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ABSTRACT

Using the controlled.... source electromagnetic technique, resistivity

soundings were obtained at 49 ·locations around the summit caldera and

upper rift zones of Kilauea volcano. Each sounding consisted of vector

measurements of the magnetic field induced by a large-moment horizontal

loop ,current source at discrete frequencies between 0.04 and 8 Hz. The

sourc,e...to--sensordistances ranged from 2.5 to 13 km. The data have

been computer-inverted to produce a best-fitting horizontally layered

earth. model.

Although eac.h sounding' sinterpreta'tion is different in detail,

th.e volcano ~ s structure appears simple and can be represented by four,

subhorizontal layers. The surface layer is highly re'sistive and

coincid.es with. the dry, basaltic overburden. At a.depth of 500 to

1000 m, ,resistivities decreasea1:>ruptly to between 30 and 50 ohIn.-m,

ma,rung th.e top of the wate.r-saturated zone. The third layer occurs

1?etween 2 and 3 k.m depth and has a resistivity of less than lOohm"'m

and a total conductance of about 200 mhos. This layer is underlain

eve.rywhere by highly resistive rock to a depth of at least 6 km,the

estimate,d limit of penetration by this study. Pockets of low resis~ .

tivitx (less than 20 ohm--m) occur irregul_arly withi_n_t_hemnmhigh~

resistivity base.ment.

Because of its widespread occurrence, 'the shallower conductive

layer (layer 3) is prob.ably water-saturated rock at high, temperature;

howeve.r, the possibility of thin, intruded sills of magma contributing

to the low resistivities cannot be refuted, The pockets of low resis­

tivity within layer 4 occur at a depth of 5 km and are believed to be



magma chamber 2 to 3 km deeper than models derived from earthquake

hypocenter location and surface deformation studies.
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I. INTRODUCTION

Kilauea is an active, basaltic shield volcano on the island of

Hawai'i. It has two rift zones radiating to the east and southwest

from a w~ll-developed summit caldera. Volcanic eruptions generally

occur within these features .. The djuamic state of the volcano is

also revealed by several active fault systems on Kilauea's edi.fice.•

A sUl1l11Uary geologic map of Kilauea volcano, showing volcanic as well

as tectonic feat.ure.s, is shown in Figur·e· 1.

Part of the vol·eanic structure of Kilauea has beeninf.erred from

detailed studies of ground deformation. The summit area usually

inflates slowly prior to eruptions and deflates rapidly during erup~

tion or intrusion. The pattern of deformation during these inflation~

deflationcy'cles is consistent with. the exp.ansion and contraction of

a·· .spherical volume at a depth of 2 to 3 km beneath the area immediate.ly

southeast of .. Halama 'u:tna t,·u(Fi.ske and Kinoshita, 1969) t This physical

model strongly. suggests that~gma. slowly accumulates ina localized

area b,ene.ath .the summit and is at least partially extruded fro:mthe

area dur~ng eruptions or intrusions,

Subsurface..magma move.ments can also be i.nferred from earthquake

-h..-ypeeen-'E-e-t'--l-()e-a-~-i.eR-s--.-----A--si-gn£-f-ie·an-e-1-y--g-r-ea~t-e-r---nUIl1be-r--o~f--sha.-l-l-ow-----------------~--

(_less than 5 Ian de.ep} earthquakes occur during times of inflation than

duri,ng times, of no summit inflation. Ea.rthquake swarms frequently

occur immediately hefore eruptions and generally in two linear zones.

trending to the southeast and south from the summit storage areG\

(Koyanagiand others,1976; Ryan and others, 1981). These zones are
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Figure 1. Geologic map of the summit area of Kilauea volcano, Hawai'i
showing the crater and its two rift zones. Also shown are
two active fault systems - the Ka'oiki and the Koa'e.

2



3

located adjacent to eruptive features. If we assume tha·t they are

caused by hydraulic opening of fractures via increases in magma

pressure (Ryan and others, 1981), then the zones outline the principal

lateral intrusive conduits within Kilauea.

The gen,eral island structure' has also been investigated by geo-

physical means, Seismic refraction results show that the oceani,c

crust is depressed beneath. Hawai'i; the base of the crust is about

12km deep beneath Kilauea and dips ab.out 2~ to 3° to the n,orthwest

(Zucca a.nd u,;t, , 1 non'
U..L...L...L., . .L ;JovJ • With- an'average crustal thickness of about

5m, the volcanic 'pile mustb·e about 7 or 8 km thick,4t Ot·her studies

show that the rift zones and summit areas of Hawai 'i' s volcanoe.s are

underlai.n by high...velocity (Zucca and Hill) 1980; Crosson and

Koyanagi., 1979; Ellsworth and Koya~agi, 1977), high~density(Kinoshita

and others~ 1963} cores that extend down to the base of the volcanic

pile. These cores are probably the result of intense intrusion into

the .mass of previ:ous.ly erupted lava flows It

Although much is known about the physical structure and mechanical

state of the rocks beneath Kilauea, very little is known about their

th~r:rn;ll state.. A notab,le exee.pti.on is the identification of a low=-

velocity layer at the base of the crust beneath the island of Hawai-i

whi.ch. .may b.e due to abnormally high. mantle temperatures (Crosson and

Koyanagi., 1979) , Of course, inferences can be made about subsurface

thermal conditions from the. mechanical studies; for example, magma.

storage areas and conduits must be at temperatures of at least lOSQoC.

Neve.rtheless, independent studies of Kilauea j s thermal regimes would

clearly be useful.
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A definitive approach to the determination of deep, subsurface

temperatures is the study of electrical resistivities within the

volcano. Resistivities of dry basalts decrease approximately

exponentially with increasing temperature (Rai and Manghnani, 1977),.
offering good resolution of subsurface temperatures if the subsurface

resistivities can be closely determined. The presence of water

reduces. basalt resistivities even further; however, unless the water

is extreme.lysaline, molten magma has an even lower resistivity.

Three resistivit'y survey's have already. been completed at Kilauea's

summit~· b.ut none detected any magma bodies directly. The first two

studi.es, b.oth time-domain electromagneti.c (TDEM) sounding surveys

(Jackson and Keller, 1972; Keller a.nd Rapolla, 1976) of the southwest

rift and summit area~ were interpreted in terms of ~ general three-

laye.r .model ~v:ith characteri.stic resistivities for each layer, but

variable depths to the layers ~ The first layer was assumed to be.

re.sistive and therefore "transparent" to the technique, The second

layer had a resistivity of 10 to .30 ohm~m and was interpreted as

rock. saturate.d with water below the water table. The third layer was

found at a depth between 600 and 1500 m and had a resistivity of 4 to

10 olun-m. Thi,s last layer is shallowest beneath the southwest rift

--- - - --------------------------_._---------- - -- --

zone~ and above the inflation center southeast of Ha.lematuma~u4t It

represents a decrease of the water resistivity within the basalt..·f1ow

pores.

More recently, a direct-·current (DC) bipole .mapping survey over

the upper portions of both- rift zones, thee summit area" and adjoining

flanks of Mauna' Loa delineate.d a vertical resistivity contact between
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I(ilaueaand ~1auna Loa (Keller and others, 1977). Resistivities drop to

less 20 ohm-m below a depth of 600 to 1500 m beneath Kilauea; a similar

drop occurs at much greater depth beneath Mauna Loa's flanks.

Resistive basement was d·etected at a depth of 2 to 2" 5 km beneath

Kila·uea south of the summit caldera.

The results.of the two surveys are in pretty good agreement,in

spite. of the fact that the DC survey was not nearly as detailed as th.e

TDEM survey. Each finds a low resistivity zone at a depth between 600

a.nd·· 2500mbeneath every It is surprising thatn,Q

laterally-confined low-resistivity bodies representing magma storage

areas orcondui.ts were delineated because the earthquake and ground

defor.mati.on data both suggest that the top of the summit magma storage

chamber maybe as shallow as 2 kIn. Magma has a very low resistivity

(Frischknecht, 1967; Rai and Manghnani, 1977) and should have been

distingui.shable by either type of survey •

One problem with DC studies is inadequate resolution at great

depths. The combined surveys establish that t·he vertical section is

b.asical1y compos.ed (from the top) of a resistive overbu:rden, a thick

conductive layer , and a resi.s,tive basement below 2500 m. Anv DC
---." --

technique requires interelect.rode spacings equal to seve·ral times th,e

overburden thickness just to resolve the resistivity of a conductive

layer below resi,stive overburden; even larger spacings would b.e needed

to obtain information below the conductive layer. Very small b.ut

shallow late.ral changes in resistivity near any of the electrodes can

have a ma'skingeffect at these larger spacings making it difficult to

reliab.ly ohtain deep resistivity information with ·aDC technique.
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This problem·isparticularly acute for the·bipo1e-mapping method

(Keller and others, 1975).

An electromagnetic (E}f) method is much better suited for

penetrating resistive overburden·than isa DC method. If measurements

are restricted toma·gnetic fields, then the method is especially

sensitive to bodies in which currents can be induced to flow induc--­

tive1y;that is, the method is sensitive to low-resistivity bodies,

an· ideal attribute for a tool to be used for the determination of

volcanic structure where ~ag...11a is present. Another advantage is that,

compared with DC methods , EM methods requirerelati.velyshort spacings

to penetrate res·istive ·overburdien(Frischknecht, 1967, p. 17), and by

varying the frequency at which the .measureme·nts are made an entire

depth. soundi.ng c,an b.e obta.ined. at a single location. EM _methods

therefoteappear well suited for volcano~ogical work.

The TDEM surveys already completed (Jackson and·Keller, 1972);

Keller and Rapolla, 1976), apparently did not penetrate much deepe.r

than 2 km. The speci.fic reasons for the relatively shallow penetratio·n

in these studies are not cl·ear; however, so many advances in instrumen--

tation and computer-aided interpretation b~ve. been made since then tllat

a fourth-EM survey of Kilauea was though.t to be warranted and is the

subject of this dissertation.

The objective of this newest study was to determine the resistiv­

ity structure o·eneath. Kilauea volcano to .~ greater depth and with

greater precision than the previous studies in the ·hope of outlining

the magmacha_mb.er and conduits by their chara-cteristical1y low

re.sistivity ~ The chosen approach was a sounding survey of the summit



and upper rift zones of Kilauea, as well as the adjoining flank of

Mauna Loa, using a controlled-source electromagnetic (CSEM) method.

The field measurements were made over a range of discrete frequencies,

rather than a range of times as in the TDEM method, because of the

simpler instrumentation requirements. Two or three orthogonal

co~ponents of the magneti~ field were measured rather than one,

beca.use the additional data allowed deeper p"enetration and better

resolution of lateral resistivity changes.

7



II • FUNDAMENTALS OF THE CSEM TECHNIQUE

The basis for most electromagnetic techniques currently used for

geophysical exploration is the phenomena that electrical currents are

induced in the earth by time-varying electric or magnetic sources.

The nature and distribution of these currents is dependent only upon

8

the ele.ctrical resi·stivities· within the e·arth and the. frequency and

distribution of the source energy; therefore, measurement of these

currents, or the magnetic fields produced by them can be used to

determine the distribution of electrical resistivities in the earth,

The many sources that are used fall into two categories; natural

sourc~s and controlled sources •. Natural sources include world light~

ni?g activity and currents in the ionosophere and magnetosphere and

are used exclusive.ly in techniques such as the magnetotelluric method;

however, limi.ting assumptions must be ..made and several EM fie.ld com­

ponents .must be measured to compensate for the lack of information

ab.out S,Qurce paramete:rs~ The limiti:ng assumptions are that the

paysicalsources are farther than seve.ral free-space wavelengths fro.m

the point of observation so that 'the EM fields can beappro.xima.ted as

those of .a plane wave impi.nging vertically upon the earth. Reliable

---·f-i-e~td-·.me-a-sure:ment-s---re-quire:---a-·mi:ni:mum---o-f--two---elec-tr-±c:--an-d-two-~~-gn-eric---

field coml'0nents (all horizontal) to be recorded ,to allow- for the

unknown polarization of the. plane wave. A further difficulty with

using natural sources, is that the source spectrums are generally poor

in energy centered around 1 Hz (Keller and Frischknecht, 1966, p. 200),

the b.and which is most useful for intermediate depth penetration (for
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.example, 0.5 to 5 kIn).

The use of cO'ntrolled sources offers several obvious improvements

over nat·ural sources, because ·almost every aspect of the source can be

manipulated. The spectrum of available frequencies can be precisely

controlled along with the intensity and, sometimes, the direction of

the. source. Because of the known nature of the source, fewer assump-

tions need to be made for geophysical interpretation and fewer

components need to be recorded to oh.ta-in useful information. As few as

.one com.ponent can be measured, altho.ugh additional information is

obt·ained with the measurement of more components. What is source

signal for a natural source EM study is now interferin.g noise for a

CSEM study; the optimum frequency range for CSEM work is therefore the

same one. in which natural sources are deficient, 0 41 1 to .10 Hz. A

common type of controlled source is a horizontal loop which is either

circular or polygonal in shape andplac·ed on the ground.

II.1 The .The.oreti~a+Masneti,cFieJ.ds. IIldticed by a Horizontal
Loop .. source., over a Horizontally-Layered Half.spac·e

The magnetic fields. induced by a horizontal lo'op source over a

horizontally layered earth. model can be determined by solv~l1g the

appropriate boundary value problem derived from Maxwell t· S equations

in MKS uni.t s :

-+
\j • E = a

-+
\j • H = 0

(1)

(2)



-+
-+ dH

\J x E= ...~
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(3)

(4)

+iwtAssuming a time dependence of e (i.e. single frequency exc:itation)

and 1.1 and e constant, equations (3) and (4) reduce to

.+ -+
\l x E= -iwllH

+ + -+ -+ +
\l x-H= iweE + J = (iwe +cr)E+J

s

noting that secondary c'urrents are produced in c.onducting media

-+ -+
(J = OE) while J refers to source currents.

s

II.1.1 Horizontal ,_" Circular Loop Source

(5)

(6)

The geometry of the problem is shown explicitly in Figure 2tt The

source loop radius, a, is located at the coordinate origin. As in

Figure 2, the subscript, i,will be used to denote different layers,

starting wi.th i=O to represent the air above the layered halfspace and

increasing to i=_m for the lowermost layer" Taking advantage of the

cylindrical symme,try (no azimuthal dependence), equations (5) and (_6)

reduce to

dEep
------ -iwlJHr -=----az----------------- - --(7-')--

-iWllH
z

1 a= - --(rE)r dr· cP

dH dHr z
- - -- = (iwe + a)Erh + J

sdZ dr \f
(9)

Three more equations can be derived from equations (5) and (6) which

relate E , E., and Hrh ; however, for a horizontal, circular loop source,
r z ' \f
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z=o

-~---~------ ...... x

Z=Zj -....,r------r--------
/

/

z

Figure 2. Definition of geometric and electric property variables for
a circular loop source over a horizontally layered halfspace.
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the SQurcecurrents are only in the tangential direction and can. excite

only Hr , Hz' and Ecp. The other field components are zero.

The source current density, J , can be obtained by integrating thes

current density of an infinitesimal electric dipole around a circle of

radi,us, a, to yield /

(10)

(Morrison and others ~ 1969).

The m..agn,etic fields can be el;minated from equation (9), using (7)

and (8), to yield a simpler equation in E<j> only ~

I{w)iwll Q ao (r-.a) <5 (z),
r

(11)

where k~ = w211.e. - iUJll.O'.
1 1 1 11

(l2)

The magnetic fields can be derived later from E<j> using equations (7)

and (8). Equation (11) is inhomogeneous and need only be solved in

the region abo'vethe halfspacewhich c'ontains the source. The first

step is to recognize the similarities between (11) and Bessel's

,equation,

"for ordern==l. BesSel's equation has two solutions, J 1 and Y1, known

as Bessel's functions of the first and second kind~ respectively; how-

ever, only Jl remains finite for all non-negative arguments lf These

factors are used to advantage for solving (11) by defining the Hankel

transform (really a Bessel transform) pair



~(r)
o

~(A)
o

Jl(Ar)AdA = F(r)

13

(13a)

(13b)

and transforming equation (11) to get

[
a2 2 _ - 2 ]""'dZ 2 - (A - ko) E(A,Z,W) = iWJ.loI(w) a

~(r-a)
O(Z)j;r Jl(Ar)rdr

= iWJ.!oI(w) a o(z) Jl(Aa). (14)

We also recognize that diffusion-wave equation in z which has two
v\2_k 21 - -.;'...2--k2)7

solutions, e' -- 0 Z and e A 0 ~ The fields must diminish at

large distances from the source, so the transformed field becomes

= -iWJ.lo a l(w) Jl(Aa)
2

= -iWJ.!o a l(w) Jl(Aa)
2

e-UOZ

Uo

+Uoze
Uo

, z > 0

, Z < 0

(15)

(16)

1

where ui = CA 2
- k~)~ •

Transforming equation (15) using (13b) yields the primary electric

field ofa circular loop

E ( ) iWllo a l(w) IWA e-uo!zIJl(A",_,U1(Ar),rl_.A¢.r,z,w. ~ - 2 _u~ - - - -

--Tne-cermc-e--uo 1z-I-Tncorporates-ocftliexpoiieii£iaI-ferms -InequaEioil -(I5Y~- .-

For the EM fields above a layered halfspace, we need the solution

of the homogeneous version of equation (11)

in each of the layers. Taking the Hankel transform of the above
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we get

The solution is, by inspection,

tV . + -u . z - . +u . z
E~(A,z,w) = E.(A,w)e 1 + E.(A,w)e 1

'I' 1· 1
(17)

+where E. is the amplitude of the downgoing wave, and E; is the
1 ...

amplitude of the upgoing wave in layer i.

The Ecf> in each layer is determined by the boundary conditions of

+ +
continuous horizOntal E andH. Wait (1962) uses an input impedance

approach to solve this portion of the problem. The input impedance

(18)
z:::z

i

iZ (A,w)

into any layer, i, is defined by

tV
= Ep(A,w)

tV
H (A,W)

r

at the surface of that layer. Using equations (7) and (17), the

intrinsic impedance within layer i is

+ E:O,W)-iWll. E.(A,w)
Z. (A,w) 1 1 1= = = -1 u. +

H~(A,w)1 H.(A,w)
1

(19)

For an m-layered earth model, the impedance at the surface of the

model can be solved with the following recursion relation by matching

impedances at the top and bottom of adjacent layers (continuity of

+ +
parallel E and H again). The matching starts at the surface of the

lowest layer and works up,



Z. tanh(u.d.)
1. 1. 1.

i+l
+ Z tanh(u.d.)

1. 1.

mand for i=m, Z =Z .
m

Note that in terms of equation (17), equation (15) can be used to

solve for E~ in the region between the source and the layered

half space Zl > Z > 0

Combining equations (17) and (19) at Z:;::Zl,

we get

Zl - Zo
E+ - 2u oz 1Eo = e

Zl 0
Zo +

Substituting (21) and (22) into (17) and inverse transforming via

(13b), we finally obtain the full expression for the tangential

15

(20)

(21)

(22)

= -iwllo a I (w)
2

Jl(Ar)dA (23)
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Usingequa.tiotls (7) and (8), the accompanying magnetic fields are

Hz = aI~W) [[e.,.uolzl + i:~i7 e+Uo(Z-2Z1)J~: JI0a)JoOr)dA (24)

o -

H
r

= aI(w)
2

rr-unlzlJ e v' • -

o

1Z -20
Z +Zl

o

+Un (Z-2Zdl A JtCAa)Jl (Ar)dAe - 0 _oJ _.. _. . (25)

For most situations in which CSEM techn.iques are used,the

material conductivities are m.uch greater than the product of dielectric

p·ermittivity and radian frequency. For example, the dielectric per-

mittivity of almost all geologic materials is no more than 100 times

-12
the free space value of 8.5 xlO farad/m. All frequencies used in

this study are less than 10 Hz, so the product ew should always be less

.... 8
than 5.6 x 10 • Conductivities of Hawaiian rocks are generally

-4 -6
greater than 10 mho/m with rare values as low as 5 x 10 ; the:refore,

the propagation constant, k., in equation (12) can usually be· approxi­
1.

mated as

k: = -iWll.(O. - e.w) =-iwll.0.
1 1 ~ 1 1 1

to better than 0.1 percent. This simplification, known as the

quasistatic approxima.tion, emphasizes the diffusion nature of EM waves

at low frequencies by showing that the governing equation (Equation 11)

~s the diffusion equation.
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11.1.2 Vertical Magnetic Dipole Source

. The vertical magnetic dipole (VMD) is the asymptotic limit cia

circular loop source when the radius of the loop is small with respect

to the distance between source and measuring point, r. The series

formaf Jl is (Abramowitz and Stegun, 1970; e,q. 9~1,lO)

J 1 C\a} = Aa/2 [1 ."". !a (a2A) 2 + ... J

so the Bessel function product in equations (23) through (25) can be

appro.ximated by
a a

~ i f= '\ ,~ ?

JICAa)J (Ar) = Jl(A'~)J (A") = In(At)I\·2·····.··!.[l ...~(1\2···.J..)- + ... ]n' . r n'

:: \a I n(:\1') n= 0,1 (26)

as long as rIa> 5 (Ryuand others, 1970).

11.1.3 Horizontal Polygonal Source

A po.lygonal source is one which consists of three or more linear,

connecting- 'segments.. Such a source. i·a easie.r to construct than a

circular one, es·pecially wh:en the dimensions are large. The loop

·source at Kilauea is actually a four ....sided polygon.

The magnetic fields induced by a polygonal source can be computed

'as the sum of the fields induced by each side of the polygon

separately.. That is, if is the vertical magnetic field of a line

source, i, then the vertical field of a polygonal source is

H
z

=
N

L
i=l

(27)

where line source i eittends from (Xi' Yi ) to (xi +1 ' Yi +l ).
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Using the results of Kauahikaua (1978), where the magnetic fields

of a horizontal line source are separated into 'the portion due to

current in the line and the portion due to the grounded ends, the

expressions for the magnetic fields of the wire alone can be written

down directly. Each line segment will prodtlce magnetic fields which

are vertical and perpendicular to the line direction over a

horizontally layered earth. In the rotated coordinate system (s,p)

where the line ,source is parallel to thes-axis and pointing in the +8

direction, the magnetic fields a.re

8 i +l

H~::; 4; J{ [r1 + ~:~~~Je-uolzlAJo(Ar)dA } ds

s.
~

(28)

I(po.-P
i

)

41T (29)

where the field point is (so, Po) and the line elttends from (8., p.)
1 ~

to (S1+1' Pi+1): r 2 ::; (s...sO)2 + (p_po)2, The field components are

rotated back to ex, y) coordinate system before. summation.

II.2 Comparison of the Magnetic Field$ofaPolygonal Source
___________ withl'hose ,of a C_i~~ul~I__a...nd_JlMD._S.our_~ _

The expressions, for the magnetic field of a polygonal s'ouree ar·e

more complicated than those-of a circular or VMD source; therefore, it

is useful to know the limits within which ·th.e more synnnetric sou·rce

fields behave approximately like those of a polygonal source, With a

knowledge of these limits, it is expected that the VMD expressions
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loop sources as a function of the ratio of source dimension
to source-receiver distance.
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all locations more distance than 3.33 lan, while the polygonal source

field expressions were used for all closer locations.

II.3 Propert.ies of Theoretical Magp.etic Fields
Over a Horizontallx-Layered Halfspace

As shown in the previous section, the symmetry of the problem

dictates that only the vertical and radial components of the magnetic

field are nonzero for a cylindrically symmetric horizontal-loop

source. Very small tangential fields are observed when close to a

nonsymmetric, polygonal source; however, they become insignificant at

distances greater than the largest source dimension. For purposes of

this general discussion, horizontal loop (polygonal or circular)

sources are assumed to generate only vertical and radial magnetic

fields over layered halfspaces.

Over a uniform halfspace, magnetic field variations can be

uniquely characterized by the value of a composite parameter, called

an induction number, B, given by

I ~ !]..l(lO"w IB ~ r u ~ r -;r- (30)

where r is the horizontal distance bet~een the source center and the

point at which the fields are observed, and <5 is the skin depth l
•

------------- --------------------------_ .._--------------_ .. _----_ ..__ .._------- --

-'1'1118 can be seen most easily be normalizing all lengths in the field

equations by the skin depth; integrals of the form

1 the distance over which an EM plane wave of frequency, f, traveling
in an infinite whole space of conductivity, 0", is attenuated by a
factor of lie, or about 0.3679, and is shifted in phase by one
radian.
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I ... J{~a)J{~r)d~

become

~.ru. ••• J (gA)J (gB)dg

where g == Xc and A = a/o.

For induction numbers less than 0.1, the magnetic field

asymptotically approaches the free space or primary field value 2
• In

the plane of the source, the .prima.·ry field i5a11 vertical; however,

above or below the source plane, the primary field also ha.s a radial

component. As the induction number is increased, the electric currents

induced in the halfspaceincrease' in amp,litude and become concentrated

at progressively shallower depths. It is this property of the induced

currents that is the basis for the rule-of-thumb in inductive sounding,

tha.t depth of pen:etration is inversely proportional to the induction

. number. For larger inducti.on numbers, the induced currents are con-

centrated at the surface of the halfsp'aceand tend to cancel the

primary fie.ld of a horizontal loop source~ The magnetic field

asymptotically approaches zeroatnp1itude at induction numbers gl:eate.r

than 10. An example of the fields over a homogeneous halfspace is

--shoW'Il-in-- Fi-gul."'e-4--p1-()t-teG---ag-a-iIls~t--i-nd-ueti-on-numbe-r-.--

When observed as a function of time, the magnetic field vector

traces out an ellip·se in the vertical-radial plane at a given

frequency because the vertical and radial components of the field are,

2 the frequency-invariant field observed in a space free of conductors,



23

Figure 4. Amplitude and phase of the vertical and radial magnetic
fields induced by a \711]) source over a homogeneous ha,lfspace.
The fields are normalized by the primary field strength and
ar,e plotted versus induction number, B4!
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in general ,not in phase.. The resulting ellipse, called the vertical

polarization ellipse, can also be used to characterize magnetic field

variations through two parameters - the vertical ellipticity and the

tilt angle. These parameters are depicted in Figure 5 while the

details of their computation are given in Appendix A.

Over a uniform half space, the vertical polarization ellipse is

essentially vertical at induction numbers less than 0.1, and it

rotates to essentially horizontal fo·rinduction numbers greater than

10. Tp;s correspond,s to tilt angle values from 90 0 (vertical) to 0°

25

(horizontal) .. The ra.tio of minor to major axis (vertical ellipticity)

also varies becoming more negative than ~O~15 for induction numbers

b,etween 0,1 andlO. The negative sign for ellipticity signifi.es that

the magnetic field is rotating in a counte.r clockwise sense with time

when looking in the +<1> (_see Fig. 5) direction (Smith and Ward, 1974)"

Ve.rtical ellipticity is a minimum of ...0,47 at an induction number of

about 3. 3 (see Fig, 6) ~

The range of induction numbers for which the field response

curves are most diagnostic is therefore between 0.1 and 10. Measure....

ments of the magnetic field at a single induction number within this

range can be used to determine ,the resistivity of a uniform halfspace.

If the resistivities change with depth in the halfspace, m.easurements

at a range of induction numbers are required!

The resolution of earth resistivities from any measurements

de.pends principally upon the degree of dissimilarity in the corres­

ponding tl1eoretically computed response curves.. From their extensive

inve.stigation of the fields of a loop source avera two-layer earth,
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both Frischknech,t (1967) and Ryu and others (1970) agree that the best

resolution can be obtained over a half space where the resistivity

decreases rather than increases with depth (also evident from the

diffusion nature of the equation in z) and that specific components or

quantities have more resolution than others. For example,phase

appears to offer more resolution than amplitude measurements, and the

radial component offers a greater resolution than the vertical

component a.t depths equal to the di.stance· to the source. In particular,

the parameters of the vertical polarization ellipse areconcll,lded to be

the most useful quantities for extracting earth resistivity 'structures

(Ryu and others, 1970).

II.4 Properties of MaSIletic.Fields.Over
Lat,t'!rally~Inhomogel1eous Struc tures

Cylindrically synnnetric sources over nonsynnnetric structures can

generate all three components of ~agnetic field so that, in addition

to being elliptically polarized in the vertical-radial plane, the

field can also b.e elliptically polari.zed in the radial.-tangential

(horizontal) plane. The horizontal polarization ellipse can be

characterized by two more parameters - the horizontal ellipticity and

strike angle, which are also depicted graphically in Figure 5. These

parameters do not vary from a strike angle of 90° and a horizontal

ellipticity of zero anywhere over a horizontally layered structure;

however~ any departure from these values isa clear indication of

lateral resistivity variati~ons in a fie.ld survey. Th.e actual

hehavior of the magnetic field in the presence of such variations will

h.e discussed in Chapter V. 2 .
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III. APPLICATION OF THE CSEM TECHNIQUE AT KILAUEA VOLCANO

The basic requirements o·f the technique are a large--moment

transmitter, or controlled source, and a means of measuring the

'magnetic field induced by that source. The large moment of the s.ource

is usually obtained by construction with large, physical dimensions,

and b.y th.e utilization of large electric currents. The source at

Kilauea is a polygonal loop about 2 km by 2 km which is designed to

handle an alternating electric current of 80 amps peak-to--peak.

Figure 7. shows the location of the loop source and the 45 sounding

locations at Kilauea. The location of the source loop itself 'Was

determined more by public safety considerations (the study area is a

popular National Park) than by geophysical ones.

'Measurement of the induced magnetic field can be accomplished in

one of two ways. If the source 1,8 pulsed with.a square wave~ the

induced field can be sampled digitally w-ith time so that the funda­

mental fre.quency (frequency of the square wave) and several higher

harmonics can be resolved using Fourier transform techniques. This

approach requires expensive real-time. computer processing to be

effective, s'ucn as in the successful EM..60 system (Morrison and othe,rs 1

19'7-8-}."- -T-he- '1Ilet-hDd- cho-sen-- for---th£s--s-tudy-is--.-s-impl-er-and-le-ss---eXl"en-sive.­

The source is driven with a sine wave at the desired frequency and the

receiver cireui.try is essentially a sophisticated AC (alternating

current) voltmeter that is finely tuned at that frequency. Multi.­

frequency data i.a th.en obtained by repeating these steps at several

frequencies.. This technique has been used successfully for GSE~1
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soundings at Kilauea Iki, Hawai'i (Frischknecht, 1980, oral connnunica-

tian) , Antarctica (Ray Watts, 1980, oral communication), Raft River,

Idaho (Anderson,1977), and Randsburg, California (Anderson, 1978).

III.l Equipment, Description

All equipment is grouped eitl1er into the transmi tter or receiver

systems sh.own in block. form in Figure 8. A full 'description of _the

electronics can be fo·und in Cooke and others (1981). Both packages

contain a 10 MHzc'lock and countdown circuitry; ~hat is, a pair of

c'rystal clocks are u,sed for time reference at both the transmitter and

receiver locations. The 10 MHz square wave is then "counted down" to

the des,ired frequency (~01 to 8 Hz at ten frequency increments per

decade) byswitch~selecta.blelogic elements.

III.l.lTransmitter

The transmitter controller converts the square wave at the

desired frequency from the countdown circuitry to a sin,e-wave at th'e

same, frequency. The sine.....wave is then amplified t'o levels appropriate

~

for input to the following stage, the electric motor controller.

unit ,manufacturedby Robicon Corporation, is intended to pro.duce

ciselycontrolled electric currents large enough to drive heavy

This

nr~-r---

e.lectric motors; the current can be controlled by a relatively small

voltage input. The electric-motor controller, more simply viewed as

a voltage~to-current amplifier, produce's 20 amp,s out per volt in. In

our application, the unit produces an 80 amp peak-to-peak sine wave

at the, desired, frequency. This signal is then driven through a wire

loop laid out horizontally on the ground. The loop consists of two
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Figure 8. Block diagram showing the important elements of both the
source and receiver instrumentation.
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turns of no. 8 aluminum wire (connected in~parallel)laid in a rough

square about 2 km on a side. The total resistance of the wir·e loop in

this configuration is about 13 ohms.

1II.1.2 Receiver

Two· different sensors were used durL,g the course of the survey.

One sensor consiste·d of a .pair of orthogonally mounted, ferrite-cored,

wire coi.ls and preamplifier with a sensitivity of about 0.3 mV/nT at

1 Hz. The more widely used sensor was a three-axis, cryogenic

.magne.tome.ter with a sensitivity of about 10 mVInT~ The. incoming signal

was first low~pass filtered and amplified (gain of 10 or 100) by a pre"

amplifier ne:ar the. sens:or ~ The balance of the receiver equipment was

separated from the sensor b.y a 100m long cable to minimize instrum.ent

interference!

The. signal from the. preamplifi.er was again filtered usi.ng units

manufactured b.y Ithaco! These. filters ~rovide nar:rotv~ band--pass

cbaracteri,stics with- an attenuation of 12 db/octave on either side of

the center frequency.. The center fre.q:uency is switch..selectable at

the. same. frequenci.es t?at we.re provided by the countdown circuits~

The filtered si~11al was thenamplifie.d again 1 to 1000 times (in 10.. db

incre:ments:) ~

The. crucial element of the receiver is the synchronous detector.

This element multiplies the incoming signal by th.e output of the

receiver t s count'down circuit producing the in-phase, or real, portion

of the received signal. The out-af-phase; quadrature, or imaginary,

portion is produced by a second synchronous detector. It multiplies

the incoming signal by the countdown-circuit output which has been
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delayed by 90°, or ·one-quarter cycle. The synchronous detector

outputs are usually low-pass. filtered with an RC circuit whose time

constant is at least 3 periods long. Both the in-phase and out-of­

phase rms.voltages are displayed on a digital panel meter'for manual

recording.

III.2 SU:t:veY:M:E!thods

Field procedures were fairly standard for each so'u·nding. The

clocks for both t4e ·transmitter and receiver packages were first

synchronized using a:temporary.umbilical connection~ Themagnetic­

fields,enso'r was then buried at the desired location with the x-axis

ori.ente,d radial to the loop~source center; the sensor was further

shielded to minimi.ze vibration by wind.. After the various elements

of the receiving system were hooked up, the vertical, radia.l, and,

at some locations, the tange,ntial components of the magne,ticfield

induced by the loop source were measured and recorded at several

frequencies usually between Ol!04 and 8 Hz. The frequencies were

simultaneously c.h~nged on both, the trans.mitter and receiver systems

b.y maintain~ng radio contact with an assistant at the transmitter.

The readings at each. frequency usually stabilized after the

-~s:yst-em--ha-d--averca-ge-d--at--re-ast---t-en-cyc±es-TJf--the:-in-d-uc.-e1i--ma:-gn-e-t-tc---f~~Ta-~---

Typical measurement times would then be at least 10 sec for 1 Hz,

almost 2 min for 0.1 Hz, and almost 1.7 min for 0 ~ 01 Hz. At noisi.er

sites, sometimes 100 cycle.s were necessary for a stable reading. The

excessive time required for frequencies below 0, 1Hz, alo.ng with the

·natural tendency for geomagnetic noise. to increase pelow 0 .1 Hz , often
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precluded obtaining data at these low frequencies. Replicate measure­

ments assured data errors of less than 1 percent in amplitude and 1°

in phase (assuming no systematic errors).

While the equipment and procedures described above allow for

accurate measurement of the received signal's phase relative to the

time base of the lO:MHz clock in the receiver, it is phase measurements

relative to the current in the loop that is desired. The two can be

quite different if, for example, there is some phase shift of the

transmitter signal as it goes through. the electric-motor controller.

To correct for all phase shifts in theequip11lent, magnetic field

. calibration measurements wer'e ma·de at all frequencies while located

very close to the loop source" Electrical resistivities are known to

be ve,ry high at Kilauea t s surface ~ so that at 100 to 300 m from one

side of the loop, the induction number is very small and the magnetic

field is essentially all primary field.; tha·t i'$, the field will be the

same as that measured from the sa'me loop in free space and will be

preci.sely in phase with. the current in the loop.

The.se Hcalibration" readings also provide information on the

relati.ve amplitude attenuation through the electronics. If we assume

that th.e 'lower frequencies should not be attenuated significantly and

-normalize-flie---cal-ioratl-on--value-s --so---El1at--Elie-i-r -amp1i tude a-t- --row f r e-

quencies as.ymptotically approach unity, these values can be used to

totally correct the data for the' effects of the measurement circuitry.



III.3 Data Reduction

The data that were recorde4 during this study were reduced in

three ways. The most straightforward was the conversion to absolute

magnitude and phase for each of the magnetic field vector components.

36

The relative component amplitudes and phases were also used to compute

polarization ellipse parameters in both the vertical· and horizontal

planes. In this way, the three-component data could be reduced to two

pairs of polarization parameters. Finally, both the vertical and

radial magnetic field data and th·e vertical pola.rization ellipse data

were converted to apparent resistivities prior to interpretation.

I11.3.1 Absolute Magnetic Field

Thi.s s.impleconversion is most easily described with a formula

involvi.ng complex algebra~

where H. is the observed~ complex ma.gnetic field~ VQ is the observed

complex (rms) voltage, VC is the complex calibration voltage at the

appropriate freque.ncy, G is the gain used to amplify the observe.d

voltage.~ and S is the sensitivity of the sensor. The procedure for

obtaining the calibration values is described in the secti,on.

Each of the complex quantities has a real part and an imaginary part_.

As an example of data corrected in this way, Figures 9, 10, and 11

show plots of the three-component data taken at locations 35, 42, and

25, respectively. The data are normalize.d by the magnitude of the

pri~ryfield expected at the appropriate distances to demonstrate

that the re.duced data are of the correct magnitude. These figures
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should be compared to the theoretical halfspace curves in Figure 4;

note that the scale of the abscissa goes as frequency in Figures 9-11

and as square root frequency in Figure 4.

III~3~2 Polarization Ellipse Parameters

Any two components of absolute amplitude and phase data can also

be presente.d as two parameters describing a po.larizationellipse in

the corresponding plane.. The .major advantage to this form of data

reduction is that the polarization parameters depend only on amplitude

ratios and phase differences (and therefore do not require absolute

field corrections) and that four absolute. quantities (amplitude and

phase for two components) can be reduced to two ellipse parameters.

A further advantage. of using ellipse parame.ters is that one of them,

tb.ee11iptici.ty·~ is notaffe;cted by rotation of the measurement axes

within the. plane. This prope.rty can be valuable if difficulty is

encountered in leveling th.e magneti.c. sensor.

As normally a.pplied, the verti.cal and radial magnetic field

compon'ents are used to compute the parameters of the vertical

pQlari,zati.on elli.pse~ and the radial and tangential magnetic field

components are used to compute. the parame.ters of the horizontal

P<? ~~J;?-,~_~~~·<;>!l-_.e:~!fJ~~~_ (~J:!9~ g;J::~pJ-lJ..~.§J.1J.¥. }..~ __}!j..g_!._..._..?l~A~_~:t1. ~C;lmpJ ..§.,

the data from locations 35, 42, and 25 have been converted to ve.rtical.

polarization ellipse parameters and are shown in Figure 12, For

comparison 1 the theoretical tilt angle and vertical ellipticity over

a ho~ogeneous half space are plotted in Figure 6.
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·III.3.3 Apparent Resistivities'

An apparent resistivity, Pa, is defined as the resistivity of a

uniform halfspace that would produce the observed data. Therefore,

c$ny field measurement of a quantity that is expected theoretically

over a halfspace can be converted to an apparent resistivity. For a

CSEM study using a horizontal loop source, the expected quantities

are .amplitude and phase of the vertical and:r:adial magnetic fields

(and therefore tilt angle and ellipticity of the vertical polarization

ellipse) and the tangential electric field. The apparent

are computed for a particular sounding by finding the value of B at

which the field measurement at frequency, f, equals the approprtate

theoretical response and inserting the. B~ f, and r (source-sensor

distance) value.s into th.e formula

r 2
pa = B2 ..11oTrf (30a)

d·erived by solv·ing for p in equation 30 (note p = l/a). Examples of

apparent resistivities compute:d from ve'rtical and radial field phase

using this procedure are shown plotted versus frequency in Figure 13.

These plots can be very helpful prior to some other form of interpre-

tat ion because they provide a first-order estimate of the sequence of

resistivities sensed. As a rule of thumb, the apparent resistivities

for low frequencies are representative of greater depths than those

at higher frequencies.

Probably the most important property of the apparent resistivity

conversion is that it removes the data variations that would be

theoretic"ally expected over a uniform halfspace. This is particularly
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useful in analyzing CSEM data in the form cfa map at constant

frequency,because it removes the data variations due to cylindrical

spreading from the source and provides a means of emphasizing subtle

departures of the data from the expected spreading pattern.

For the Kilauea data, however, a slightly different approach is

used which involves removing the effect of the highly resistive

overburden of thickness, d,over a semi-infinitehalfspace of

resistivity, p. In Figure 14, theoretical values of vertical ellip­

ti.ci.ty are plotted as a function of tilt angle in pseudo ....phasor

fashion for'such a 'model, Constant induction numbers, B, plot along

lines radi,al ·to t.he point (tilt angle = 90° ~ vertical ellipticity = 0).

The procedure is then to use thee data (determined from field measure....

,ments) to estimateB (and d} by interpolating between the nearest

lines in ~igure 14. This estimate of B is then used in equation (30a)

to calculate. pa, the apparent resistivity p The latter appa'rent

re.si,s,tivi.ty is, not the same. as that computed from a theoretical

half space. response1. be,cause the. e.ffe.ct of the highly resistive over~

b.urden bas heen removed, The apparent re.sistivi ty so determined would

lie identical to that of a semi-infinite half space only for d/r = 0

(that 'curve in Fig. 14 is identical to the curve in Fig. 6).
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IV. DISCUSSION OF KILAUEA RESULTS

Over 2200 magnetic field measurements were obtained at the 45

sounding locations occupied during this study.. Each of the data sets

wast'hen converted to absolute field amplitudes and phases, polariza-

tionparameters, and apparent resistivities (using the halfspace

procedure for phase data and the procedure removing the overburden

for tilt angle and vertical ellipticity data) to produce a final data

s,et of over 5000 values. Presenta'tion of all 5000 would occupy an

inordinate number of pages; therefore, only sufficient data are

presented in this section to give a clear picture of the general

characteristics of the data'. Complete data listings can be found in

Kauahikaua (1982b.) •

The various quantities are first presented as separate contoured

maps at three, frequencies. The verti.cal magnetic field ampli.tude

(normali.zed by the theoretical primary field value) and phase is

presented at 0,1, 1,0, and 8 .. o Hz, whereas each, of the polarizati,on

parame.ters are presented at 0,25, 1.0, and 6~3Hz, The frequency

'range wa.s chosen to give the best spatial coverage at the widest ra:nge

of frequenci.es. In each. of th.ese maps,there are a few values which

--·--are:-no-t-e-a-s-ii-y·--c-on-tuurea-;-~-t-rle-se·vallIes--naV'e-DeE!n-writ-Eetr-in··~ -- -Tlie--l-ast-

s·etof .maps will show apparent resistivities deri.ved from vertical

field phase 1 radial field phase, and the. combination of vertical

ellipticity and tilt ~ngle at 1 Hz.
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Except at the lowest frequency, the vertical magnetic field,

shown in Figures 15 to 20, generally decreases in b.oth amplitude and

phase with increasing distances away from the loop ·source. A decrease

is expected for induct.ion numbers greater than 2.0 (see Fig •. 4); how-·

ever, the variations noted in the vertical field data taken at 0.1 Hz

are not characteristic of the theoretical vertical field over a layered

halfspace for induction numbers less than 2.0. The amplitude contours

tend to be elongated parallel to th.e southwest rift at high frequencies

and shift to become more parallel to the east rift at low frequenc.ies;

the phase contours are also elongated? b.ut shift in the opposite sense,

that is, from paralleling the east to paralleling th.e southwestri.ft,

at lower frequenci.es.

The vertical elliptici.ty and ti:lt ~ngle contours, shown in

.Figures2l to ~6, are reIl1a.rkab.ly circular around the source, compared

to the vertical field data. The contours are slightly farther apart

northwest of the. source (Mauna Loa fla.nk) suggesting generally highe.r

resistivities there. Departures from circularity do occur: contours

are distorte,d over the northernmost part of the east rift at ¥.gh fre-

quencies and are. also distorted to become para.llel to both. rift zones

at low frequenci.es and at di.stances greater than 5 km.

The horizontal' ellipticity and strike angle, .which .can be viewed

as indicators of .lateral resi.stivity chan·ges, ·are shown in Figures 27.

to 32. The strik.e angle contours are markedly parallel to the east

ri.ft, remaining almost unchanged in magnitude from 1. a to 0 ~ 25 Hz!

The reader is urged to remember that a strike angle of +60 0
corres~

ponds to a 30° devi.ation to the left of radial (when looking from the
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:Figure 15. Map of norIllaliz·ed vertical magnetic field amplitude data
for 8 Hz.
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Figure 16. Map of normalized vertical magnetic field amplitude data
for 1 Hz. .
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Figure 19. Map of vertical magnetic field phase data for 1 Hz.
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Figure 21. Map of vertical ellipticity data for 6.3 Hz.
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Figure 26. Map of tilt angle data for 0.25 Hz.
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Figure 27, Map of horizontal ellipticity data for 6.3 Hz.
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Figure 30. Map of strike angle data for 6.3 Hz.
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Figure 31. Map of strike angle data for 1 Hz.
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source to the observation point) for the major axis of the horizontal

polarization ellipse. The horizontal ellipticity contours are also

parallel to the east rift, but only at high frequencies. At lower

frequencies, the values become smaller and the contours tend to close

around two positive highs near the upper extremity of the southwest

rift zone and the upper east rift zone near Puhimau crater,

respectively.

Clearly, a major lateral change in resistivity coincides With. the

east rift zone trace. All components of the data· are distorted either

over the rift or immediately east of it. The horizontal polarization

ellipse parameter ano.malies are the most unambiguous indicator of this

lateral resistivity change. .The southwest rift also distorts the

ind'uced magnetic field, but not as much as the east rift zone. The

difference. may be due .more to a di,fference in rift orientation relative

to the source. loop, rather than a difference in size' or type of

structure.

The final .map set s;hows appar'ent resistivities at 1 H.z derived

from three differentquantiti.es: vertical fi.eId phase (Fig, 33),

radi.al field phase (Fig = 34), and tiltangle and vertical ellipticity

(Fig!! 35)4t The two sets of values derived from the vertical and radial

field phases agree quite closely in that the lowest resistivities are

observed in the area south of Halema' uma f u pit crater; however, th.e

particular appa.rent resistivity values do not agree, the ones in

Figure 34 being consistently lower than those in Figure 33. The

apparent resistivities derived from the vertical polarization ellipse

·parameters are also low in this area, b.ut their significance is
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Figure 33. Map of apparent resistivity data for 1 Hz derived from
_ :'~:r:1::i.(~~J..J :i.~l(L 2h~_s~Jll~Ci§l~l:'~m~Ilt:s,_llsin$_the ._haLf_sJ~a.ce_

procedure.
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Figure 35. Map of apparent resistivity data for 1 Hz derived from
___t.ilJ:_~angle __and_Yer_tical_ellipticiqT--data,-using--the

two-layer procedure which removes the effect of the
highly resistive overburden.
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diminished by the fact that values are low over most of the study area.

The generally low values from polariz.ation ellipse data are a

consequence of the two-·layer model used in app,arent resistivity compu-

tation for those data types, and really should not be compared directly

wit·h apparent resistivities computed from phase data using the half-

space model. Including the effects of a resistive overburden,'where

they had previously been re.moved, would tend to raise the apparent

resistivity val~es.

Apparent resistivity data are easier to visualize when presented

as frequency-distance plots. In such a plot, sev·eral locations are

chosen along a line, and the apparent resistivities are plotted at a

point determined by the location ,. s position .along the line (horizontal

axis) and b.y the data's frequency (ve~tical axis is log frequency

decreasing downward to imply increasing depth in accordance with the

ski.n depth definiti.on inEq. 30). Once plotted~ the valu~s are

contoured to provide a quick, tw~-diinensi.onal view 0:£ the data. A

three...diinensional view can b.e achieved by constructing several

frequency-distance plots to cover the entire area of interes.t.

Most of ·the apparent resistivity from vertical

polar'i.zation ellipse, parameters were compiled into five frequency""

distance plots, whose locations are shown in Figure 36; the plots are

s.hown in Figures 37 to 40. Se.ctions in which apparent resistivities

are less than 15 ohm-m have been shade.d for emphasis~ Each of the five

plots shows a low-resistivity area between 0.4 and 4 Hz beneath Ki.lauea

volcano. The area does not extend beyond the east rift in the north-

east direction~ nor does it extend beyond the southwest rift in th.e
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Figure 36. Map of the Kilauea summit area showing the locations of
... J~y~p_I"Q.f:i:,l~.l~n~s.,.A A' ...t.Q.E:-E',alQugwhich.datawilL ..

be presented.
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Figure 38. Plot of apparent resistivity data (from vertical polariza­
tion ellipse data). versus frequency along profiles B-B~ and
D-D' in Figure 36. Contour values are in ohm--m; values less
than 15 ohm-m have been shaded for emphasis. Open circles
represent data points and solid inverted triangles represent
sounding locations.
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Figure 39. Plot of apparent resistivity data (from verti.cal polariza""'"
tion ellipse data) versus frequency along profi.le C...C' in
Figure 36. Contourva·lues are in ohm-m; values less than
150hm-m have been shaded for emphasis. Open circles
represent data points and solid, inverted triangles repre-·
sent sounding locations.
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Figure 40. Plot of apparent resistivity data (from vertical polariza~

tion ellipse data) versus frequency along E-Et in Figure
36. Contour values are in ohm-m; values less than 15 ohm...m
are shaded for emphasis. Open circles repres:ent data
points and solid ,inverted triangles repre,sent sounding
locations.
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northwest direction. From the results for line C-C', it is unclear

what happens near Halematuma'u and the source loop. Both lines C-C'

and D..D' also suggest that the I·ow resistivity area does not extend

beyond the Koa'efault system in the south (see Figs. 38 and 39). A

similar area is mapped beneath the flank of Mauna Loa although at

lower frequencies. Below 0.30 Hz, low apparent resistivites are also

encountered as separate zones beneath Kilauea.

79
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v. INTERPRETATION IN TERMS OF RESISTIVITY STRUCTURE

To determine the subsurface geologic struct.ure, the CSEM data must

first be analyzed to find the range at" resistivity models which fit the

data, and then the resistivity models can be translated into geologic

structures. This is the inverse of the problem solved in Chapter II,

the determination of the magnetic field induced. by a horizontal loop

source given a model geometry and resistivities. The inverse is to

dete.rm.ine the earth resistivity structure given observations of the

induced ~agnetic fields.

The relationship betwee,n the resistivity structure and the induced

.1~a~netic field is a non-·linearone., as shown in Chapter II for models

consisting of horizontal layers. Although general methods are avail­

able for determining the !l'l:agne.tic fie.Ids directly from th.e resistivity

structure, no general methods are known for the inverse determination.

At present, indirect ~ or tri.al and error ,methods offer the only

practical.method for solving inverse problems of this sort~ In fact,

inverse p.roblem solutions, or inversions, are reall'y only practical

for a few classe.s of structures., The most general of these classes is

the one that was. studied in C~apter II - horizontally layered half-

~p-~-~~§_._-

Because' of these limitations ~ contemporary interpretations of

CSEM data is based on compilations of several horizontally layered

halfspace inversions 3
, The data set for one inversio·n consists of all

data measured at several frequencies atone receiver location.

3 for example, see Wilt and others (1980) and Kauahikaua (1981),
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Each inversion is assumed to yield the average vertical resistivity

sequence beneath. a point somewhere between the source and receiver.

The exact location of that point depends on the combination of source

used and fields measured. For example, the inversion of vertical

polarization ellipse data induced by a horizontal loop source would

represent resistivities below the receiver location (see Appendix B)~

After the vertical polarization ellipse data were inverted and

compiled into a three-dimensi.onal resistivity structure, the horizontal

polarization ellipse data was qua.litatively interpreted to see whether

th,ere is agreement .in the two sets of data. This latter step relied

h.eavily upon earlier theoretical .modeling studies and the fields

obtained by exciting a laboratory scale model of the structure with an

appropriately scaled-down horizontal loop,

V.I Interpretation Of the Ver~ical.PolatizationEllip$eData

V.I.I Automatic Inversion of Sounding Data

The term "sounding" refers to the fact that we are interpreting

data in ter.ros .of a horizontally layered halfspace model whose

electrical resistivity varies only as a +'11"1""""""'-:-- _.J:
...L. ULL\". ,-..LULL UJ. Inversion

of sounding data can be computerized as long ,as one has the three

necessary ingredients.: a routine which. solves the forward problem

for a layered halfspace, a meaningful criterion for testing th.e

goodne.ss-of-fit of the data to the fo'rward probl~m solutions, and an

efficient algorithm for modifying mode.l paramete.r guesses so as to

improve the fit as measured by the above criterion~
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A computer program called MQLV_BIGLOOP (Kauahikaua, 1982a) was

written for the interpretation of the Kilauea CSEM data. The equations

for th.e one-dimensional forward solution were developed in Chapter II

and both field components were found to require evaluation of a Hankel

transform. Computation of the required equations was programm~d using

FORTRAN subroutine ZHANKS (Anderson, 1979a) for the Hankel transforms,

and several auxiliary subprograms from Anderson (1979b). The final

program differed from previous programs in that it allowed the use of

either a \tMD, horizontal circular loop, or horizontal polygonal loop

source, and it produced output in the form of vertical and radial field

components or polarization ellipse parameters.

The goodness-af-fit criterion and the guess....modi·fication strategy

were provided by subprogram ZXSSQ (IMSL, 1979) and the attendant inter­

face routines published by Anderson ,<1979c). Goodness-ai-fit is

quatttifiedas·the sum of the squares of the residuals (difference

between data and theoretical values) divided by the square of the data

variance, and is known as the "weighted least-squares criterion"; a

minimum of the criterion is sought for the best possible match. ZXSSQ

seeks this minimum using the Levenburg-:M;:lrquardt method (Bro"tm and

D·e.nnts, 1972). Aside from the data and various numerical parameters

relevant only to subprogram ZXSSQ,' the only input requirements were the

starting mode.l (in terms of layer conductivities and thicknesses), the

lateral distance between source and receiver, and the difference in

elevation between source and sounding location~ An excellent

di.scussion of the mathematics of inversion can be found in Inman (1975);

a brief sunnnary is included as Appendix c.
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Besides the ability to computerize the process, automatic

inversion offers another important advantage over manual interpretation

methods. That advantag.e is the ability to obtain statistics on the

inverse solution. Computations are available with which to determine

how well the data are fit by the model response. This measure can be

used to determine the minimum number of layers that the ·model must

have in order to fit the data to within the accuracy of the original

field measurements. More layers in the model will cause the inversion

to fit the data too closely, thereby allowing the possibility of

fitting data errors as well; too few layers in the model may result in

the masking of important detail in the data. If the data cannot be

fit closely enough by ·any number ~f layers, then the choice of a

horizontally layered halfspace model is clearly not appropriate ..

If the inverse solution has been found and the model appears

appropriate~ then estimates of the reliability of each of the

parameters in that solution can also be calculated. The estimates are

precise only for a linear problem, but because the CSEM problem is

"quasi-linear" when the parameters are close to the solution (Glenn

and Ward, 1976), the parameter estimates can be used qualitatively.

In practice, the inversion statistics need to be interpreted just as
--------- ---- - ----

-if they were additional data. A brief summary of the statistical

co.mputationscanalso be found in Appendix C.

Interpretation of horizontal-loopCSEM:·sounding data by automatic

inversion has been applied successfully in several studies since the

initial test by Glenn and others (1973). Daniels and others (1976)

interpreted a permafrost section on Alaska's north slope. Glenn and



Ward (1976) and Ward and others (1976) compared the resolution of

several techniques, including CSEM with a VMD source, ina desert

environment. The latter reference includes a good example of the

interpretation of the inversion statistics along with the data.

Smith and others (1977) interpreted EM soundings over Kilauea Iki

lava lake in Hawai'i. Studies by' Jain (1978) and Wilt and others

(1980) apply CSE}1 sounding to Basin and Range structures. Wilt and

others (1979) determined depths to potential geothermal targets at

Mt. Hood, Oregon. Connerney and others (1980) interpreted deep

crustal CSEM soundings in the eastern u.s.

Guides to inversion .based on the results of these investigators

can be summarized in four main points:

I. The polarization ellipse parameters offer slightly better

resolution of layered earth parameters than the amp1i­

tudes or phases of the magnetic field components,

2. allowances should be made for data which do not asymp'"

totically approach the estimated primary field values

at low frequencies,

3. obta.ining a geologically-reasonable inverse is aided

considerably by having a good starting model" and

4. the best resolution is obtained· by interpreting

several nearby soundings together, so that the

resulting models for neighboring locations are

mutually consistent,

The first two points are mutually exclusive in that the polarizat.ion

'ellip,se parameters do not require absolute amplitudes.

84
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V.l.Z Application to the Kilauea CSEM Data

Thirty-five sets of sounding data were inverted usiIJ.g the computer

program described previously. The ten data sets that were not i-nverted,

were excluded either because they had too few data for a meaningful

inversion (locations 47, 48, 49, 50), or because they were severely

distorted at most frequencies (locations 1, 5, 31, 32, 36, 41).

Following the reconunendations in previous sections, the data were

inverted in the form of polarization ellipse parameters.

The ini,tia.l model parameters were chosen from the results

earlier Kilauea surveys described in the Introduction. After a few

successful runs, a standard initial model was adopted which seemed to

be close enough to most inverse soluti-ons so that no more than a few

iterations were required for convergence. That model is listed in

Table 1. Ttvo resistivities, Pl and P4, were fixed because the inver-

sion did not s-eem to be sensitive to these values and consistently

made them so large that computer underflow or overflow errors halted

the computer run. The insensitivity to the resistivity of resistive

layers is characteristic o~ horizontal loop sounding (Frischknecht,

19671; however, the layer thickness can still be resolved,- in most

cases.

Most of the soundings were fit quite closely with a four'-layer

mode-I s.imilar to the one in Table II! The actual values differed

slightly at each_ location~ but they all satisfied the inequality

Pl > P2 > P3 < P4. Many of the inversion results also had similar

parameter statistics.
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Table 1

Standard Initial Model Parameters

Note: d is layer thickness

PI = 1000 ohm-m dl = 500 m

P2 = 30 ohm-m d2 = 1000 m

f"\ ... = 11"\ ohm-m d3 - ... ~"n. mt---'-~ -LV L.:JUU

P4 = 1000 ohm....m

For the locations south of Kilaue.a crater and as far east as the east

rift trace, the third-layer r'esistivity was positively correlated with

the third-layer thickness. The correlation coupled.with large

parameter error estimates for t'hese two parameters, suggests that

neither the resistivity nor the thickness can be uniquely resolved for

layer thre.e, but that only th.e ratio of thickness to resistivity -(the

layer conductan.ce) can be resolved . Keller and Frischknecht (1966,

p. 227) point out that the EM plane wave response to a conduct~ve

layer sandwiched between two more resistive layers is dependent only

upon the intermediatelayerts conductance. Because the z....dependence

of the horizontal-loop CSEM forward problem is a solution to the same

equation with. th.e same boundary conditions as the EM plane wave

expected in CSEM sounding inversions as well. The high correlations

and large parameter errors are a characteristic result of applying

inversion to the estimation of two interdependent parameters.

A second, but less important, correlation occurs between the

thickness of the first-layer (the resistive overburden) and the
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resistivity of the second layer in the four-layer model. The large,

negative correlation suggests that only the product of the two is

being resolved; however,the parameter errors are generally very

small (less than 10 percent of the parameter value) so that the

interpreter may be confident in those parameters regardless of the

correlation. An example of the inversion results for a sounding in

this group is shown in Figure 41.

Some of the inversions, especially for the soundings immediately

on the rift traces or on the flanks of }1auna Lo·a, obtained four-layer

solutions with excessively large parameter errors and high parameter

correlations. Another characteristic of these inversions was that

the first-layer thickness in the solution was very small. The large

errors and correlations suggest that the model has too many parameters;

there.fore, the logical alternative was to rerun the inversion with

only three laye.rs (removing the resistive overburden). This generally

reduced the parameter errors and correlations while n·ot significantly

affe.cting the model fit. An example of the inversion results for a

sounding in this group is shown in Figure 42.

Mos.t of the soundings obtained off the edifice of Kilauea

required even fewer parameters. In particular, soundings 23, 24, 41,

and 45 required only two-layer models; that is, they did not require

resistive basements. Including the fixed resistive basement in

inversion characteristically resulted in an impossibly large depth to'

basement in the solution. The final inversion results for sounding 23

are shown in Figure 43.
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Figure 41. Inversion results for sounding 43 showing the data and best-fit model
in a pseudo-phasor plot and listing the parameter correlation matrix
and the best-fit parameters and their errors. An equal sign with
three bars signifies that the parameter has been fixed. Layer
resistivities and thicknesses are represented by p and d, respectively.
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Figure 43. Inversion results for sounding 23 showing the data and the
best-fit model in a pseudo-phasor plot and listing the
parameter correlation matrix and the best-fit parameters
and their errors. Layer resistivities and thicknesses are
represented by p and d, respectively,
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Of particular interest are the handful of sounding inversions

which required a deep, conductive layer in the model in order to

obtain an adequate fit to the data. The additional conductor is

placed at a depth of greater than 4.5 kIn; its resistivity is generally

not well resolved, except in sounding 46 where a value of 2 to 6 ohm-m

was obtained. That the additional layer is required is clear from

'Figure 44 which shows the best-fitting four- and five-layer model

responses compared to the data from sounding 44.

The various inversion results are compiled and plotted along four

profile lines in Figures 45 through 48~ Line locations are shown in

Figure 36. Note that the cross sections derived from the inversion

results are very similar to the corresponding pseudo cross sections of

apparent resistivities shown previously in Figures 37 through 39.

V.I,3 Evaluation of the Kilauea Inversion Results

Judging by the rms errors associated with each of the sounding

inversions, ID models seem to be adequate descriptors of the data at

most l:ocations. The rms error relates the misfit between model

response and data to the estimated data error and is defined as

(J =

2

where r. = (data) - (model response) at the ith frequency,
~

s. is the data error for the ith frequency,
~

n is the number of data values at that site, and

k is the number of model parameters. An rms error value near one
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signifies that the average misfit between model response and data is

approximately equa-l to the average data error. Average errors for the

Kilaueapolariz~tionellipse parameter data were 1 percent in ellip-

ticity and lOin tilt angle based on observed errors of 2-3 percent in

in-phase and out.....of-phase measurements, and standard formulas for

error propagation (Young, 1962). The distribution of rms errors for

the Kilauea data is shown in histogram form in Figure 49. In general,

the rms errors cluster between one-half 'and two. There are a few

large values which come from soundings at the southern and western

edge of the study area (locations 4, 30, 35, 37~ 45). The disposition

of each of the sounding data sets are summarized graphically in

Figure 50.

The above analysis only shows that ID models are adequate

descriptors of the data within a triangular region bounded by the

southwest rift zone·, the east rift zone and the Koa'e fault zone.

The east rift and, to a lesser extent , the so·uthwest rift zone are

also the locations of anomalous horizontal polarization ellipse

parameters (see Figs. 27 to 32). From both lines of evidence, we

may only conclude that the presented cross

st·ructure within these boundaries. The ID models outside this area

are generally two-layer, resistor-aver-conductor type models but, they

may be strongly influenced by the distant effect of induced currents

with the summit block.
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V.2 Interpretat~on of ,the Horizontal Polarization Ellipse,Data

As stated previously, horizontal polarization ellipse parameters

deviate from a strike angle of 90° and a horizontal ellipticity of

zero only if the earth structure upon which the VMD source rests

depar'ts significantly from cylindrical symmetry. Any interpretation

of this data would therefore require s·olutions to a more complex

forward problem than d'oes interpretation of vertical pola,rization

ellipse d·ata as soundings. To date, no universally applicable

algorithms are available with which to solve two.... and three-

dimensional CSEM forward problems; therefore, automatic inversion

computer programs cannot be written; however, interpretational

guidelines maybe compiled from a few recent studies of specialized

modeling algorithms.

V.2.l Guid·elines from Numerical Modeling Studies

By' approximating the EM equations as finite~difference equations,

Stoyer (1976) and Stoyer and Wait (1976) computed the horizontal and

vertical polarization ellipse parameters over a two-dimensional,

conductive inhomogeneity for a buried VMDsource. My examination of

their model results suggests that the following generalizations can be

1. horizontal ellipticity peaks over a laterally-finite,

conductive body,

2. for a laterally semi-infinite body, the horizontal

ellipticit·y peak locations are variable depending on

the source location and the location of the body edge, and
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3. vertical ellipt·icity is anomalously low over shallow

conductive bodies., but can be anomalously high ove.r

deep conductors.

Stoyer and Greenfield (1976) modeled only vertical polarization

ellipse parameters along profiles over two-dimensional models

(source-receiver distance fixed); anomalies over conductive

inhomogeneities were characterized bya dec.rease in both tilt angle

and vertical ellipticity. The peak anomaly was observed when the

receiver passed over the inhomogeneity.

By using the finite-element method for solving the EM equations,

Pridmore and others (1981) also computed vertical polarization ellipse

parameters for a horizontal loop source near a conductive slab

embedded ina less-conductive halfspace. This study differs from

those by Stoyer in that the slab is three-dimensional and the source

is fi~ed at the earth's surface. I sunnnarize the characteristics of

the finite~element models as follows:

1. along a line between source center and slab center,

the anomaly peaks just beyond slab center from source,

2. anomaly characteristics are a decreased tilt angle and

vertical ellipticity,

3. when the host resistivity is decreas'ed, the vertical

ellipticity anomaly due to the conductive slab is

diminished, but the tilt 'angle anomaly is still

significant.

These studies are f~r from complete in showing the relationships

between polarization ellipse data and electrical resistivity structure
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(different from a layered halfspace); however, they serve to affirm

our expectations regarding data and isolated structural anomalies.

First, anomal;i.es generally peak near the center of the anomalous body,

but can be offset slightly for the smaller bodies. Second, the sense

of the anomaly (at least in the vertical polarization ellipse

parameters) is in agreement with the contrast in resistivities of the

anomalous body an.d its host, based on that parameter's behavior over

layered-earth models. For example, a decreased tilt angle suggests a

decreased resistivity over a ID model and is also a characteristic of

anomalies due to conductive bodies within a less--conductive host rock.

Peaks in h9rizontal polarization ellipse parameters mark lateral

changes in resistivity and may be used to locate either small

anomalous bodies or the edges of very large ones.

Application of these generalizations to the Kilauea CSEM data

proved to be surprisingly s.traightforward. Both horizontal elli'pticity

and strike angle showed a major anomaly over the east rift zone. The

area north of the rift was characterized by anomalously high tilt

angles and anomalously negative vertical ellipticities, both of which

suggest more resistive rock in that area (see Figs. 21 through 26).

This g,e,neral structural discontinuity is certainly in accord with the

one determined from a compilation of ID models in Figure 50. The

only discordant set of data is the vertical ellipticities at 0.25 Hz

(Fig. 23) w·hich show that ellipticities become more positive in the

general area of the east rift. This trend may reflect the effects of

the deep conductor detected in a few of the ID inversions of data

collected here, but over a broader area than originally suggested by
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the inversion results. The reader may remember from Figure 44 that

the effect of this deep conductor was more significant for vertical

ellipticity than for the tilt angle data.

V.2.2 Results of a Scale Model Study

In order to confirm the correspondence between the observed

polarization ellipse features and the above suggested model, CSEM

measurements were made avera physical scale model designed for this

study to be similar to the interpreted structure. Physically, the

model consists of a horizontal slab of conductive graphite 2.5 em

thick, which is effectively infinite in lateral dimensions, and

second graphite slab 1.25 em thiekwhich rests on top of the first

and is shaped to represent the conductive region confined by two

barriers at roughly right angles to one another. A horizontal loop

source (radius = 1 cm) excites this model from a position 0.625 em

above and just off the upper slab (see Figure 63). The model results

were not expected to match the data exactly, but rather to exhibit

some of the same features. This would strengthen the above interpre- .

tation of the location and nature of lateral changes in resistivity

structure beneath Kilauea. Further details of the scale model design

and its_:results ar~__~~scuss~~_~~-_~pp~~d!~--D~___ _ _

The scale model results (Figs. 64 to 87) do show strong anomalies

in all polarization ellipse parameters over the east edge of the upper

sh.eet, with markedly smaller.anomalies over the western edge. A

detailed summary of the scale model results follows:



1. strong anomaly over east edge of upper shee"t '" weaker

anomaly over west edge; anomalies are of opposite

sign,

2. magnitude of the anomalies increases with increasing

frequency,

3. anomaly axis moves away from edge towards interior of

upper sheet as frequency. increases, and

4. at low frequencies, all parameters goasymptotical1y

to the single· slab model results (only the lower slab

in the model).

Comparison of the model results and the IZilauea data show good

agreement in the locations of the anomalies, but not in the signs of

the anomalies. For example, the strike angle anomaly is positive

over the east edge of the scale model and the east rift zone in the

field data; however, the horizontal ellipticity anomaly is negative

over the east edge of the scale model but it is positive over the

east rift zone in the field data. The tilt angles are too high over

the east ·rift zone of Kilauea and over the east edge of the model,

but the verticalellipticities are more negative in the data while

more positive in the model at the same location, compared to the

regional values 4

The most probable reason for these discrepancies is that the

ellipticities may be very sensitive to the actual resistivities in

the structure. Ward and oth.ers (1974) show that the vertical ellip­

ticity ana.maly over a two-dimensional, conductive slab excited by an

infinite line source can completely change sign simply by decreasing

104
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the resistivity contrast between the slab and its host rock. In our

case, since only the ·one scale model was run, the sensitivity of the

anomalies to the model resistivities is not known. Therefore, the

significance of the scale model results lies .in the position of the

produced anomalies and their agreement with the dataanoma.ly positions.

The discrepancy in the signs and magnitudes of the anomalies might

have been reduced if the resistivity contrast in the scale model could

have been adjusted more freely.

The scale model results do show that the addition of the second

slab (atop the first) does not change the vertical polarization

ellipse, parameters observed west of the source over areas not covered
I

by the second slab. Figures 88 to 92 compare the pseudo....phasor plots

for the one- and two-slab models at several locations; the plots are

nearly identical west of the source and off the second slab, but

differ significantly elsewhere. The implicati·on for the Kilauea data

is that the simple layered structure interpreted for the flank areas

is probably accurate.

V.3 Interpretation Summary

The three-dimensional structure derived from the previous

of the vertical and horizontal polarization ellipse data, with some

reservations. The gross features of this structure are depicted in

Figure 51. The most prominent aspect is th'e shaded region in which

the resistivity structure is one of subhorizontal layers, with a

resistive basement. This tegion is bounded on the east by th.e east
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Figure 51. A map of the Kilauea summit area showing the region
(shaded) in which the re.sistivity structure consists of
at least four, subhorizontallayers. Superimposed on
this shaded area are five soundings which detected a
deep conductor in addition to these four layers.
Soundings to the northwest show a much simpler, two­
layer structure.
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rift zone,on the west by the southwest rift zone, and possibly on the

south by the Koa'e fault system. Superimposed on this region are the

five locations where soundings require another conductor more than

4.5 km below the surface.

The resistivity, structure outside this area appears to be much

simpler. The data are adequately described by a two-layer model~the

first layer resisitivity being greater than 40 ohm-m over an approxi­

mately 10 ohi:n-m basement. The interface between the two layers is

below sea level, but at no otherwise consistent d·ept·h. The two types

of models are summarized in Table 2.

Table 2

Summary of Resistivity Models from CS·EM Sounding

(Depth ranges shown in Figs. 45-48)

Kilauea Summit

layer 1 >500 ohi:n-m

layer 2 18--230 ohm-m

layer 3 1-12 ohm....m

layer 4 >100 ohi:n-m

5 2-4 ohi:n-m

Flanks

45-118ohm-m

8-14 ohi:n-m
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VI. KILAUEA'S VOLCANIC STRUCTURE

The final task is to translate the resistivity structure deduced

in the previous sections into more meaningful geologic terms. To do

this, we must first review the factors which are known to control the

resistivity of earth materials, and then examine, in detail, how those

factors affect material resistivities for the range of values expected

beneath Kilauea and Mauna Loa. The values of these factors can then

b~ in·terpreted from the resistivity information,

The m.ost important factors controlling resistivity are rock type,

degree of fluid saturation, porosity, temperature, and salinity of the

saturati.ng fluid. The predominant rock. type in Kilauea is tholeiitic

basalt occurring as thin, subhorizontal lava flows and is not expected

to vary significantly over the entire study area. Both Kilauea and

MaunaLoa consist of a great number of these flows laid one upon

another from the seafloor to the present volcanic surface. The

occasional layers of volcanic as.h, cinder, or soil are insignificant

in total volume relative to b.asalt and in terms of the rather large

prob.ing waveLengths used in this study, The factors that affect

basalt resistivities are, toa good approximation, the only ones that

_affec_t_Kilauea- and Mauna -Loa--r-esistiv-it-i-es .------ ------------- --------- -----

Degree of saturation can also be neglected once we recognize

that, because of their relatively large permeabilities, basalts are

either completely saturated with water (rocks below the 1;vater table)

or they are only slightly wetted (rocks above the water table). The

transition is abrupt and is marked by an abrupt decrease in resistivity.
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Slightly saturated~b~salts can have resistivities in excess of

2000 ohm-m (Kauahikaua and Klein, 1977), whereas completely saturated

basalts usually have resistivities less than a few hundred ohm-me A

1260 m research drill hole located about 1 km southeast of Ha1ema'uma'u

(see Fig. 1) has shown that the water table is only 488 m deep beneath

this area· of the volcano (Zablocki and others, 1974) ; the interface is

responsible for a drop in resistivity by a factor of almost 10 in the

well logs, the resistivity decrease ob'served in the CSEM interpreta­

tions (layer 1 to layer 2), and in several VES soundings in the same

area (D.B. Jackson, 1980, oral communication). Below this depth, the

rocks are completely saturated·. Porosity, temperature, and saturant

salinity are considered in the next section~

VI.l The Resistivity atWater-Saturated Basalts

The rema.ining three factors -porosity, temperature and fluid

salinity 1 can vary considerably beneath Hawai ,. i volcanoes. Vesic.ular

porosity values of 35 percent down to less than 1 percent have been

reported for basalt flow samples. Expected temperatures range from

ambient air temperature, 20°C, to ab.ove the melting temperature of

basalt, 1100°C.. Finally, salinity values :reported from Hawai'i water

wells range from less than 0.035 ppt (parts per thousand) to~~~~~ _
---------

the value for seawater,

·Th.e porosity....resistivity relations.hip commonly used in resistivity

studie.s of porous rocks where fracture porosity is not dominant is an

empirical formula known as Archie's law (Keller and Frischk.necht~ 1966),
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Pb = a q)-m
pw

where pb is the resistivity of the saturated basalt, pw is the

resistivity of the saturating fluid, ~ is the porosity fraction, and

a andm are constants. Several sets of values for the constants have

been determined for Hawaiian basalts and are summarized in Table 3.

At first glance, the differences in the determine·d coefficients seems

so large i·t would render Archie's law unusable; however, with

the exception of two sets of the constants, each version of Archie's

law is no more than a .factor of two different from any other version

for porosities between 4 and 30 percent (see Fig, 52). Obviously,

Archie's law can only be used asa guide for determining a range of

p'ossib,le values for the ratio pbl pw, known as the formation factor.

It is clear from Table 3 that there is another parameter involved

in d,et·ermining formation factor besides porosity; Rai and Manghnani

(1981) show that it is salinity of the saturant fluid. They determined

Table 3

Archie's Law Constants for Hawaiian Basalts

a

18.

3.5

8.5

2,64

7.13

8.20

5.28

m

1.05

1.8

0.9

0.95

1.44

1.46

1.65

Salinity of Saturant (ppt)

15.

not reported

not reported

.071

8.9

17.7

34.8

Reference

Keller, 1974

Keller and others, 1977

Keller and others, 1979

Rai and Manghnani, 1981
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shading ~hows the area in which most of the sets of constants agree most
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constants separately for four different fluid salinities. The three

sets for fluid salinities greater than 8 ppt were nearly equivalent,

but the set for very .low salinity fluids was radically different,

yielding values of formation factor that were up to 10 times lower than

with higher sal~nity flu~ds. This can be shown more clearly with a

plot of formation factor divided by the value for seawater saturation

versus sa.linity of saturant fluid. Figure 53 shows plots for samples

with several different porosities. Note that the values depart from

unity for salinities less than about 15 ppt and that the degree of

departure is greater for the rock samples with smaller porosities.

To further complicate matters, recent studies by Olhoeft (1977)

and Ucock and others (1980a) show that formation factor can also vary

with temperature. Th.e ratio is constant for temperatures below ao°c,

but it can decrease by as much as 16 percent at higher temperatures.

The ratio stabilizes again at temperatures above 175°C.'

The reason for this complicated behavior is that rocks can cond.uct

electric c~rrent along two different paths~ The main path is electro­

lytic conduction throug:h the pore fluid and is completely controlled by

the resistivity of that fluid (Archie's law). The second path is

conduction along the surface of the pores due to the "build-up of

e.!ectrl.caIly-attracted ions at the solid-liquid interface" (Rai and

Manghnani, 1981). Surface conduction is insignificant when the pore

fluid has a very low resistivity (high. salinity), but becomes

increasingly more important as the fluid resistivity increases

(salinity decreases). Similarly? surface condition becomes

more important as temperatures are increased. Electrolytic conduction
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Figure 53. Corrections to the formation factor due to variations in
saturant salinity are shown for several porosity fractions.
These data are from Rai and Manghnani (1981) and they show
the effect of pore-wall conduction at low salinities,
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is dominant for temperatures less than BO°C and saturant salinities

greater than 8 ppt; therefore, Archie's law can be used for determining

the fluid resistivity if the saturated basalt resistivity is known, but

it will require correction for the effects of surface conduction for

temperatures or saturant salinities outside this range.

The remaining uncertainty is the manner in which salinity and

temperature variations affect water resistivities. Using the ·values in

Slichter and Telkes (1942) for water resistivities at 20°C and

fitting them to a power-type equation, the relation between water

resistivity and salinity is

pw = 5.532 S-0.925

where S is salinity in ppt. This formula may differ from those used by

other authors, but it has proved sufficient for this study.

The water resistivity-temperature relationship is far more

complicated. Quist and Marshall (1968) and Ucock and others (1980b)

show that, as temperatures increase, a fluid resistivity will initially

decrease, but will taper off and remain fairly constant between 175 0

and 325°C, the critical temperature of water. At higher temperatures

where water has turned to vapor, resistivity increases dramatically

(Quist and Marshall, 1968).

To the water resistivity-temperature relationship, the rock

resistivity-temperature relationship must be appended. Rai and

Manghnani (1977) demonstrate that Hawaiian basalts decrease in resis­

tivity eXponentially with increasing temperature. The resistivity

they measured represents electronic conduction through the rock matrix
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because all· the samples were dried. Above temperatures of about

60QOC, the basalt matrix conducts electric current better than does the

pore "fluid", and the basalt resistivity again begins to decrease as

temperat\lre increases, reaching a value of about 2 ohm-m at melting

temperature. The rather complicated resistivity variations of a basalt

saturated with seawater and heated from 20° to 1400° are summarized in

Figure 54.

The interdependence between the effects of porosity, temperature,

and saturant salinity on rock r'esistivities makes it difficult to

determine the value of each if only the rock resistivity is known;

however, if one or two of them can be constrained by the results of

other research" then the remaining factors may be more accurately

deduced. The most direct source of information on t·he subsurface of

Kilauea is the core and log studies from the 12£0 m research drill hole

south~east of Halema 'uma 'u. There is enough data on the 500 to 1260m

section of this hole to illustrate the relationships in this section by

trying to reconstruct the resistivity log from the porosity and tem-

perature logs and salinity measurements on t.he well waters . This

exercise will then form a base for extrapolating these properties to

greater depths knowing only the resistivity structure and a little

studies~

The downhole fluids a'ppear to be brackish. A salinity of about

3 ppt was measured by McMurtry and others (1977) from samples collected

at the surface of the water table and 30 m below it. Keller (1974)

reports that analyses of pore~waters extracted directly from the wall
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Figure 54. Expected variations in basalt resistivity are shown for
temperatures from 20° to 1400oc. The solid line shows the
resistivity expected for co.mpletely dry rock; the two
shaded areas show ranges of resistivities for' typical
basalts saturated with two different salinity fluids. The
cusp in the curve for dry tholeiite is probably an effect
of the speed of experimental heating and cooling (Rai and
Manghnani, 1977) and is not significant for field survey
interpretation.
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of the borehole were ftdeficient in cihloride" with respect to seawater,

but did not publish the analyses. Keller and others (1979) show, from

analysis of the well logs, that the pore fluids are several times more

resistive than seawater and are therefore brackish. The resistivities

that they derive for the pore fluids are ,compatible with a saturant

salinity of about 4.5 ppt.

Knowing the approximate fluid salinity, the expected basalt

resistivities can be .computed using the following steps.

1. determine the porosity from neutron porosity logs,

2. ge-t range of formation factors for that porosity

from Figure 52,

3. determine correction for salinity from Figure 53 and

multiply by formation factor,

4. determine pw for appropriate salinity and temperature

and multiply by salinity--corrected formation factor.

The-smoothed porosity and temperature logs in Keller (1974) were used

with. an assumed saturant salinity of 3 ppt; the expected basalt resis-

tivities are compared to the smoothed resistivity log in Figure 55~

The two plots compare very well, although there is a tendency for

the expe.cted resistivities to be less than the logged resistivities

between 500 and 730 m. The discrepancy may be due either to salinity-

variation in the well fluids or an improper salinity correction to the

formation factor 4
• Neverth.eless, the logged resistivities are des-

cribed very well as a whole by resistivities derived from porosity,

4 those used here are the values measured on a single set of samples
by Rai and Mang-hnani (1981); I use them here only as guidelines in
the absence of a more definitive study.
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Figure. 55. The solid line is the smoothed re.sistivity log from the
summit research drill hole (see Fig. 1 for location). The
shaded boxes are the range of resistivities predicted from
the porosity and temperature logs assuming complete
saturation with a fluid having a salinity of 3 ppt.
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temperature, and saturant salinity measurements and the relationships

discussed above.

VI.2 Porosity, Temp~rature, and Saturant Salinity Beneath Kilauea

The resistivities that are expected in CSEM interpretations may

be different from those logged in a drill hole because the two types

of measurements have different sampling volumes.. Logging tools

generally respond to the rocks within a meter or two of the tool. On

the other hand, a CSE.M: sounding averages rock properties over distances

of S.everal hundred meters vertically and laterally because of the large

probing wavelength.s used.

The much. larger sampling volume also means that the CSEM interpre-

tations 'lack the detail available in logs. For e.xample, CSEM iIlterpre-

tat ions are fairly insensitive to porosity ·variations because any

significant small.... scale variati.ons are averaged out. Porosity values

on this scale can better b.e obtained from gravity and P-wave seismic

velocity investigations. Island..-wide gravity variations suggest that

the. basalts above sea level have an average bulk porosity of 23 percent

(Strange and others, 19.65). Huber a·nd Ad.ams (1971) estimate a poro.sity

of 27 pe.rce.nt from density logs in a vlel1 .32 km southwest of Kilauea f s

summit ~ Both density and P-wave velocity appear to increase with.

depths eStrange and others, 1965; Zucca and Hill, 1980) attaining

values that are compatible with a bulk porosity of around 10 percent

at the b.ase of the volcanic pile 5 • The general decrease in porosity

with depth is also observable in the vesicular porosities of core

5 the relations in Manghnani and Woollard (1968) w'ere used to estimate
th.e deep porosity from density and P-wave velocity.
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samples from a 2 km deep well on Kilauea (Johnson, 1980) and submarine

dredge samples (Moore, 1965). The decrease is not uniform with depth,

but appears to be complete about 2 km below sea level.

The decrease from a porosity of about 25 percent at the surface

to 10 percent at a depth of 2 km or more might be expected to drasti­

cally change the expected resistivities; however, if the saturant

salinities are low then the rock resistivities won't change signifi­

cantly. The average formation factor at 25 percent is about 55, and

at 10 percent it is 210.,. Assuming a saturant salinity of 3 ppt again,

the corre.cted formation factor becomes 18 at 25 percent and 21 at 10 c

percent; the difference is insignificant. If the salinity at depth is

greater than 10 ppt, the sa.linity correction become's insignificant and

the re.sulting formation factors can be. considerably different for the

two porosi.ti.es.

A saturant salinity of 3 ppt has already been established for the

500 to 1260 m portion of the summit research hole. To test wh.ether

this might be a reasonable saturant salinity for the entire volcano,

Figure. 54 also shows the variations expected in a basalt resistivity

for temperatures between 20° and 1400°C, assuming a constant saturant

salinity of 3 ppt and a porosity of 25 percent (the decrease to 10

---------------------p-erc-e!rc--nas---a1rea-dy--15e·en--SlioWIl t 6--11ave--v-irtuarIy-no--e rfec t .tor- Tow

saturant salinities). The values range from 30 to 70 ohm-m at 20°C

to 7 to 13 ohm-m at about 300°C. Above 300°C, the resistivities

increase to around 100 ohm-m at about 600°C. At this temperature, the

saturated-rock curve meets the dry rock curve and resistivities again

decrease with increasing temperature.
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The range of resistivities provided by this constant salinity

model, along with the resistivity sequence as temperature increases,

closely parallels the resistivity models interpreted from the CSEM

data (summarized in Table 2). Resistivities in the CSID-f models

decrease steadily in the first three layers, but increase in the

fourth; the occasional fifth layer is due to another decrease in

resistivity. A total temperature variation from 20 0 at the surface

to 1100~1200°C within the fifth layer can a,ccount for the sequence of

layers in that five-layer model.

Th.ese various factors are modeled in mi·niature in Kilauea Iki

lava lake, a feature cause.d by the filling of an ancient pit crater

with. molten lava in 1959. Resistivity studies coupled with extensive

drilling have recorded the progressive cooling of the magma lens

within an already....chilled crust, Th.e gross resistivity structure of

th:e cooling "lake"has several features in common with the general

Kilauea summit re.sistivity models; in Kilauea Iki, there are five

layers which. alternate b.etween being very resistive and very conduc­

tiye. (_Smith and others, 1977}.'! These zones and their interpretations

are summarized below:

1. relatively dry basalt - >500 ohm-m

-2-~-- --E-asal-t w-etted-wi-Eh.not---water- :"about -50 ohm=iii---

3. basalt with all water turned to resistive vapor - >500 ohm-m

4. basaltic melt - about 4 ohm....m

5. basalt with all water turned to resistive vapor - >500 ohm-me

Coupled with the temperature logs in Zablocki and Tilling (1976) for

nearby drill hole~, the interface between layer 2 and layer 3
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correlates with a temperature of about 600°C.

For Kilauea; a steady temperature increase from 20° to 120QoC

(the first four zones in Kilauea Iki) can account for the sequences

of resistivities, but constant salinity cannot completely account for

the values of resistivities in layers two and three. Those in layer 2

are at or above the resistivity ra'nge in the constant 3 ppt salinity

model, whereas those in layer 3 are at or below. The variations

within layers are primarily lateral. The tendency appears to be that

the shallower rocks in layer 2 are saturated with fluids having

salinities of 3 ppt or lower, while the deeper fluids have salinities

of 3 ppt or higher. The resistivities within each layer tend to be

higher towards. the edges of the triangular summit block, suggesting

lower salinities there.

Layer 3 also has a tendency to dip away from Halema l uma t· u in th.e

cross se.cti.ons. Coupled with the tendency for fluids to be more

saline. (:Less resistive) inth:e central sunnnit region, th,ese facts

suggest an u~welling of heat and pos,sibly saline fluids beneath

Halema~umat'ut. Keller and others (1979.) model the temperature profile

in the summit drillhole as due to a 700 m thick convective cell atop

a 700 m thick conductive layer, all about 200 m laterally way from·
-

-------------ffielllgne-st--lieat flow area. .The probable source of saline water is

the sea and the source of fresh water is undoubtedly rainwater from

the high. rech~rge areas on the flanks of Mauna Loa to the north and

west.

The resistivity structure deduced for the flanks is much. simpler

than that for the summit block (see Table 2). Because it is simpler,
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there are more possible combinations of salinity and temperature which

may fit' the resistivities equally well. The range for layer 1, 45 to

118 ohm-m, must represent cold (20°C) fluids with a salinity of 1 ppt

or less. The uncertainty comes in trying to determine the reason for

the decreased resistivities in layer 2. A constant salinity model

would require a temperature increase of 300°C to account for the drop.

A constant temperature model would require a salinity increase to at

least 35 ppt) the salinity of seawater.

Each of the possibilities is no le.58 likely than the other

cons'idering that: there .areno other sources of deep information for

the flanks. Th.e absence of a resistive ba.sement suggests that, in the

constant s.alinity model, thermal gradients must taper off within

layer 2. In any event, it also confirms that porosities are still

significant at depth and that layer 4 beneath the summit model repre­

sents a thermal feature, not a structural one..

The CSEM data do not offer any direct evidence of the nature. of

the zones separating the triangular region from the flank areas

outside. Instead, there is only indirect evidence of its properties,

primarily based on our interpretations of the resistivity structure

within each area. The b.arrier structure is not anomalously conductive,

------------------------~b;e-caus_e---th.e--d-a-t_a--on-ly-·re--qu-i---re-----a--d-rs-c-on~-±n-uIty--in-tne-<:rt-h-e-rw-i~e-_L _

horizontally-layered structures on either side, It must be relatively

imperme~ble and thermally insulating because it appears to be a

barrier between diffe,rent hydrological units with different thermal

characteristics. Finally, th.e barriers are roughly coincident in

location with_the southwest rift zone, th.eeast rift zone, and the
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Koa'e fault zone, respectively.

The structural interpretation for Kilauea summit and flank areas

is summarized pictorially in Figure 56.

VI.3 Location of Magma

An integral part of the interpreted thermal structure beneath the

summit block is the deep, conductive layer 5 which probably represents

·molten basalt, ·or magma. This layer is only recognized in a few

soundings at a depth of 3.5 km below sea level just southeast of

Halema 'ulna· u and 4 .. 5 km belo~11 sea level further to the east and south.

The soundings which. resolved the conductor are located along linear

concentrati.ons of persistent earthquake activity also interpreted to

outline .magma conduits; however, the earthquak,es occur at 2 to 5 km

depth ~vhereas, the resistivity shows the top of the magma at a depth

of 4.5 to 5.5 km. Magma. deptll- interpreted from the CSEM data are

also deeper than the storage. areas deduced from deformation stud~es.

The agreement in lateral location between the deep, conductive

zone.s and earthquake zones substantiates the conclusions that both

are p.robahly due to accumulations of magma; however, the discrepancy

in depths is puzzling. Two possibilities suggest themselves. Both

phenomena may be due to different aspects of magma. The low resis~

tivities .may represent the actual magma bodies while the eart:hquak.es

may re.pre.sent expansion of water due. to h.eat within pores and fractures

ab.ove- the. magma! Th.e other possibility i.s that the earthquakes do

repres.ent magma conduits, but that the CSEM soundings place the con-

ductive .magma too d'eep be.cause of its limited lateral extent. That is,

soundings portray more accurate depths to a body if that body is very
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wide. For narrower bodies, accuracy of the interpreted depths in the

sounding are uncertain.

VI.4 Conclusions

In any event, magma appears to be detectable with low frequency

CSEM measurements and has been. sporadically mapped .beneath Kilauea

volcano. Although'magma has been located, its depth is in some

doubt due to possible complicating factors outlined above. The

uncertainty is in a large part, due to the difficulties of 'penetrating

the thick conductive zone of basalts sa.turatedwith hot water between

the surface and the magma wi.th the CSEM technique. More reliable

magma mapping in basaltic volcanoes must minimize this penetration

problem.
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Appendix A

COMPUTATION OF THE HORIZONTAL AND VERTICAL
POLARIZATION ELLIPSE PARAMETERS

The three orthogonal components of the magnetic field induced by

a controlled source are generally not in phase and therefore any two

willtra.ce out an ellipse in time. Fig~re 5 shows such an ellipse in

the vertical and horizontal planes. Each ellipse can be completely

characterized by two parameters, an ellipticity which is the ratio of

the minor axis to the II'..ajor axis, and the angle between the major axis

and one of the component directions. Both of these quantities are

graphically defined in Figure 5. The two parameters for each ellipse

..can be computed from amplitude and phase measurements 0'£ two orthogonal

components (Smith and Ward,1974). For the vertical ellipse,

-1
ex = 0.5 tan

-H /H j2 zr cos(~z-~r)
. l-(H /H)2... z r

HzHr sin (epz-epr)

IH ei(<Pz-<Pr ) sina + H cosal 2
z .. . . r

For the horizontal ellipse,

---.-.----------------------~--lr7H----·-------·---~----j-----------------.--------------------------.------.------------ -
-1 2 r .. ~cos(¢r~~¢)

13 = 0.5 tan l-(Hr/H<p) 2

e =
h

HrHz sin (¢r-¢cb)

tHrei(<Pr-<P<P)sinB + H<p COSBJ2



where

H - amplitude of radial magnetic field
r

H - amplitude of vertical magnetic fieldz

Rep - amplitude of tangential magnetic field

1> - phase of radial field
r

¢ - phase .of vertical fieldz

epep - phase of tangential field.

128
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Appendix B

JUSTIFICATION·FOR THE USE OF ID INTERPRETATIONS
TO REPRESENT THE RESISTIVITY STRUCTURE

LOCAL TO THE SOUNDING LOCATION

There is a conceptual difficulty in understanding what is meant

when different one-dimensional models are requi~ed to describe multi...

frequency data measured at different locations around the same source.

The forward problem is solved assuming the same vertical resistivity

structure everywhere horizontally. When data from two different

receiver locations about the same source can be fit quite closely by

two different, ID models, is it necessarily inconsistent with the ID

model formulation which assumes lateral uniformity?

The answer is "no". The horizontal layering is assumed for

mathematical reasons and is not a necessary condition for the existence

of .magneti.c fields like those ohserved over a lD model; that is to say,

the interpretation of magnet i.e field data at one receiver locati.on is

non"unique. Each, receiver location is particularly sensitive to the

currents flowing nearest to it. If the observed data can be fit with

aID mode1'~ then perhaps the model whould be viewed as a descriptor

of the data that is representative of the structure nearest that

location.

This region can be quantitatively defined using an idea presented

b.y Sidorov and Gubatenko (1974) in a study on the lateral resolution

0'£ common EM prospecting equipment. They examined the relative con-

tribution to the magnetic field made by currents induced in a thin~

infinitely extensive, conducting sheet as a function of the current's

position in the she.et, By noting where, the largest contributions were
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made for various configurations of source and receiver, they were able

to determine which configurations were least affected by lateral

variations in resistivity.

The same approach can define the regions which most affect the

magnetic fields at a particular location. The region can be outlined

in three-dimensions if the thin sheet is alternately placed at several

different depths. Once this is done, the idea that ID interpretations

represent the vertical structure in that reg,ion can be tested with an

example.

The magnetic field produced by a known distribution of electric

currents can be computed using the Biot-Savart law (torrain and Corson,

1970).

B(x,y,z) = ~~ fi(x',;~,Z)X r dV

where r 2 ::: (x-x') 2 + (y-y') 2 + (z-z') 2, r = t / Ir I, and J is the kn·own

current density. A thin sheet has asymptotically high conductivity, a,

and small thi.ckness, d (such that thepro.duct remains finite), requir-

ing that the currents induced in the sheet be c·onstant vertically

within the sheet. This requirement reduced the Biot-Savart volume

integral over the thin sheet to a surface integral,

+( ) =.H.Q..Bx,Y,z 4n s
E(x' ,y')x r

r 2 dA

-+ -+
where s = ad is the conductance of the thin sheet (note J = aE). For

-+
'a VMD source, E = E<p, as this is the only nonzero component of the

electric field produced by such a source in a laterally homogeneous

medium (see Chapter II),
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The surface integral need ·not be evaluated, because the contribu-

tions that we are interested in are the vector components of the

integrand, i.e.

B~ ffb(Xl,yl)dXldyl

-+
The distribution· of b(x',y') over the surface of the thin sheet is the

-+
contribution made to B per unit area by the currents at (x',y'). A

combined map of these quantities is shown in Figure 57 for a thin

sheet located 1 km below a source and receiver tvhichare 10 ~'ll

The major contributions lie along the line joining source and

observation point. The quantity, b /B, is positive only within thez z

circle where the so'urce and receiver are on opPosite ends of a

diameter. The quantity, biB, is positive everywhere on the samer . r

side of the source as the receiver. Both quantities are identically

zero directly below the source because no e·urrents are induced there.

The quantity b IB again goes to zero beneath the observation p.ointz z

while b IB is a maximum there. Each also has a small positive
r r

maximum near the source.

As an aside, the relative magnitude of the maximum near the

source changes with frequency relative. to the maximum ne.ar the

observation point. Figure 58 is a plot of b /B and b IB along thez z r r

line joining source and observation point for two different fre-

quencies of excitation. The two frequencies are indicated by two

values for the combined parameter, frequency times conductance. As

noted by Sidorov and Gubatenko (1974), the maximum near the source

diminishes with respect to the maximum near the observation pO'int as
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Figure 57. A composite map showing the contribution of the curre,nts
induced in a thin she'et to the magnetic field at the
observation point. Th.e contributions vary a.ccording to
location and are denoted' by a lower caseb while the total
magnetic field is a capital B. Definition of variables:
r is distance \between source and 'obs,ervation point, h is
depth of sheet below source plane, f is frequency, and cr
and d are conductivity and thickness,of the thin sheet,
respectively.
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Figure 58. Contribution of the currents induced i,ns thin sheet to the
magnetic field at the observation point (RX) along the line
through. the source (TX) and receiver (RX) a.re plotted for
two different combinations of frequency and sheet conduc­
tance~ Same variable definition as in Figure 57.
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the frequency decreases.

The distributions of the two quantities also change as the

vertical distance to the sheet is varied. To show this change in two

dimensions, the areas with the largest values of b /B and b./B forz z r r

thin sheets at several depths are combined in Figt;lre 59. At each

level, the a.reas in which the magnitudes of the contributions are

greater than half ,the value of ~he maximum contribution at that level

have been indicated by a solid, horizontal line (dashed if negative).

For this figure, only relative contributions at each level are

considered; absolute contributions decrease with depth, but the

relative values are most descriptive if we are trying to answer

questions about lateral variations in sensit.ivity.

The two components behave very differently in Figure 59. Major

contributions to the vertical field come from two areas at shallow

depths, one near the source and th.e other near the receiver. Below

O. 2timesth,e ,source-receiver distance, the areas of major contribu-

tion for that level become one broad area centered midway between

sourc'e and receiver. Major contributions to the radial field come

from an area roughly centered beneath. the receiver location. The

width of this area becomes broader at greater depths.

always much greater than b lB. The difference in magnitudes is duez z

primarily to the fact that the radial field is all secondary field

(it would disappear if the thin sheet were removed) whereas the

vertical field is a sum of primary and s~condary. The magnitude of

b./B also decreases much. more slowly as the depth to the sheet is
r r
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increased, confirming Ryu and others (1970) contention that radial

magnetic field data offer superior resolution of deep structures when

compared with vertical field data.

On the basis of this thin sheet study, the following conclusions

can be drawn regarding a CSEM sounding survey with a VMD source:

1. vertical magnetic field data are most representative of

the shallow regions just below the source and receiver

location; deeper than 0.2 times the source-receiver

distance, these data are most representative of a

region centered on the midpoint between the source

and receiver,

2. radial magnetic field data are most representativ'e

of the region directly below the receiver,

3. vertical ellipticity and tilt angle data, which

combine both. radial and vertical field data, are

mos.t representative of the region beneath the

receiver.

A sufficient co.ndition for the validity of these conclusions is that

the e.lectric currents be induced in the broad region beneath both

source and receiver. Th~s condition is really meant to exclude cases

reasonably dispersed in space. Horizontality of the induced currents

is not required desp~te the use of ho~izontal thin sheets in the

study, as will be demonstrated in the following example.

To test these conclusions, the theoretical magnetic fields were

computed over a dipping thin sheet, illustrated in Figure 60. The
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Figure 60. Geometry of the dipping thin sheet model showing the loop
source and the observation point.
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desired fields are actually a combination of themagnet·icfields of a

VMD and aHMD(horizontalmagnetic dipole) source over a horizontal

thin sheet. The HMDfields were derived by "Dey and Ward (1970). For

the model in Figure 60, the fields are

H -- Hi cos(DlP)
Z

H2 sin(DIP).

H = Hl si:n(DIP) +I12cos(DIP)
r

where

HI = HzVMDCrl,z') cos(DIP);,.. HzHMDCrl,z') sin (DtP)

VMD HMD
H2 - Hr· ···(r',z') cos(D!!?) .... HI' (r',z') sin{DIP)

r' =: rxcos(DIP)

·z' = txsin(DIP)

r is source"'receiver distance

DIP is the angle that the sheet dips below horizontal

(note horizontal is defined as the plane containing' source

and receiver)".

Five examples of vertical ellipticity and tilt" angle-over dipping

·there.sponses over horizontal thin sheets at various depths (solid

lines). A table in one corner of "the figure gives the dip angle and

the depths to the thin sheet vertically below both the source and

receiver. As can be seen ·in the figure, comparison between the

dipping and horizontal sheet data show that the polarization

parameters . respond to·thedipping. she'et . approximately as if it were
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horizontal. The depth that would be in.terpretedfrom·the·dippirtg

sheet data is very close to its actual dept·hbelow the receiver, at

least for dip angles of up to 10°. The interpreted' depths under­

estimate the depth below the receiver for deeper sheets,·but.the

agreement is good enough to support the above contentions.' The

interpreted conductance of the dipping sh"eetisalso slightly under­

estimated (the data points are shifted clockwise along the pseudo­

phasor curve compared with the horizontal sheet· plots).

How meaningful are ·int·erpretations based Oil .comp,ilati·ons of

one~dimensional models when· the actual structure is three-dimensional?

Although:hy, no means comprehensive, the arguments in this section

show that such. inter~preta.tioncanbemeaningful if the-ID models are

though.t· ofasrepresenti:nga parti,cular region relative/to the source

and . receiver ·location. That re.gioncan be differerttdepending on the

type of data measured~ For polarization parameter data, that region

appear,s to be centered below the receiver location; h.owever, it '.' should

b"e noted that de.pth.s may be underestimated for steeply dipping layers.
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AppendixC

M.ATHEMATI·CS. OF . INVERSION

e.l. Goodness--of-FitCriterion

Thegoodness-of-fit ·criterion is defined· for ea·chdata set

(i.e., sounding) as

t; =
n
l: { y. - f -i(x" . p 1 , p..2, P3 ,

i-I 1. ... 1.J
(e.l)

where y. is the observed value at x. (i.e., tilt angles and
~ ~

ellipt'icities) ,

x~ is the ithindependetttvariable (i.e.,ftequency),
~

f. is the predicted value (i.e.,· predicted tilt angle and
1.

'ellipticities) at x.,
1.

p.(j=l,k) are the k parameters of the model (i,e., layer
J

resistivities and thicknesses) used to computef
i

, and siiS the

standard error of y .•
1.

C.2 . Linea.rizat,ion of ·theProblem

First, the functionfi(p) is expanded as a Taylor series about

+
p
"0

keeping only linear terms,

wh.ere L\p. = p. - p ..•
J J OJ

+ +
If p represents the correct set of parameters and Po represents the

guessed set, then

+ + k f i
Y. = f. (p) = f. (p ) + (_.-) 6p.

~. ~ . ~.. 0 j =i P . J
J

(C.3)
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So
af.

where B - ~
ij - dp.

J
(C.4)

If the problem was really linear (i.e., eq. C.2 was exact),

and A = B- 1

rv 'V

(C.5)

Once equation (C .5)1'$ solvedfor ..•t::; ,then we may compute p from the

+ -+set of initial guesses, Po~ p =

Since the p,roblem is nonlinear, equationC. 5 Inust be used iteratively

-+
toarriv,e at cons:ecut:Lvely b:etter guesses' of p.

G•3 COinpu't9-t'ion 0 f 'the ,Ma.tr ix A

Most of the differences between the various iterative methods in

use today are in the computation of A. For, the usual case where the
'V

number of observations, n,·· exceeds the number of model parameters to

be estimated,k, the matrixB is rectangular, and it.s inverse, A, can
tV ~

be computed by

known as the least squares inversion.

(C.6)

Use of the above formul'a is

nonconvergentfor many ,nonlinear problems, so alternate methods of

computing A have been devised.
rv

In generalized linear· inversion theory, Bisdecomposed into
rv

eigenvectors and eigenvalues'and the inverse matrix A is formed from

these componel1ts,after those eigenvectors with very small associated
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·eigenvalues have b.eeneliminated.. Use of· only the largest eigenvectors

in forming the inverse makes the inverse ·more stable than when all the

eigenvectors are used. With Marquardt inversion, or 'ridge regression,

. A is computed with the formula,
'V

A
___ T

B + AI)
-1 __ T

(C. 7)= \.05 B-
rv 'V rv tV 'V

where I is the i·dent~fy matrix. Addition of the constant A along the
tV

diagonal has the effect of minimizing the small eigenvectors ofB
'\.I

also~ Other methods are discussed in Twomey (1977).

C.4 S~ati$t:i.cs.ofInversion (followinsIllman ,1975)

When the set ofpar,am·eter·s phas been found which satisfactorily

minimizes ~- (eq. C.1), the residual variance is

~

where Llg (e.8)

and is alre.adycompared with the variance .of observed values because

~ is the residuals weighted by the data errors ;. I£6 is much

greater than unity,. then'the data have not been fully eXplained by

the model.
-+1£8 is much less than-unity, then s is overestimated or

the model is fitting noise along with the data. "Theresidual

problem with. respect -to ·the model parameters'" (Inman, 1975, p. 803).

-+The covariance of the parameters, p~ is·calculated from the

covariance'of the change in parameters,

--+
cov(Ap) (C,9)



~ '+ '+ '+ '+
Since lip = p - Po and Po is known. so cov(po) = 0,

~ +
cov(~p) = cov(p)

146
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Appendix D'

ELECTROMAGNETIC SCALE· MODELING

The scaling from the field parameters to the model parameters can

be accomplished by preserving the dimension.less ratio of length to

electromagnetic skin depth (the induction number, B, in eq. 30;

Frischknecht,. 1971). This reinforces the importance previously placed

onB,andmakes the tra.nsformation between field and model parameters a

simple matter of ·.·hold:ing B constant, or

'f"t'" t 1 ~ 1
B = [r' (11 v w.)~] = [r(~)~]

2 MODEL 2 FIELD
(D.l)

or, since ll,the magnetic susceptibility, does not vary between field

and model materials,

r'2otf' = r 2af

If B is the same for the field and model measurements, then the phasor

plots, especially those for tilt angle and vertical 'ellipticity, will

'be identical for the same valueofB. In the model,. then,for a

particular scaled down distance, r t
, the model values of a' can be

h.eld constant and various field combinations of crf can be modeled by

---a--a-l'lange--in--meae1--f'"E-e €l-uen-ey--e-n-l-y-.------------

Th,e choice of scale factors must take into account constraints

on available modeling materials and equipment. Because the ratio of

rlr' will probably be between 1,000 and 100,000, the model

conductivity-frequency product must be 108 to 1010 times. larger than

the field conductivity-frequency product~ A convenient choice for
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model· materials is graphite' sheets which· come in various thi.cknesses

and have a conductivity of about 10 5 mho/m (Frischknecht, 1971).

8heetSl.25 em and 2.5 em thickwere·availablefor this study.

Therefor'e, an'obvious choice for the ratio r/r' is lkm/l.25 em =

80,000 because of the need to modell and 2 km thick, conductive

layers. The values for the field crf product have been shown to range

fromabollt 0.001 (0=0.01 mho/mand f=0.1 Hz) to 0.8 (0=0.1 mho/m and

f=8H~)so we seek model a'f" products between 6.4xI0 6 and5.2xI0 9
•

Themoq,el 0' has ,already been chosen to be that of graphite

(10 5 ,mho!m), so 't,he needed frequency range is 64Hz to 51. 2 kHz.

The lowest available model frequency was 320Hz which still allows

most ofthe'range of field parameters· to be represented.

Th.e choiceo'fcr'=lOsmho/m, r/r'=80"QOO,artd 320<f' <32,000

means that these scale model results represent field crfproducts

b,etween 0.005 to 0.5. , Details of the modeling at the U.S. ,Geological

Survey scale-modeling facility will be discussed in the next section.

D.l S~ale-:Mpdeling Procedures

The equipment consisted of aho,rizontal coil of I em radius as

the source and anothermultiturn coil alternately placed in the three

---; 'Q~th,Qg_QJla_l __Qr_i_en_ta~i_Q_ns __as __the-~-r-ec-ei1ter.-~---~-T~he-~si-gna-1-s -wQr;.e--:-t"tlIl--t-h-Fou-gh-

a synchronous detector system to obtain 'complex field strengths. The

source was stationary while the receiver unit was run along profile

lines. Source location and profile lines are shown in Figure 62.

Prior to each. profile run, th'e receiver circuitry was first adjusted

for maximum vertical field at the closest point to the source along
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the profile in the ab'sence of any conductors. This assures that the

si.gnal will not go offscale~ All seven profiles were run nine times

each - once f.or each frequency (320,.3'200, and 32, 000 Hz) and once for

each receiver coil orientation. Three profiles were also run at two

additional frequencies- 1000 and 10,000 Hz.

Two separate models were run. The first, c.alled theone--slab

model in the folloVlingplots, ccns.isted of a singl.e,large sheet of

graphite. The second, called the two..slab model, h.ad an additional

graphite sheet that had been cut into a particular shape en top of

the one-slab" model (see Fig II 63). After all runs were completed, the

mode·l data were appropriately compiled and reduced and the·vertic·al

and horizontal polarization· ellipse parameters were computed asa

function of position on 'the model. Maps at three frequencies for the

four polarization ellipse quant'itiesfor ·bothmodelsarepresented in

Figures 64 'to 87. Sets of pseudo-phasdr plots are also presented

along three profiles, shown in Figures 88 to 92.

The abundance of modeling results allowed two checks on the model

setup,· First, the horizontal polarization ellipse parameters (strike

angle and horizontal ellipticity) for the one....slab models should be

constant over the entire model. Departures from the expected strike

angle of 90° or h~rizontal ellipticity of zero do occur in the scale

model results and seem to be the worst at the low frequency (320 Hz)"

They are most likely the result of inhomogeneities in the graphite

and should be mentally S'ubtracted from the two~slab model results,

.B.y far, most of the one-·slab. model results are those expected for a

thin;t uniformsh.eet and generally confirm the validity of this
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approach. For the second test, several of the one.... slab pseudo-phasor

results were reduced to apparent resistivities along the lines already

described in the data reduction section. The derived value of 7.58~l04

niho/m compare.squite well to theass·umed value aflOs mho/m for the

graphite sheets.
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Figures 64 taB7. The'follo~ing24figurespresentthe scale model
results as maps (same' scale as Fig •. 62) for four
polarizationelli.pseparaIIleters at· three frequencies
over .' two :different tnodels (4)<3x2=24). . The values of
each of t.hesethree types of variables are listed at
th.e top of each map t Th.efour polarizationparam­
eters are vertical ellipticity., tilt angle,hori....
zontal ellipticity, and strike angle·(s·eeFig. 5).
The frequencies a.re 320, 3200, and 32000 Hz. The
ttvomodels are the.on.e.-slab (consisting of the
bottom graphite slab in F·ig. 63 only)a1.1d the two­
slab model (consisting of both graphite slabs in
Fig~ 63),
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Figure 64.
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Figure 65.
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Figure.s 88 to 92. The following five. figures present the scale model
re,sults as- pseudo~,phasor plot$ at fifteen different
locations (three pe.rfigure)~ Each plot has two
lines for the. two mod'e,ls - one~slab (without top
slab} and two-slab (with. top slab)~ Each line has
five symbols representing five different frequencies
- 320, 1000, 3200, 10000, an:d 32000 Hz (clockwise),
The map in the upper left corner of each figure
shows the locations of thepseudo"";'phasor plots
relative to the model.
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