23(b).

Band 5 prbvides a similar picture of a transition ione as observed in band 2. The
data at this frequency seem to be moving out of the frequency range dominated by the
5 kilometer conductivity variations and are entering a portion of the spectra controlled
by the lateral variatidné at a depth in-excéss bf 50 kilometers. The form and orienta-
tion of this diagram may indicate a more conductive region to the south or southwest.
This is very speculative since the data at periods greater than a 1000 seconds are

required to see where this trend will lead.

These data indicate that the resolution properties are such that the tipper can
resolve anomalous regions with depth separations of a decade or more (i.e. 0.5, 5 and

50 kilometers). The -effécts of structures which lie between these resolvable features
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in the frequency domain is of great importance in this data set since the inferred con-
ductor at 10-15 kilometers would be sandwiched between the 5 and 50 kilometer

anomalous zones.

To understand the response from the complex conductivity structure broposed
above, a three-dimensional simulation of three cenductors with a significant depth
separation is required. The three-dimensional requirement is important since the con-
ductor at a depth exceeding 50 kilometers may have a local east-west etrike as com-
pared to the approximate north-south strike of the impedance anomaly at 10-15 kilom-
eters depth. The eﬂects caused by two conductors with different strikes was observed
in Figures 5.32 and 5.34. These simulations provided a distorted view of the deeper

conductor when the bodies were separated by small vertical distances.

The requirerhents for the above three body model exceeded the limitations of the
three-dimensional modeling method available. To circumvent this difficulty a three
body two-dimensional simulation was implemented. This model presented in Figure
5.38(a) is not directly appropriate for an interpretation of the field data. However, it
does provide some indication of the problems created by the existence of three.bodies
cenﬁned to a total depth separation of only a decade. The three bodies designated as
A,B and C correspond to the conductors expected at depths of 5, 12 and 50 kilometers

respectively. The response of conductor B was considered earler in Figure 5.26.

The TE phase response is provided in Figure 5.38(6) to show that the distinctive
absolute phase maximum at 0.025 hertz which was the main feature in Figure 5.26(b)
is still a dominant phase characteristic in the region above body B. The shape of the
~ absolute maximum is somewhat distorted but still would provide an indication of the
location of body B. An interesting difference between the single body and this three
body response is that the. phase ‘minimum located at frequencies below the absolute
maximum for the one body case is no longer evident in the multibody response. The

removal of the one body "over-shoot" was caused by the presence of body C. An
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interpfetation of the structure at the depth indicated by body C was not attempted on
the two-dimensional profile inversion discussed in Section IV since the conductivities
at these depths were poorly defined due to the low frequency limits of the data. A
simplier. way to remove this low frequency "over-shoot” is by incorporating a finite
strike of the elongate conductor into the interpretation as was done in the earlier sec-

tion.

The tipper amplitude of this multiconductor model is presented in Figure 5.38(c).-

This amplitude response as compared to the one body case is appreciably distorted.

However, the region over body B is still characterized by a vefy low amplitude

response between 0.01-0.001 hertz. The effect of body C would not be detectable in

the tipper amplitude for measurements above 0.001 hertz.

Figure 5.38(d) provides ,th.e phase quadrant diagram for this multiconductor
model. This diagfam lis SO altered by the presence of bodies A and C that the phase
values of -180 degrees (designated as the dashed line separating the second and third
quadrants) is completely missing in the region to the left of the the -35 kilometer
observation position for frequencies greater than 0.001 hertz. For the remaining
observation points in the vicinity of body B,'the.boundaries of the phase quadrants

vary so rapidly with frequency that the 0 or + 180 degree phase point would be of

very little help to interpret a sparse data set confined to frequencies grea'ter than 0.001

hertz.

When this rapidly varying phase combines with the greatly attenuated amplitude
in the vicinity of body B, it is not surprising that it results invvery little evidence for
the existence of body B. If in addition the _three-dimensionality and varying strikes are
considered, it seems quite reasonable'that the combination of shallow and deep con-
ductivity distributions have eifecfiw/:ely meeked the response from the elongate conduc-
tor buried at 10-15 kilometers when the dbservation positions are conﬁned to the

region near this body.
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[VI] The Composite Model

In the last three sections various one-, two- and three-dimensional models have
‘been proposed to satisfy various components of the data. Some match‘eé have been
made, similarities obtainéd and differences justified. The entire procedure was not
satisfying since there existed no means by which to quantitatively eyaluate? the overall
interactions between various pieces of the story. Howevér for léck of a'better way,
these various isolated anomalous regions were combined in a subjective ﬁmnner and
resulted.in the model presented in Fig_ure 539. A sﬁort summary of this composite

model follows with appropriate references provided to the preceding maze of models.

The interpretation summary will begin af the surface, where the interpreted struc-
ture is as compléx as the measurement density will allow. The first anomalous region
and pbssibly the most conductive near surface zone in the area is located,:north-eaét of
Mount Hood and is designated by the stippled zone labeléd 3 Ohm-m. This zone was
detected by the magnetotelluric one-dimensional inversions which indicated a conduc-
tive zone at a depth of 500 meters which became more resistive to the ﬁorth-east. A
10 Ohm-m cohtact With this conductor which was consistent with the ébbve interpreta-
tion was provided by the two-dimensional profile inversion presenféd in Figure
5.23(b). The relative positioh of these anomalous zones was also indicated by the

induction arrows for band 1 in Figure 5.10.

The next near surface conductor detected was probably associated with the
saturated pyroclastic flows which have acc_umulated on the south flank of Mount
Hood. This zone is indicated by the stippled area near Timberline Lodge labeled as 10
Ohm-m. The conductor was detected by electromagnetic loop soundings and has
estimated depths of 300-700 meters. These results were supported by one-
dimensional magnetotelluric inversions. The distortion characteristics of the apparent

resistivities in this area indicated that this shallow conductor covered a more resistive
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Figure 5.39 The composite conductivity model for Mount Hood.
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zone. The model which mimicked the field observations "best" is shown in figure 5.6.

The next zone localized was the near surface resistive body indicated by the stip-
pled zone south-east of Mount Hood labeled 1000 Ohm-m. This body was indicated
by the distortion of the apparent resistivities and by the induction arrows in band 1.

These results are provrded in Frgures 5.7 and §. 10

. The area west of Mount Hood enclosed in the region leibeled' lOOO Ohmm was
indicated as a resistive zone by the induction arrows in band 1 calculeted from data in
the Old Maid Flat array. The one-dimensional_in'versions:of the impedénce element
associated with an electric ﬁeld o_rientation of north 70 degrees east, s'upplemented by
well logs from a 1.2 kilometer drill-hole, .indicated a resistive reéion neer"surface The
two- dimensmnal inversion along the profile between Old Maid Flat and Cloud Cap,
Figure 5.23 (b) also mdicated a resistor in this area which extended to a depth of 14
kilometers. The induction arrows in band 4 shown in figure 5.11 and the impedance
parameter distortions in Figures 5.7(a) and 5.19 all indicate that the resistivevzone
probalbly covers an area indicated by the tick marks.

‘This resistive structure, “whiCh may be associated with a Pliocene intrusive, dom-
inates much of the near surface and interrnediate depth conductivity distribution. The
two-dimensional profile inversion indicated that a conductive uone at at depth of 4 or 5
‘kilometers wzis 'a‘djacent to the north eastern edge of the large zone of low conduc-
tivity. The depth to this conductor coincides with the estimated ‘depth of thelateral
conductivity variations which provide the induction arrows in band 4. The arrows out-
line the north and eastern boundary of the resistor. This large resistive structure
characterized by low porosity would control the local hydrology. The conductor.at a
depth of 4-5 kilometers may represent meteoric water conﬁned to the north-east side
of this structure and vyhich may be circulating a‘lrou‘nd the warm conduit of Mount

Hood.
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The last feature indicated on Figure 5.39 is the conductor buried at a depth of
10-15 kilometers and indicated By the cross hatched area labéled 1-3 Ohm-fn. The
strike 'of this structure was established 'us'ing the impédancé phase as shown in Figuré
5.19. The two-diménsional profile inversion provided the dimensions and conduc-
tivity. The mismatch bétween the model TE phase and the field data in the low fre-
quency range was considered to .be an artifact of the finite strike of the body. How-
ever the results of the multibody two-dimensional simulation provided in the last sec-
tion indicated that the mismatch could be resolved by providing the appropriate con-
‘ductivity distribution at depths below 50 kilometers. The parameters of this deep
north-south striking conductor are not well deﬁned since the data set were confined to

a small spatial window over the conductor.

Finally, the induction arrow and tipper phase responses observed between 0.01-
0.001 hertz indicate the exiétence' of a conductor at a depth in excess of 50 kilometers
with a local eésf-wést st'riket The existence.of this structure is based on a prediction of
the phase response at 0.0001 hertz from a projection of the data in the frequency band

of 0.01-0.001 hertz.

- The validity of this high_ly speculativé model will bé known when additional data
are acquired in this regi'onAof the Cascades. The most important constraints which
" must be relaxed are the limits on the spatial and“frequen'cy windows. More data must
be acquired' in the region’surrounding Mount Hood and some of these data must be

acquired to at least 0.0001 hertz.
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Chapter 6

The End of the Quest

[1] The Conductivity Model in
Relation t6 Other Geophysical

Information

The conductivity model developed in the last chapter was based on the interpreta-
tion of magnetotelluric-remote tellurio data supplemented by three electromagnetic
~loop soundings with model constraints provided by shallow bore-hole information and
regional heat flow measurements. ’fhis model resulted from only one aspect of a mul-
tidi'sciplinary exploration effort at Mount Hood. Geochemical studies by White (1980)
and a detailed geologic investigation by Crandell provided additional information asso-

ciated with the recent volcanism, extending the earlier detailed examination of the

geology and petrology of this Cascade volcano by Wise (1969). Regional geological

studies sppplemented by Landsat, side-looking radar and infrared measurements were
used to understand the surface structural features and the thermal manifestations at
Mount Hood by Williams, Hull, Ackermann and Beeson (1982); and Friedman, Willi-
ams and Frank (1982). Aeromagnetic data by Flanagan and Williams (1982) and grav-
ity measurements by Couch and Gemperle (1979) provided detailed potential field
information in the immediate vicinity of Mount Hood. The regional gravity has been
presented by Couch, Pitts, Braman and Gemperle (1981), and the regional aeromag-
netics are Eurrently being acquiljed and processed. A 16-station seismic network was
established in the vicinity of Mount Hood to study local earthquake activity” and to

provide a means of understanding the seismic velocity structure under the volcano.
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The results of this study were presented by Weaver, Green and Iyer (1982). Addi-
tional information about the near surface properties were obtained by means of a
refraction survey by Kohler, Healy and Wegener (1982). These various geophysical
techniques provided a great deal of indirect information pertaining to the physical pro-
perties which characterized the region in the vicinity of the composite conductivity
model. The data from some of the above techniques were compared to this model
and a correlation was observed between the inferred electrical conductivities, the

seismic velocities and the regional Bouguer gravity anomalies.

The aeromagnetic data were acquired in the vicinity of Mount Hood by Flanagan
and Williams (1982). These data were reduced to the pole and upward continued to
4,267 meters. The smoothed response provided a dominant low of -257 nano-tesla
located south-west of Mount Hood in the vicinity of some silicic intrusives. This mag-
netic low was attributed to the porphyritic quartz .diorite to quartz mopionifé

intrusives which have relatively low magnetization as compared to basalts and
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'andesites,‘ the domihant rock types in the area. The low coincided with the location of

the large resistive body extending from near surface to 10-15 kilometers depth; This
represented the only correlation observed between the model components and these
data. On a larger scale, the aeromagnetic data should provide an indication of a shal-
low Curie depth corresponding to the elongate conductor buried a depth of 10-15
kilometers since this conductor probably represents a partial melt zone in the lower
crust. However, this regional data is only now being acquired and this most important

comparison cannot be made.

‘The local gravity measurements were acquired and processed to provide a com-
plete Bouguer gravity anomaly map of Mount Hood. A summary of the work by

Couch and Gemperle (1979) related to the acquisition, processing and interpretation

of these data follows. The data were initially reduced using a 2.67 gm/cc density. This

provided an anomaly distribution characterized by a north-south low which was clbsed



.

to the north and broadened into an east-west feature south of Mount Hood. The

17

above density provided little topographic correlation east of Mount Hood indicating '

that this was an appropriate density for the near surface rock in this area. However, a -

detailed study indicated that a density of 2.27 gm/cc was required to minimize the
correlation between the anomalies and the topography throughout most of the survey
area. The minimum was broad indicating the presence c;f a wide range of near surface
densities. An interpretation of the anomalies obtained by usiﬁg thé 2.27 gm/cc reduc-
tion density indicated that Mount Hood may be located in a north-south graben struc-
ture bounded by prominent faults on the east side. Lineations were observed with
orientations of north 85 degree east and north 23 degrees west. These data were spa-
tial filtered at 8.1 and 13. km/cycle and the anomaly maps for the data above and
below lthese spatial frequencies were prgsented. The resulting smoothed anomaly

maps indicated no direct correlation with any of the conductivity rhodel parameters.

The regional gravity data (state of Oregon) were presented by Couch, Pitts and
Braman (1981) as ajcomplete Bouguer anomaly map using a reduction density of 2.67
gm/cc. A portioh of this anomaly map iq the vicinity of Mount Hood is shown in liig-
ure 6.1. The electrical conductivity model represented by the elongate conductor
buried at a debth of 10-15 kilometers énd the overlying large resistive zone are indi-
cated by the stippled region on this figure. The correlation. between the buried con-
ductor striking north 20 degrees west and the broad low in the anomal}lf map is clearly
evident. The characteristics of this gravity anomaly are similar to those observed in
the small scale study by Couch and Gemperle (1979) using the same reduction den-
sity. The anomalous low clbées to the north and is oben to the soufh of Mount Hood.
This would indicate that if the buried conductor is related to the north-south low in
, the anomalo’us_gravity data then a finite st;ike would be expected. The east-west trend
in thé anoﬁalous gravitational field south of the volcano may- be related to the local

east-west conductivity variatioris below a depth of 50 kilometers implied by the low
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Figure 6.1 The model components consisting of the elongate conductor buried at
10.-15. kilometers with the large resistive body which extends from near
surface to intermediate depths of 10.-15. kilometers indicated by the stip-
pled region are superimposed on the complete Bouguer gravity anomaly
map by Couch, Pitts, Braman and Gemperle (1981) with a 2.67 gm/cc
reduction density used. -



frequency tipper phase variations.

A teleseismic P wave delay study was undertaken in 1977 at Mount Hood by the

U.S. Geological Survey. A 16 site seismic array spread over a 40 by 50 kilometer

region around the volcanic peak was in operation for 13 months. The results of this"

investigation were presented by Weaver, Green and Iyer (1982).

Thro_ughout this period of operation, only 10 local earthquakes were recorded.
All of these were located at shallow depths of A less than 15 kilometers under the slopes
of Mount Hood. The fault plane solutions for 8 of the earthquakes indicated strike-
slip faulting and one event implied a nofmal fault mechanism. All strike-slip fault
' plane solutions indicated a . north-northwest strike direction. This direétion
corresponds roughly to the principal direction of the impedance tensor based on the

maximum residual phase in band 4 of the magnetotelluric data.

The teleseismic data consisted of 55 events with three dominant azimuths of
approach. These seismic data were reduced to relative résiduals by - subtracting the
network dverage from the calculated residual at each measurement location. These
relative residuals were calculated for each of the three ranges of source azimuths. The
resulting spatial distribution indiqated that most of the residuals were independent of
the azimuth of approach. -The residuals were then averaged over all azimuths and
some correlation was observed with station elevation. These topographic effects were

removed through the use of a simple linear regression analysis.

The average residuals corrected for topography are shown in Figure 6.2 The
large negative residuals indicate regions of relatively high velocity material and the
positive residuals are associated with low velocity zones. This velocity distribution was

inte;pretated as being caused by variations in the near surface rock properties.

The irregular black areas in this figure indicate the locations of Pliocene intrusives
and andesitic plugs as mapped by Wise (1969). The large black region south-west of

Mount Hood near the -0.2 second P wave residual contour represents the silicic
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The model components consisting of the elongate conductor buried at
10.-15. kilometers with the large resistive body which extends from near
surface to intermediate depths of 10.-15.kilometers indicated by the stip-
pled region are superimposed on the P wave residual data by Weaver,
Green and Iyer (1982) averaged over three source polarizations and

-corrected for topographic effects. The irregularly shaped black areas

represent Pliocene intrusives and andesitic plugs indicated by Wise

(1969).



intrusives which correlated with the large magnetic. low. This zone of high velocity
indicated‘by the negative residuals coincides with the large shaliow resistive com-
ponent of the electrical conducti?ity model. This component of the model is shown as
part of the stippled area in Figure 6.2. The second component of the m(;del also
signified by the stippling is the elongate conductor buried beneath the resistive body.
The residual data exhibits no correlation with this deep conductor.. This indicates that
the inferred Pliocene intrusive’whic_h greatly affects the apparent resistivities and the
'complex tipper components in the vicinity of the volcanic peak may also dominate the

velocity structure in this area as indicated by the teleseismic residuals.

If the high seismic velocities are associated with the same media characterized by
high resistivities, then baséd on-the model presented in the last chapter, the high velo-
" cities may extend to depths of 10-15 kilometers and have complex lateral variations.
With this kind of upper crustal velocity distribution, it would be difficult td distinguish
those components of .the velocity variations ‘Que to a confined partial melt zone
represented by the deep elongate conductor in the conductivity model. This type of
" complex .near surface velocitycnvironﬁment may explain why P wave residpal studieé
have not been successful in locating low velocity zones beneath Cascade volcanos

associated with high heat flow and recent volcanic activity.

The absence of any indication of a low velocity zone under the Cascade volcanbs
has been considered by Iyer, Rite and Green (1982). These investigators moved from
the local studies such as at Mount Hood and Newberi'y Crater to a regipnal scale cov-
ering the entire Cascade range in Oregon to resolve the enigma presented by the pres-
ence of local geothermal resources but the absence of an associated low velocity zone.
The results obfained by a three-dimensional parameterized inversion of the regional
teleseismic data indicated é complex velocity strﬁcture in thé northern Oregon .Cas-
cades within the upper 20 kilometers .of the crust. The velocity structure in central

and southern Oregon indicated an inclined boundary dipping to the east between high
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and low velocities vwhich may indicate a subduction ione. _The inversion model was
characterized by relatively low velocity material under the -entire high Cascade region.
This was interpretated as an indication - of the -existence of low-density high-
temperature rock at depth. Perhaps this low velocity zone at depth is relatgd to the
conductivity variations indicated by the long period variations of the tipper phase

response.

In addition to the teleseismic data, a large scale refra_ctidn study was undertaken
at Mount Hood by Kohler, Healy and Wegener (1982).. The refraction survey was car-
ried out using 6 shot-points and two sets of 100 receiver locations over an area of 60
- to 70 square kilometers. The data 'we‘re interpreted by dividing the travel time data

into three sections for source receiver separations of 4.-19.7, 19.7-40. and distances
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greater than 40. kilometers. In order to obtain a relative velocity distribution, a time -

term analysis was appled to each section of the travel time data.

The time term analysis is basically a least square fit of the entire data set to a sim-
ple model for each source receiver pair which provides one unknown for the travel
time from the source .to the refractor, a second unknown is the velocity of. the refrac-
tor and the third unknown is the travel time from the refractorvto the receiver. The
time term value at any receiver will be related to the time required for the seismic sig-
nal to travel from the refractor to the surface for all six shot-points and will therefore

be averaged over several different azimuths.

The time term solutioh for a source receiver separation range of 19.7-40. kilome-
ters is shown in Figure 6.3. The lower time term values indicate regions characterized
by reiatively high velocitiés. The t§vo components of thé conductivity model, indicated
by the stipplgd areas as before are superimposed on these déta in this figure. The
Pliocene intrusives are again depicted by the black regions. The near surface rhedia is
clearly characterized high velocities and high resistivities in the vicinity of these silicic

intrusives. . The detailed distribution of these near surface velocities as indicated by
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Figure 6.3 The model components consisting of the elongate conductor buried at
10.-15. kilometers with the large resistive body which extends from near
surface to intermediate depths of 10.-15. kilometers indicated by the stip-
pled region are superimposed on the time term data by Kohler, Healy
and Wagner (1982) for source receiver separations of 19.7-40. kilome-

.ters. The irregularly shaped black areas represent Pliocene intrusives and
andesitic plugs indicated by Wise (1969). '
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both the teleseismic residuals and the time term analysis indicate an extraordinary
degree of correlation with the large resistive body indicated by the magnetotelluric and

geomagnetic data.

The fumaroles in thé vicinity of Crater Rock on the summit of Mount Hood
represent the major thermal manifestation in the region. A shallow temperature probe
traverse across this fumarolevﬁ'eld and a regional aerial ihfrared survey were used by
Friedman, Williams. and Frank (1982) to esfimate thé heat discharge from the thermal
sources in the area. The \(olume and freql'lency'. of recent volcanic eruptions és
estimated by Crandell (1980) and others,héve provided a means to gauge the available
residual heat from past volcanic activiiy. These estimates indicated that the cooling
dacitic plug on the summit would. not. have been able'tb provide the present heat flux .
observed. This suggested to thgse iqv_estigators that thg fumarole activity is primary
and is due to a‘deep heat source. The heat transfér mechanism was postulated to be
,qonveétivé ih ‘n.athre with hyd'rotherrrial ﬁuids- transporting the heat through fractures

-around the margin of the plug dome.

The existe_:née of a deep seated convecfive system associated with the conduit
under Mount Hood provides a convenient source for the anomalous conductivities at
Adepths of 4-5 kilometers indicated' in this vicinity by both the magnetotelluric and.
tipper frequency responses. The induction arrows in band 4 and the‘two-dimensional
model which provided a reasonable fit to the magnetotelluric data along the profile
presented_iq Chapter 5 both indiqated a high lateral contrast in conductivity located in
the vicinity of the north-east and eastern boundafy A'df the large near surface resistive
region.ﬁ ' This 'body" delir;e_ated by both the electrical and Seismic data probably
: represehts an impermeable zoﬂe_which controls the local hydrology and thus limitst the
lateral extent of .any hydrothermal system existing under Mount Hood. This would
create an environment around the edges of the Pliocene intrusive characterized by hot

saturated rock which would be expected to exhibit elevated conductivities.



The last but not least consideration is the feasibility of the conductivity model in
relation to ‘an appropriate petrogenetic model for .this tectonic setting. The tectonic
model chosen by Iyer, Rite and Green (1982) to satisfy their seismic interpretation
was a marginal basin behind an island arc. This typer of setting although not com-
. pletely appropriate of the Cascades is associated with calc-alkaline volcanism which

* characterizes the north-western United States.

The petrogenetic models may vbe qQuite complex~ as indicated by Hildreth (1981).
The fractionation of magma occurs 6ver large ranges of both depth and time. This
may result in magma residing af multilevels within a subsurface volcanic column at the
same time. A simplified form of this complex depth-temperature enviroriment
expécted in thg3 vicinity of a subduction zone is shoWn in Figure 6.4. This ﬁgu:re is

from Wyllie (1981) with the Moho depth adjusted to 25 kilometers.
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The thickness of the crust was chosen to be 25 kilometers based on seismic evi- '

dence on thé east and west sides of> the Cascades. A long refraction profile by Hill
(1972) provided a estimate for the crustal thickness of 25 kilometers under the
Columbia River Plateau of south-eastern Washington and north-eastern Oregon. The
P wave conversion studies by Langston (1981) provided a depth of 20 kilometers to
the Moho in _ﬁorthwestem Oregon. This evidence coupled with the change in volcan-
ism discussed in Chapter 1 indicated a relatively thin crust may be expected in the

vicinity of Mount Hood.
The depth-temperature ranges indicated in this figure for metamorphism and
magma generation in the crust is based on the availability of aqueous pore fluids. The

inferred Cascade geothérm shown in this figure for shallow depths is based on an

‘extrapolation of the surface heat flow measurements at Mount Hood by Blackwell and

Steele (1979). The asymptotic limit of the geotherm at depth was taken from
Oxburgh (1980).
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Figure 6.4 Depth-temperature ranges for metamorphism and magma generation in
the continental crust and mantle by Wyllie (1981) with an adjusted Moho
depth. The inferred Cascade geotherm with estimates at shallow depths
based on an extrapolation of surface thermal gradients of 60 C/km from
Blackwell and Steele (1979). The asymptotic limit of the geotherm at
depth was from Oxburgh (1980). '



An exarrlination of the geotherm in this figure indicates that the depth at which
partial melt could occur WOuld be approximately 12 kilometers and that a significant
portion of melt would be expected before a solid phase. is entered at the mantle boun-
dary. This 'larée percentage of melt would indicate the existence of high conductivities
in the depth range of 12-25 kilometers. The solid phase on entering the mantle would

provide a resistive media at depth The geotherm would agarn at approxrmately 45

kilometers enter a region where partial melting could occur wrth the availability of

water and carbon dioxide. This would provide a conductive zone at a depth in excess
of 45 kilometers.

This srmple model indicates that at least the exrstence of a partial melt zone

between 12 and 25 kilometers and again at 50 kilometers is feasnble wrth a simple
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~ petrogenetic model. Therefore the high model conductrvrtres in these depth ranges are -

reasonable for a tectonic environment characterized by surface heat flow measure-

~ments such as those observed at Mount Hood.

In summary the conductiuity rnodel appears to be feasible with respect to the
petrogenetic m.odelsA appropriate. for this setting. The other geophysical data available
however provides very little support of any of _ the mo‘del components with exception
of the large resist‘i‘ve body located south and southwest of ‘Mount Hood. The high
degree of correlation evident, between the seismic data and the details of the resistive
component of the conductrvrty mode] indicated that these high res1stiv1t1es and high
velocmes delineate the same geolognc structure which is probably a large Pliocene

_intrusive.



- [II] Conclusions

The results obtained from the magnetotelluric data at Mount-Hood were mrxed
The .impedance and the complex tipper transfer functions calculated from these data
‘prov1ded beautifully intricate spectral characteristics which both confounded and
inspired the interpretation attempts. The elusive rnagma' chamber, the object of our
search i is probably assocrated wrth the elongate conductor buried 12 kilometers with a
' depth extent of approxrmately 10 kilometers Thls conductor however is not alone. It
is located below two conductive zones buried at depths of 0.5 and 5. kllometers and
above a conductive region located at depths below 50 kilometers. The relationship
between this model and the true conducti_vity of the earth is certainly open to ques-
('tion. The small spatial and frequency window through which one rnay peer.into the

. depths provides many ambiguities.

The validity -of this rnodel may only be tested by the acquisition of additional -data
throughout north—central Oregon and south-central Washington with some data
acquired to .0001 hertz Care should be exercised when acqulrmg this data, since
magnetotelluric data acquired at large site separations w1ll be affected by different near
"~ surface environments and would not p_rovide' sufﬁcient information to evaluate these
affects. The data acquisition scheme used here, with four to five measurement loca-
tions distributed as an array with 2-5 kilometer separations between sites is recom-
mended to provide_ sufficient local"control to obtain a qualitative understanding of the

" near surface conductivity distribution.

These data with their rich spectral content provided a number of hints in regard
- to the relationship between the various measurement parameters. There are two
points indicated by these data which may prove to be quite useful in other complex

environments. The first is associated with the advantages of relying on the impedance

phase response characteristics as a function of coordinate rotation to provide a means
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of obtaining an accurate indication of deep conductors when the impedance amplitudes
are greatly distorted by near -surface conductivity distributions. A second useful but
"~ well disguised hint suggested that the relative sensitivities between the impedance and
tipper parameters were quite different with tipper compohents providing the highest

resolution.

The important property associated with the impedance phase is that its frequency
response associated with near surface inhomogeneities is band limited. That is, the
high frequency portion of the phase spectra responds to a near surface conductor but
- the phase returns to the half space response at low frequencies. The impedance ampli-
tude or the apparent resistivities on the other hand are distorted in a broad-band
sense. They respond at higher frequencies to surface conductors but instead of
asymptoting to the half space value they remain distorted into the D.C. limit. This
broad-band distortion will dominate the principal direction calculated by maximizing
the off-diagonal impedance tensor elements at each frequency. This provides a princi-
pal direction which is nearly independent of frequency when the near surface conduc-

tors create a highly polarized electric field.

If a target happens to be buried beneath this surface conductor the irhpedance
amplitude distortions caused by the deep conductor would be only a minor component
of the total low frequency response. The surface distribution would therefore dom-
inate the choice of the principa] direction. A deep target characterized by a significant

-strike length would provide a narrow band impedance phase response in the lower fre-
quency range associated with primary electric field oriented parallel to strike. This
phase response may dominate the low frequency band since the effects from the sur-
face body should be approaching the half space value when there exists a sufﬁcient

depth separation between the near surface conductor and buried target.

An indication of the location and strike direction of this target may- then be

obtained when the impedance estimates are rotated into the principal direction based
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on a maximum phase response in the appropriate low frequency band. If the principal
direction were chosen in the standard manner by simply. maximizing the off-diagonal
elements of the impedance tensor when the near surface conductivity distribution is
such that the surface fields are polarized at approximately 45 degrees with respect td
the strike of the underlying target then the diagnostic frequency characteristics would
not be.evident and fhe target would be missed. The residual phase defined in Chapter
5 provides a simple vehicle to search for these diagnostic phase characteristics and pro-

vide an estimate of the strike direction for targets buried at depth.

The utility of this method is strongly dependent on the depth separations
required to obtain a reasonable separation of the responses in the frequency domain
caused by the two conductors. This important relationship could not be investigated
- here since the near surface bodies are generally three-dimensional in nature and the
three-dimensional modeling technique available was unable to simulate the appropriate
conductivity distributions. This however would be a very 4interesting area for future

. -research.’

The second interesting feature in this data was related to the observed sensitivity
differences between thé various impedance and complex tipper parameters. This study
did not provide a comprehensive comparison of the relative resolution of these time
independent field measures. However, the field data and models considered did indi-
cate that the tipper frequency response was more sensitive to the effects of compléx

geometries and multiconductors than the impedance parameters.

The slower frequency response of the impedance functions will probably provide
parameters which may be simulated adequately with' simpler models than those
required to match the rapidly varying frequency characteristics of the tipper functions.

This high sensitivity endows the tipper parameters with the ability to detect’ many
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details in a cohductivity distribution which would remain undetected by the slower

response of the impedance parameters. This enhanced sensitivity may create
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confusion in a complex environment as indicated by the rapid spatial variations
observed in the imaginary tipper component over the multiconductor three-

dimensional model presented in Chapter S.

The importance of consideriﬁé the:se relative .sensiti\}ities is parémount for a suc-
cessful interpretation of magnetotelluric and tipper data in a complex geological set-
ting. When these data appear td indicate different coriductivity distributions, this may
'simply indicate the differing sensitivities of ;hese,’vafious measurement parameters to
different conductivity compone_nts.‘ ifnproved model'i‘ng‘ techr'liques} ére rgquired to
adequately understand the complex relationship between these parameters. This study
howéver ihdicatcs that the imbedance and tibper par‘ameters‘ may prdvidé éoinplimen-

tary measures of the subsurface properties in a multiconductor environment.
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Appendix A

Field Data as a Function of

Frequency and Rotation Angle

The impedance and geomagnetic parameters for the field data are provided for
‘each measurement location. The impedance phases and apparent resistivities which
correspond to the off-diagonal tensor elements are rotated into the princiﬁal direction
defined by the fnaximization of these off-diagonal elements at each frequency. The
principal direcﬁon associated with the ny element which corrésponds to the x’
directed electric field is provided by the angle of rotation from the reference coordi-

nate system with x directed north (positive angles of rotation are clockwise with

191

respect to north). The geomagnetic transfer function or tipper components are rotated -

into that direction which maximizes the 7, component. This complex component is
provided in this appendix in the form of amplitude and phase. The strike direction,
indicated by the tipper coordinate rotation angle with respect to the reference coordi-

nate system with x directed north, is provided.
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Appendix B

Field Data as a Function of
Frequency at a Constant Rotation

Angle of -20 Degrees

The impedance parameters for the field data are provided for each measurément

location. The impedance phases and apparent resistivities which correspond to the
oﬁ-diaéonal tensori eléméﬁts are rotated into the principal direction at all frequencies
~deﬁned by the maximum residual phase in band 4. This residual phase maximum
averaged over all measurement locations provided a 'coordinate rotation angle of -20

degrees (no;’th_ 20 degrees west).

226



LOG APPARENT RESISITYITY

THE IMPEDANCE PHMASE &

=-30.0

-90.0

-2.

ol Qv

+
’0 . ot
cget
‘..;:?”:f.“‘,.sgﬂf1

LOG PERIOD

. HOOD MT DATA PHASE Il SITE ) CLQUD CAP

ove oy

A l 1 A
~1.0 0.0 1.0 2.0
LOG PERIOD

MT. HOOD MT DATA -PHASE I1 SITE 1 CLOUD CAP

227



106G APPARENT. RESISITVITY

THE IMPEDANCE PHASE o

Site # 1A

4.0
or oy
3.0 + .
2.0
® AT
*
. e®e . . QVO ¢
oo.lo +o+ g
"o ® C Yt
L oQom oM : X o
a : 3 M KR AR 1 TR
QOo °®
0.0 f
1.0 L ._ 1 1
-2.0 =1.0 ' 0.0 1.0 . 2.0 3.
. LOG PERIOD

MT. HOOD MT DATA PHWASE II SITE '1a CLOUD Cak

orme oy

=10.0 }

. H
i

-60.0 *

-80.0 |

-90.0 L s i I

-2.0 -1.0 0.0 1.0 2.0

LOG PERIQD

MT. MOOD MY DATA PHASE 1] SITE 14 CLOUD CaP

228



LOG APPARENT RESISITVITY

THE IMPEDANCE PHASE &

SITE # 2

“.0
ot omy H
3.0 p
.o-.".'o
2.0+ o
.:.o ‘.n.'
* X b
0“:1n. R ...3f * ¥¢ s,y P -’°¢¢
o : 0‘+
Jalge?,
1.0 |+
0.0 |
-1.0 Il 4 1 I
-2.0 -1.0 0.0 1.0 2.0 3.0
LOG PER!OD
MT. HDOD'MT Dn}l PHASE 11 SITE 2 CLOUD CAP
0.0
o [=riid i
~10.0 ,
?
~20.0 +
-30.0 eql
L N * e,
. + + } \,...:e ;
-o - .
4 0 ‘*+ % Qc @® ’
" te, ¢
-50.0 .¢$ 638
-60.0 F :Cgi
e°
2808 4
-70.0 }
-80.0
~90.0 L n 4 L
-2.0 -1.0 0.0 1.0 2.0 3.0

LO6 PERICD

MT. WOOD MT DATA PMASE ]I SITE 2 CLOUD CAP

229



LOG APPARENT RESISITVITY

THE IMPEDANCE PHASE @

SIte# 2N .

~1.0

-2.

-10.0

~20.0

-30.0

-40.0

-50.0

~60.0

=-70.0

-80.0

-%0.0

~2.

sf
¥ N 'o.
L %‘3’ R ﬁ * .:3“::.’: q’ ;
3‘; t
[} * =1.9 0.0 ;40 2.0 3.0
L0G PERIOD
MT. MDOD MT DATA PNASE 1] SITE 2A CLOUD CaAP
o oy
R
W T |
' h b +j
L ’¢' + 4. ¢
N1 §
RN +
14t 1
0 ~1.0 0.0 1.0 2.0 3.0
LOG PERIOD

MT. HOOD MT DATA PMASE 1] SITE 26 CLOUD CAP

230



231

o onv |

>
z
>
- 2.0
@
&
w
&
-
z
. w 1.0 &
< -
o
a
<
©
o
-
0.0

-2.0 -1.0 0.0 R Y 2.0 3.0

LOG PERIOD

nT. HOOD MT DATA ‘x)mm,—— SITE 28 CLOUD CAP

o oIy i

~10.0

=20.0 *

->
>

-30.0 .w..

-40.0 [ +

-50.0 | wm“oi oomw +

~60.0 |

IMPEDANCE PHASE- o

THE

-10.0

-80.0 |

‘ ‘ ) -90.0 L L 1 1 L

-2.0 -1.0 0.0 1:0 2.0 3.0

LOG PERIOD

mT. HOOD AT DATA. PHASE 11 SITE 2B CLOUD CaP



LOG APPARENT RESISITVITY

THE ITMPEDANCE PHASE @

SiTE# 3

LOG PERIOD

v.0 I
orr DIy
: $e v’- ‘o
;..08. L § Ooo..:."ol .
. : L
3.0 L *° .‘0‘:' vqts ¢ ° QQ’.
1AL R
.
®
0o®® ’
2.0
1.0 +
0.0 |
-1.0 1 " 1 -y
-2.0 -1.0 0.0 1.0 2.0 3.0
LOG PERIOD
MT. HOOD PHASE Il SITE 3 GUMJUWAC SADDLE
0.0 -
o Sy I
-10.0 }
- - °
20.0 “es,
LR N 3
-30.0
!
+ 1°+
. *
PSR
. + ®e (]
it e ° ¢
-50.0 | . eseilc Q
L] ¢ I
& ?
-60.0 |
-10.0 |
-80.0 | |
-90.0 L ) " — S
-2.0 -1.0 0.0 1.0 2.0 3.0

MT. HOOD PWASE 11 SITE 3 GUMJUWAC SADDLE

232



THE ImMPEDANCE PHASE &

LOG APPARENT RESISITVITY

-2.

~10.0

-30.0

i 3A

ot o

"*"‘s"ﬂ{?.}%*ﬁ’\ P

o
R

. ." r
L ¢ ¢ ¢
-l 1 L i
0 -1.0 0.0 1.0 2.0 3
LOG PERIOD
MT. MOOD PNASE I1 SITE 3A GUMJUWAC SADDLE
om olry
' .00.0“ 4 [3
- . P t ‘.
.‘gg‘ %+ ¢+ oo * +
- tg’ * # X {'
®
L ¢
't
L
1 L ' L
-1.0 0.0 i.0 2.0 3
LOG PERI0D
" MT. WOOD PHASE 11 SITE 3A GUMJUWAC SADDLS

233



LOG APPARENT RESISITVITY

THE [MPEDANCE PHASE o

SITE # 3B

234

4.0 :
o onv
i
3.0 p ) PR
POY T ".‘i“Olo M
..’ (3 e d° F}
:..g"’ +0
2.0
1.0
0.0 r
-1.0 L L L L
~2.90 -1.0 6.0 1.0 2.0 3.0
L06 PERIOD
mT. HDOD PWASE I SITE 3B GUMJUWAC SADDLE
.0 .
o S : .
~10.0
~20.0

-30.0

-50.0 |

tmhﬂ |
-40.0 | '+%‘ ’ﬁ'.
e

.'...-,..: il

6'0 3
® L
L4
-60.0 B LK 4
-70.0
-80.0. F - .
-90.0 L . L L
-2.0 ~1.0 0.0 1.0 2.0 30
LO6 PERICD
MT. HOOD .PHASE Il SITE IB GUMJUWAC SADDLE



LOG APPARENT RESISI VITY

THE IRPEDANCE PHASE o

235

4.0
o ol
3.¢
2.0
‘,oo..'." +
'y . *Je sq®
o* 2 " %e0e .3 827 %" o o
«%0® 0
" ¢ .
® LA L4
1o g *eognoed tec ,
.
0.0 [
-1.0 1 L [ 1
-2.0 -1.0 0.0 1.0 2.0 P30
LOG PERJOD
MT. WOOD PHASE 11 SITE & WOOD RIVER MEADOUS
0.0
r oIV oty
k)
-10.0 |
-20.0 |
-30.0
T e 4 e +
. c® 4
¢, o8
-40.0 L “Fs ¢ 2% 0 b g
oYy o0 f
® N * “@ t ¢ ¢
-50.0 ® ‘... +‘ © k
o ¢ 0+ h A
0 o
-60.0 | | + o [
* o.e¢
-10.0 | :
-80.0 }
-90.0 I I L 1
-2.0 -1.0 0.0 1.0 2.0 3.0

LOG PERIOD

MT. MOOD PWMASE Il SITE & MOOD RIVER MEADOWS



LOG APPARENT RESISITVITY

THE 1MPEDANCE PHASE o

-2.

=10.0

-70.0

~90.0

-2,

ot o ® .:00053.
L 4
.g" Cgice |
¥
[
- .
®
® XXX 2 ’z
. + o$ .
vode? M
L .".0' ‘ ? ’00
.o
.
S 1 d L
0 -1.0 6.0 1.0 2.0 3.
LOG PERIOD

MT. HOOD PHWASE JI SITE ®A WOOD RIVEA MEADOWS

olvr (<3 {12

T
—e * 0 00
—o—n

+ o'
¢ °
@ ¢
b ‘.:
L 1 1 L 4
4 -1.0 . 0.0 1.0 2.0 3.
LOG PERIOD

PMT. HOOD PHASE |1 SITE #A HOOD RIVER MERDOWS

236



LOG APPARENT RESISITVITY

THE IRPEDANCE PHASE @

SiTe # 4D

-10.0

-20.0

-30.0

~40.0

-50.0

-60.0

~7¢.0

-80.0

-%90.0

-2.

otvt BT T
. ; )
0 -1 0.0 1.0 Z.0
LOG PERIOD
mT. MOOD PHASE II SITE 48 HOOD RIVER MEADOWS
otv o
n b4 ~
* . v * ¢
AR TR
>
r IR ITAN ¢
VY ety
0*0
1 1 1
-1.0 0.0 1.0 2.0
LOG PERIOD

MT. HDOD PMASE 11

SITE 4B MOOD RIVER MEADOWS

237



LOG APPARENT RESISITvITY

THE IMPEDANCE PHASE @

SITE#5S

-1.0

-2,

-20.0

~30.0

~70.¢0¢

=-90.0

~2

o oIy

..""“'l‘o

o P2t b agiggee®t 00
c."”“m‘i } igo
o ¢
L ® ¢ ¢
g
i L ' 1
0 -1.0 0.0 1.0 2.0 3.

L0G PERIOD

MT. WOOD MT DATA PHASEI] SIYE 5 BARLOW RIDGE

L ‘0. 3‘*‘f t .OQ"*}’ #i
¢ "3’%. ‘+++ #o
o&o,. * + j%H
L ‘¢#
.0 -1.0 0.0 1.0 2.0 3.

LOG PERIOD

MT. MOOD MT DATA PMASEI] SITE 5 BARLOW RIDGE

238



LOG APPARENT RESISITvITY

THE TMPEDANCE PHASE ©

239

SiTE # BA

v.0
o olsv
°o® ®
2% f %39.
3.0 .Q LIS
228
e e :
¢
20 b -”""‘O‘Q‘W.o-”hf f
1 ’0
'.:.uoo hd
. +
t. 0 |
0.0 |
-1.0 31 It i d
-2.0 -1.0 0.0 1.0 2.0 1.0
LOG PERIOD
MT. WOOD MT DATA PWASEI! SITES® BARLOW AIDGE
0.0
orI o1y
-10.0 |
-20.0 ."‘&
.QQ +
-30.0 F R + *
-40.0 F . ?# ﬂ*°§
41yt o
-50.0 o $ t o
o 4 f
* *,o °
-60.0 F
+ ;i“
-r0.0 }
-60.0
-90.0 L L 1 2
-2.0 -1.0 0.0 1.0 2.0 3.0

LOG PERIQD

MT. NOOD MT DATA PMASEII SITESA BARLOW RIDGE



L0G APPARENT RESISITVITY

THE IMPEDANCE PMASE &

240

SITE # 5B

4.0
o o
30 b+
2.0 + .
LX) P TP A
PL ) s e .
220 Y (2174 ¢ N [ XX ¥
eCe 8 e
.
o*® "lﬂcs =% §
1 Sog =Y cho
0 b ©
LS A
CYRNY
4
0.0 F
-lo 1 A L 1
-2.0 -1.0 0.0 1.0 2.0 3.0

LOG PERIOD

MT. HOOD MT DATA PHASEI! SITE5D BARLOW RILGE

v e
vt ol .
-10.0 L :
-20.0 L
, 4
-30.0 }
tey
(XL 1
-u0.0 b t ﬂ'."..i ..o.t:d i
-50.0 | °3s'dwnd® H
+¢ ¢
-60.0 | * % ¢ %
bgot
-70.0
-80.0 |
-90.0 L 2 L L
-2.0 -1.0 0.0 1.0 . 2.0 3.0
LOG PERIQD

MT. MOOD MT DATA PRASEI! SITESE BARLOW RIDGE



LOG APPARENT RESISITVITY

THE IMPEDANCE PHASE o

SITE#6

-1.0

-2.

~-10.0

-30.0

o o
. se®0
Oo.° °..
.o Qe 0t °
8°
¢
1]
$s° go'.
153
. L4
b} t . '3
¥ (XX * Ce .
’ .
°
.
+ } oty
1 1 L A
~1.0 0.0 1.0 2.0 3.0
LOG PERIOD

MY. HOOD MT DATA PHASE I1 SITE 6 LOG ROAD

om oy

PMT. HOOD MY DATA PHMASE 11 SITE ¢ LOG ROAD

[
- . *
s
A 4 1 1
~1.0 0.0 1.0 2.0 1.0
LOG PERIOD

241



LOG APPARENT RESISITVITY

THE IMPEDANCE PHASE @

SiTe # 6B SR

4.0
om oy
®
¢o o©° %2
3.0 | R ° 008 o«
0, o0y ot
H1
LEPXY ad 40&‘*000000 "
*
LTS L AL RSN
2.0
1.0
0.0
-1.0 1 1 1 —l
~2.0 -1.0 0.0 1.0 2.9 3.0
L0G PERIOD
MT. HOOD MY DATA-PHASE-II SITE 4B LOG ROAD
o0 .
o Oy .
-10.0 P
-20.0 | *
wmmﬁ«»
-30.0 } ) *
[4
-40.0 b - ¢!
0. b ° ¢
° 42
+ * ¢ tﬁ +
-50.0 - + + eovo ¢
L0 F o+ .
M 4o 11 e
e .
H § oo
-60.0 L * LX)
-70.0 |
=80.0 = .
-90.0 1 : 1 L7
=-2.0 -1.0 0.0 1.0 2.0 3.0
LOG PERIOD

mT. HOOD MT DATA PHASE I1 SITE 68 LOG ROAD

242



LOG APPARENT RESISITVITY

THE IMPEDANCE PHASE o

Site # 7

4.0 —
oy ol
3.0 »
st see bt
o'ﬁﬁ""..
.’."00.'
2.0 r oo.o‘t ¢ .
§ece
¢ ect *T* o, P
[
)
1 <
1.0 + ¥
6.0 |
-1.0 n i ! I
-2.0 -1.0 0.0 1.0 2.0 .0
LOG PERIOD
MT. WOOD PHASE [1 SITE 7 OLD MAID FLAT
0.0
ot o .
i
~10.0 i
!
-20.0 *
-30.0 | }# * }
»
$ ﬁ.'."go‘*.
-40.0 * ” ove #
-50.0 M . *
N ®e
| e} B i ¥¢ 4 ,F
-60.0 |+ &:0# 4_ °°e§°?
®e
-r0.0 } } *
-80.0 -
-90.0 —_— L s n
-2.0 -t.0 6.0 1.0 2.0 .0
LOG PERIDD

MTY. HOOD PHASE 1T SITE 7 OLD MAID FLAT

243



LOG APPARENT RESISITVITY

THE IMPEDANCE PHASE @

-2.

-10.0

-20.0

-30.0

AT. HOOD PHASE

11 SITE 74 QLD RAID FLAT

_ boeenaee™”
i .g;igi}é;:kw cie | T
_ Tep
¢4
- |
BN i #
_ "éii ¢+% * H
S et
it '
_ |
| | | ‘ ) J



1L0G APPARENT RESISITVITY

THE IMPEDANCE PHASE &

SiTe # /7B :

4.0
oI Oty
1.0 b
.
...000'
. ¢ etetd waul
. ¢
2.0 “'z*¥f}Q ¥+?§$§»,
’ ]
L X} [
0\.0'¥ ?fa e b
1.0 b
0.0 |
_xo A A i i
-2.0 .10 0.0 1.0 2.0 3.
L6 PERIOD
MT. HOOD  PWASE 11 SITE 7B OLD mAID FLAT
. 0.0
. ol oy
-10.0 | . +
~20.0 | i { +
' ‘{ wto,o
-30.0 . .
ot o ’
o g0 *
*
0.0 %3 *@é : 4
¢ i ¢
-50.0 % [
T ®o
-60.0 OQ
OQ
-10.0 F
~80.0
-90.0 ot L 5 1
-2.0 -1.0 0.0 1.0 2.0 ).

t06 PERICD

MT. HOOD PHASE 1] SITE 7B OLD mAID FLAT

245



LOG APPARENY RESISITVITY

THE IMPEDANCE PHASE @

SIATE #7C

4.0
oIvI Qmy
3.0 b
2.0 | ’
coose?
®s. ‘ee?®
. L] .
T
.."g.:: @*
< .
r.oor ®erety *§¢i¢@,°
L
bfec
0.0 b
-1.0 1 l‘ l. A
-2.0 ° -1.0 0.0 1.0 2.0 3
LOG PERIOD
MT. HOOD PHASE 11 SITE 7C OLD MAID FLAT
0.0
orm DI
-10.0
-20.0 F + +
TR AN
..
.
0:.. 4

~60.0 P
¢ ! o

-.70.0 o
-80.0
-90.0 - - - =

-2.0 -1.0 0.0 1.0 2.0

LOG PERIDD
MT. HOOD PHASE 11 .SITE TC OLD MAID FLAT

246



LOG APPARENT RESISITVITY

THE IMPEDANCE PHASE ®

-1.0

-2.

~10.0
~20.9
~-30.0
~40.0
~50.0
-60.0
~70.0
~-80.0

-90.0

-2.

L .
o *’f
L AR * }
st
R
0 -;.0 0.0’ 1.0 2.0 3.0
LOG PERIOD
MT. NOOD MT DATA PHASE I SITE & TIMBERLINE
o . Ol"¢
- ¢ ¢
oo% “ih

0 -1.0 0.0 1.0 2.0

LOG PERIOD

MT. WOOD MT DATA PHASE 1 SITE & TIMBEALINE



L0G APPARENT RESISTTVITY

THE IMPEDANCE PHASE @

~1.0

-2,

-30.0

o QOley
3:0000
- + .61
Py
o, tby
L et f * 1 f
tH { ,HT
0 -1.0 0.0 1.0 2.0
LOG PER1OD
MT. HOOD MT DATA PHASE I SITE' 6 TIMBERLINE
om o1y
QF 3
} ; }
¢
- 1 H+
i +H 1 ¢
[ -1.0 0.0 1.0 2.0
'LOE PERIOD

E MT. HOOD MT DATA PMASE 1 SITE 6 TIMBEALINE

248

4



LOG APPARENT RESISITVITY

THE IMPEDANCE PHASE @

SiTE # 14

3.0 b
@oic“’u.‘:
e * °¢f° co !
O’+c
1o b 8:::t§% ﬁ *1*‘ ‘ *
t
Mg
.
-l;:.o -1.0 o‘; 1.; z.;r 3.0
LOG PERIOD
MT. HOOD MY DATA PHASE I SITE 7 TIABERLINE
-' ors Ol"+ +T
10.0 |
20.0 -*¢ } *+#
wo; [ ¢+ i%;
-50.0 & ) Ie%
-60.0 | ::.* ¢od
b l H*H +
-90.0 1 ’ . 4 e
-2.0 -1.0 0.0 1.0 2.0 3.0
L0G PERIOD

MT. WOOD MT DATA PNASE I SITE 7 TIMBEALINE



THE IMPEDANCE PHASE &

LOG APPARENT RESISITVITY

SiTe # 158

-1.0

-2

-10.0
-20.0
-30.0
-40.0
0.0
-60.0
-70.0
-80.0

-90.0

LOG PERIOD

#MT. HOOD MT DATA PHASE 1 SITE 8A TIMBERLINE

orve oy
. ”ff,
te . Tep
F e XA . t
¢ °® 14 j
® $
, b
0: +t
L + *
’ ' |
L o
.0 -1.0 .o 1.0 2.0 3.0
LOG‘FERIOD
MT. HOOD MT DATA PHASE 1 SITE 8a TIMBERLINE
om -1 f
_ f
| + % |
, { [
I ' !
0 -1.0 0:0 1.0 2.0 3.0

250



251

Appendix C

Polar Diagrams of the Field Data

A complete set of polar diagrams of the field data for the Z,,, Z

vy and Ty

parameters averaged over each of the five frequen(;y bands defined in Chapter 5 are
presented. The phase diagrams for Z,, are for the residual phase, all other phase

diagrams are for un-normalized phase values.
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Appendix D .

Polar Diagrams of fhe o

Three-Dimensional Model Results

i

This appendix provides a catalogue of polar diagrams for some of the three-

dimensional model results used in this study..
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