UNIYERSITY OF HAWAI usRAu'

ELECTROMAGNETIC TRANSIENT SOUNDINGS
ON THE EAST RIFT GEOTHERMAL AREA OF KILAUEA VOLCANO, HAWAII:
A STUDY OF INTERPRETATIONAL TECHNIQUES

A THESIS SUBMITTED TO THE GRADUATE DIVISION OF
THE UNIVERSITY OF HAWAII IN PARTIAL FULFILLMENT
OF THE REQUIREMENTS FOR THE DEGREE OF
MASTER OF SCIENCE
IN GEOLOGY AND GEOPHYSICS

DECEMBER, 1é76

By

James Kauahikaua.

Thesis Committee:

Gordon A. Macdonald, Chairman
George Sutton
“Augustine Furumoto
Frank Peterson
Douglas Klein



114

ACKNOWLEDGEMENTS

The author wishes to thank Dr. Douglas Klein for his kind and
thoughtful guidance over the last three years. He has been both
patient and generous in sharing his thorough knowledge of the subject.
I would also like to thank Drs. Robert Harvey and Mark Odegaard along
with the members of my thesis committee listed on the title page. The
investigation and thesis could not have been successfully completed
without the help of the following people: Carroll Dodd for designing,
building and testing the special electronic equipment required for
transient sounding, Steve Thede, Darrel Kohéra and Steve Minoha for
assisting with the field work, Edwin Sakoda for doing the meticulous
drafting and Mrs. Aileen Kauahikaua for painstakingly typing the final

manuscript.



‘iv

ABSTRACT

Seventeen electromagnétic transient soundings were done on the
lower east flank of Kilauea volcano, Hawaii. Each sounding is
based on the response of the earth as a function of time to a step
unction of current in a horizontal linear source. Interprétation
of these résponse measurements is usually done by matching the data
to standard model curves or asymptotic expressions; however, these
methods presuppose that each datum has been measured with a relative
precision (e.g. a precision of 52} whereag, for transient sounding,
each datum is commonly measured with an absolute precision (e.g. a
precision of lO,kv). Therefore, a general inversion technique bésed
on linear comparisons between the data and model values was used for
the interpretations of the data in this study. The resulting

geoelectric model shows that the structure is uniform vertically to a

depth of 1000 m below sea level. There are bfoad, but distinct,

lateral variations in the interpreted conductivity values ranging from

0.10 to 0.16 who/m in most of east Puna to anomalous values of 0.30 t
0.50 mho/m in a particular area south of the rift at Puu Honuaula
(see Figure 7). Based on these conductivity estimates, groundwater
temperatures ip”the anomalous area are not expected to exceed 150° C

to depths of 1000 m below sea level.
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I. INTRODUCTION

The main purpoée of this investigation is to study the feasibility
of using the electromagnetic transient sounding method to define the
subsurface conductivity structure in a volcanic area. To this end,
transient sounding data were obtained on the east flank of Kilauea
volcano, Hawaii (Figure 1) in 1974 as part of a multidisciplinary
geothermal exploration program conducted by the Hawaii Institute of
Geophysics. The data was interpreted-using several different tech-
niques., The results provide a basis for evaluating the transient
sounding method for geothermal exploration on Hawaii Island.

Transient sounding refers to measurements of the time-variations
of electromagnetic fields which are gemerated by an electric source
whose current is varied in a controlled manner with time. The source
used ‘here is a finite-length horizontal linear source whose current is
varied in the form of a step function wiéh time (see Figure 2). The
magnetic field associated with such a source induces secondary elec-
trical currents in the earth's conducting regions whose amplitude and
rate of decay is controlled by the subsurface conductivity structure.
Surface measurements of either the electric field or the associated
magnetic fields, in conjunction wjth knowledge of the source fields,
provide response data which can be used to determine the conductivity
structure. In this study, time-variations of the vertical magnetic
bfield were measured as voltages which were induced in a horizontal
sensing coil. A typical setup along with idealized diagramg of the

source current and the corresponding sensor voltage functiens 1is



shown in Figure 2.

Inductive methods, such as transient sounding, should be able to
accurately measure the high conductivities associated with geothermal
resources while being relatively unaffected by the low overburden
conductivities which can severely limit penetration by direct-current
methods (Keller, 1970). Specifically, a transient survey should be
able to detect a conductivity discontinuity at a depth between §/16

and § (a skin depth), where
2
8 = /1(0600

é is the conductivity above discontinuity

Ho

W

4T x 10--7 henry/m

21t

and f is frequency (Hz), with a resolution sufficient to\determine
both the conductivities above and below the discontinuity (Mundry,
1966). If the discontinuity is shallower than § /16 then the response
will be that of a halfspace with the coﬁductivity of the material
below. If the discontinuity is deeper than 8, then the response will
be that‘of a halfspace with the conductivity of the material above.

. Transient sounding surveys on Kilauea volcano's summit (Jackson
and Keller, 1972) and lower east rift zone (Skokgn, 1974) and
California's Long Valley (Stanley et al., 1976) have demonstrated that
the method can be used to obtain large amounts of data for geothermal
exploration purposes both quickly and economically. However, the |
Kilauea interpretations proved to be inadequate descriptions cf sub~-

surface conditions when compared with the results of deep research



Figure 1.

The major structural features and reported water
temperatures in Puna. The numbers above the well
temperature symbols are the well reference numbers.

The wells referenced by Roman numerals are geothermal

_test borings (Stearns, 1965).
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Figure 2. An idealized visualization of a transient sounding
equipment setup showing a typical set of source current-
and sensor coil voltage functions. The setup is over a

two-layer earth model.
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drill holes in each area (Zablocki et al., 1974; G. A. Macdonald,
personal communication, 1976). The reason for the failure of these
interpretations may be that the interpretational techniques worked

with the logarithms of the data values instead of the actual values.

[¢/]

This procedure emphasizes small voltages and deemphasizes large ones,
and may therefore suggest more complicated models than would ordinar-
ily be necessary to fit the data. This .possibility prompted the
introduction and use of an interpretational approach, called partial
inversion, which compares the actual data and model values by the
least~squares criterion. Conventional interpretations, as well as
interpretations which are based on asymptotic approximations to the
theoretical model equations and half-amplitude decay times are also
included to broaden the range of interpretational methods being
evaluated.

‘Kilauea is an active, basaltic shield volcano situated on the
southeastern portion of Hawaii Island and has two rift systems extend-
ing from the summit towards the southwest and east, respectively. The
data to be interpreted in this study are from 17 transient soundings
that were made on the lower east rift zone (east Puna District, see
Figure 1). At the surface, the rift is a linear zone at least three
kilometers wide and is marked by steam seeps, recent volcanic extru-
sions, cinder and spatter cones and pit craters. Below the surface,
the rift is a dense complex of thin (less than 2 m), nearly vertical
dikes (Macdonald, 1956) which may extend to depths of 2 to 5 km

(Fiske and Kinoshita, 1969). The structure away from the rift is

essentially horizontal and is the result of thick accumulations of



lava erupted from the rift.

Groundwater in Hawaiilnormally occurs in a Ghyben-Herzberg lens
configuration with fresh water floating on salt water within the
permeable mass of the island (Maédonald and Abbott, 1970). This lens
certainly occurs in east Puna, but is apparently absent between the
coast and the rift northeast of Opihikao (see Figure 1). The two
wells in this area yield warm, brackish water with temperatures of
39° and 55° C and salinities in excess of 1000 ppm (McMurtry et al.,
1976). Several warm basal springs have been discovered along the
coast by infrared imagery (Fiscéer et al., 1966); some have been
measured between 29° and 40° C. Along the-rift trace, wells yield
water with temperatures of 34° up to 102° C (Stearns, 1965).. The
groundwater lens appears to exist near Pahoa (wells 9-11 and 9-5) and
southwest of Opihikao (well 9-7). Well 1, near the northeast tip of
the érea, appears to draw on water perched on ash.

Due to the general uniformity of Hawaiian lavas, electrical
studies of the structure in Puna will respond primarily to the local
groundwater conditions (Schwartz, 1937 and Zohdy and Jackson, 1969).
The bulk conductivity of saturated lavas (and all other porous rock
stfata) is controlled by its porosity and the conductivity of its pore
waters. The last is strongly affected by temperature, therefore
detailed transient sounding studies of groundwater conditions may be

able to provide details on thermal as well as structural abnormalities

where groundwater is affected.
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II. EQUATIONS GOVERNING TRANSIENT SOUNDING

An expression is éought here for the vértical magnetic field of
a horizontal electric dipole on the surface of a horizontally layered
earth. The theoretical development is initially in the frequency
domain and the field has time dependence e1‘0t. The final expression
will be the transient, or temporal response to a step function of
current through the electric dipole source. This development sum-
marizes the detailed derivations.of Vanyan (1967, p. 125) and Wait
(1966 and 1951)., SI (rationalized MKS) units are used within a car-
tesian coordinate system throughout. |

Maxwell's equations in a homogeneous, charge-free medium are

viB = ,46“15'+ 1Nt e (I1.1)
ViE = -iwE (11.2)
V-E= 0 (11.3)
v-E= 0 - (1I.4)
where B is the magnetic induction (teslas)
E is the electric field (volts/m)
W= 21f

f is the frequency (Hz)

M is the magnetic permeability (henry/m)

€ is the dielectric permittivity (farad/m)
and 6 is the conductivity (mho/m) of the medium.

An explicit expression for'§>satisfying equation II.4 can be found by

e

e
ntroducing the vector potential, A, defined by
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B=VX32. (1I.5A)

Equation II.5A combined with equation II.2 yields

¥ =-ik - vU _ (I1.5B)
where U is the electric scalar potential. Since 2 1s defined some-

what arbitrarily by equation II.5A, we introduce the condition

1 -

U = - m v-A.. (II.SC)

The vector potential satisfies the non-homogeneous wave equation,

2

2-é X - 'y
V7A - pe(iW) A = -6E
(as can be verified by cbmbining equation II.l with equations II.5A

and II.5B) which may be rewritten using equation II1.5C as
VR - k%= iS5V @D (I1.6)

where k2 ='034€-+ iue.  Equations II.5A through II.6 are completely
equivalent restatements of Maxwell's equations, with the advantage
that, for certain source configurations, we need only consider one or
two components of 2 to specify all components of —}; and —l?

We assume that an electric dipole is situated at the origin
of a cartesian coordinate system and oriented along the x-axis. The
surface of an N-layered earth is at z=0 and the layer boundaries are
planar and also perpendicular to the z-axis. The upper halfspacg is
assumed to be electromagnetically free space and its electrical
properties are denoted by the subscript zero (e.g. € =&,, f*ff“o'
The boundary conditions of continuity of the tangential components of

] -t
E and the normal components of B and therefore the tangential
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components of X and its derivatives can only be met if 2 has only
non-zero X and z components (Wait, 1966). Solving these conditions,

the vertical magnetic field is given by

od
— IE, _ 2.2 —klr y 2 ‘
B, o gk}rs E (3+3k; Tk, "r)e L]+ rjm R(m)Jl(mr)d_m} (II.7)
°

-7

where Mo = 4 x10 ° henry/m
2 oyl

2 _ 2
ki = —u )“iei“"/“ic 1

Jl is a Bessel function of the first kind of order one

m 1s a variable of integration

R(m) = RO,N(m) - vO,l

RN,N(m) =0
Vj Jk = (Vj—Vk)/(Vj-l-Vk)

2 2
€; is the dielectric permittivity of layer i
Ai is the magnetic permeability of layer i

51 is the conductivity of layer i

s 2 _ .
and ko‘z 0 is assumed. We may further assume that 6]’. will be

always much larger than eiw(the quasi-static assumption) and that

. 2
M =fb for all layers; therefore, we may approximate ki as



1‘2-
2 i 6 ® II-S)

The first half in brackets of equation II.7 is the response of a
halfspace of conductivity 61. The second half is the perturbation
response due to 1ayéringg

For the setup in Figure 2, the vertical magnetic response of the
earth to a step function of current in the source dipole is measured
as a voltage induced in a wire coil. As an inductive sensor the coil

responds to jib (t) rather than 31mply b (t). The time function,

¥
bz(t)ais related by the inverse Fourier transform to the frequency
function of equation II.7, Bz(k». The step function of current at

the source is zero for negative times and a positive constant for

times greater than or equal to zero. The source function is then

1/iw, so
©
_1 1 iwt = BZGJ)
b, (t) E‘ﬁsz(“’) e taw =T [Z5]
Ze
o
and ;tbz(t) = —1—' JBz(u)el"’t aw= L[, @) . (11.9)
-%

Substituting equation II.7 into II.9 results in (Wait, 1951),

2
2 ROE %,&5__%3 [erf(u)- ZutZud)e™ ] + L.
w Moy T

3t T 3 r
&
L [f n’R(m)J (mr)dm]} (11.10)
°
where u = %W/fﬂf&' (t in seconds)
erf (u) =2 (ue—xzdx
)



| 13,
Again, the first half of equation II.10 is the halfspace response of
conductivity 4, and is denc;ted below by %bzo(t); The second half is
the perturbation of thé t.ransient response due to layering and is

denoted by 3. =b (t) Their separate expressions are

*rz
2
-b—b (t) = ___Z___ [erf(u) (u + 2 u3)e-u] (II1.11)
otz 216, r° 3
2
‘-)—‘-tbz (t) = -A‘ﬂ I[jom R(m) J, (ur)du] (11.12)
) =2, 0 2, P
atbz(t) ; atbz (t) +Mbz (t) .

Equation II.11l and II1.12 have several properties worth noting
at this stage in the development. TFor the halfspace response

(1I.11), if one starts at some finite, positive time,

lim ) lim 3. 0 _ 31y
t—0 3t z Oty = “u-—red S.Ebz (£) = Zm‘rs
‘ (1I1.13)
and lim py b 0( ) = lim d Y 0 y =0
t—eo 3ob, (6) =u0 32D, (t) =0 .

In words, the halfspace transient response goes instantaneously from
zero to 3Iy/2W§6, r5 at zero time and subsequently decays back to zero
with increasing time. For the perturbation response (equation II.12),

if one again starts at some finite, positive time,

R ;cb (t) =omyB, W) = 0 (11.14)
14 lim
t—?oo :t b, (t) —wqoBz W) =0 (I1.15)

t B (W
1i . P 1 .
and t-El).oJ S{:b (t)dt =u§no i = 0 (I1.16)
°
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. |

P 1 2
) = dm .
where Bz (©) E% ‘L m R(m)Jl(mr)_m

The perturbation response is zero at time zero. For two or more
layers, it departs from zero after time zero, but its integral with

o time (the sum of the deviations from zero) and the

(nd

respect
perturbation response itself approaches zero as time increases. These
properties will be 'important to the discussion of interpretation

techniques which follows in chapter IV.
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IT1I. DATA ACQUISITION AND ANALYSIS

The transient souﬁding technique, as uéed here, is based on
measurements of the time-variations of the vertical magnetic field of
a horizontal curreﬁt source. The current source is treatéd theoret-
ically as an infinitesimal electric dipole, but it is physically
realized as a single wire from 400 m to.l1.4 km long which is grounded
at each end with 20 to 40 steel stakes or electrodes (about 0.5 m
long) connected in parallel and driven into the ground. Electrical
ground contacts are sometimes improved by soaking ;he soil around the
stakes with a mixture of salted water and ﬂighly—conductive drilling
mud. Power is supplied by a three-phase 15 KVA diesel generétor
throuéh a rectifier and automatic solid-state switcher connected in
series with the wire and electrodes. During operation, the voltage
is kept constant at neafly 1000 volts so the current is inversely
proportional to the resistance measured between the electrodes. Due
to the high resistivity of surface rocks in Puna, currents of only 2
to 6 amps are realizable although the equipment is capable of produc;
ing up to 15 amps. The switcher automatically turns the current on
and' off at a period of about 8.5 seconds, producing a continuous
square wave signal. This period is longer than the time fequired
for the transient response to decay to negligible voltage levels, so
the step function idealization is wvalid.

Variations of the vertical magnetic field generated by this
source are recorded as voltages induced in a square coil of wire laid

horizontally on the ground. At the point of observation, the voltage
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induced in the coil is related to the average magnetic field within

the coil by

v(t)=n A -2 b (t) (IT1.1)

where v(t) is the transient voltage
n_ is the number of turns of wire in the coil

A is the area enclosed by the coil

and bz(t) is the transient vertical magnetic field. The coil used

in this survey has 42 turns enclosing about 5800 mz. To reduce

natural ambiept and cultural (60 Hz) noise, the transient voltages

are recorded after passing through a one-pole low-pass filter (corner

frequency of 4 Hz) and two band-reject filters (to reject 60 and

120 Hz) by a Hewlett-Packard oscillographic chart recorder capable

of detecting one microvolt and recording at speeds up to 125 mm/sec.
‘From the.chart records‘for each sounding, between 7 and 12 trans-

ients (defined as the voltage response to a single current step at

the source) are manually digitized at 4 msec intervals for up to one

second. Since each transient is actually a repeat measurement of

the same response, they are stacked to obtain an average response,

¥(t). The stacking reduces noise and allows estimation of the data

variance,
k n, .
s?= = 5 [v (t)) - 9 )12 (II1.2)
u=1 i=1
where k is the number of transients being stacked,

n is the number of voltage observations for transient u,



Table I. Principal Facts and
Data

17.

Statistics of Puna Transient Sounding

Sounding Source r{m) r/L cos—l(y/r) sz(xlO—s) 3
1 1 1678 2.4 75 84.40 1301
3 1 2620 3.8 66 1.36 1203
5 1 2750 4.0 71 33.90 1318
6 1l 3140 4.6 65 2.05 1272
7 1 2500 3.5 60 9.27 306

14 2 2040 3.3 64 2.16 794
15 2 3500 5.6 54 - .45 1899
16 2 3100 5.0 82 ' 1.89 2350
23 3 1290 2.3 78 15.00 1188
24 3 2450 4.3 90 5.37 2591
25 4 1780 1.8 72 8.90 879
26 4 2080 2.1 80 10.60 990
27 4 3290 3.3 82 8.00 1589
28 4 2650 2.7 72 10.70 1224
29 4 3190 3.2 62 19.70 1101
30 4 4460 4.5 80 .69 2098
31 4 3700 3.7 63 1.07 1702

Definition of the parameters.

o

17
19
20
21
15
20
21
19
19
25
18
20
17
19
16
24
23

The equations refer to the main text.

source to sensor distance in meters.

source length in meters.

angle between the source direction and the line

between source and sensor.

data variance, equation IITI.2.

2
degrees of freedom in s .

number of data points in the logarithmically
resampled transient data set.
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vu(ti) is the voltage at time ti» (i=1, 2,... nu) for transient u
V(ti) is the averagé voltage at time tis

k ,
and Y = ji%l(nu—l) is the number of degrees of freedom for s2
u=

(Draper aﬁd Smith, 1966). The data standard deviation, s; is a statis~
tical expression of the noise in the signal. The noise ratio, which
is the largest observed voltage'divided.by s, can be used to compare
the relative magnitude of noise in one signal to that in another sig-
nal. For our data, the noise ratios ranged from 4.2 t6 74.6 and

The averaged transient is not the trué earth response, but rather
the earth response distorted by the measuring and recording équipment.
The distortion must be determined and the transient compensated before
further analysis. The compensation is most easily dealt with as a
division operation in the frequency domain rather than the equivalent
convolution in the time-domain. The amount of distortion was esti-
mated in the laboratory as the impulse response of the filters and the
chart recorder, denoted I(W). After stacking, each transient is

transformed to the frequency domain, compensated using the relation

R

where E(W) is the earth response and V(W) is the Fourier transform of
v(t), and transformed again to the time-domain.

The result of the stacking and compensation procedures described
above should be the true earth response. The resultant transients,

however, are nolsier than when originally measured. This can be
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explained by aliasing of the original transient. The frequency range
resolvable for a transient sampled at 4 msec intervals is 0 to 125 Hz.
The filters used in recording produce only 37 db attenuation at 125 Hz
while the dynamic range of the recorder is nearly 60 db. The tran-
.sients as recorded on chart records can then contain significant
amounts of signal at frequencies higher than the digital Nyquist
limit of 125 Hz which are.added to the transient and which affected
the frequencies between 35 and 125 Hz (the range is empirically deter-
mined) by digitization (Jenkins and Watts, 1968). This problem was
not discovered until after the data‘had been collected, and since
accurate numerical éompensation was not possible over the affected
frequency range, the.only remedy was to delete the aliased data. The
compensation algorithm was amended so that, after compensation in the
frequency domain, all components for frequencies higher than 35 Hz are
set to zero before transformation back to the time domain. This pro-
cedure is equivalent ﬁo low-pass boxcar.filtering in the frequency
domain. |

Conventional transient analysis requires that the earth response,
now sampled at 4 msec intervals (e.g., at 4, 8, 12, 16, 20, 24 msec),
be resampled at geometric intervals (e.g., at 4, 8, 16, 32, 64 msec).
The shape of the response is not changed, but its digital form is
shortened from between 125 and 250 points, to between 20 and 30
points, and is thus much more economical to work with on a computer.
First, the portion of each transient in which initial build-up occurs
(usually no more than the first 20 msec) is discarded leaving oﬁly the

transient's long decay. The build-up must be removed as it is the
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result of using only part of the frequency response and is not part of

the earth response. Second, the long decay is averaged arithmetically

over a band two intervals wide extending from the time

) , .07(i-1
(4 msec) x 10 h ) , i=10, 11, 12,...

07(i+1
to the time (4 msec) x 10 ( ) , i=10, 11, 12,...

resulting in a shortened digital transient resampied at the times

074
(4 msec) x 10 » i=10, 11, 12,...

The logarithmic interval of 0.07 is used so that none of the sampled
intervals is ever shorter than 4 msec beéween 20 msec and 1 sec.

Jackson and Keller (1972) use a filter similar to this one to
transform their érithmetically sampled transients to geometrically
sampled ones, with the important exception that the transient is
averaged logarithmically,

m
a = (Tz; ai)lly

rather than arithmetically,

=R
Ma
3]
[

I
=

a =
i

as is done here. Their use of the logarithmic average appears super-
ficially justified because the logarithmic averége is equivalent to
averaging the transient as it appears on a bilogarithmic plot. On
closer examination, however, particular properties of the logarithmic

average can render its estimates very inaccurate. The most obvious

e . . . . . .
difficulty is with negative numbers which commonly occur in noisy

ROk AR A FR LA e FFRELFARNY TIPS X T
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data. 1In this case, the roots of the logarithmic average expression
above may not be real values. The final average may have no meaning

with respect to the numbers it represents.
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IV, INTERPRETATIONS AND RESULTS

Several interpretétiqn methods have beén used for transient
sounding data. Many of‘these techniques as well as two new ones
were utilized for the 17 soundings in Puna (located in Fiéﬁre 3) so
that comparisons could be made between the results. The conventional
techniques discussed here are logarithmic curve-matching (in the time-
domain) and early-time and late-time asymptote evaluation. The two
new ones to be discussed are partial inversion, which can be used to
determine the best-fit halfspace response, and a hglf—amplitude decay
time method, which can be used in the fielé for quick determinations
of apparent conductivity. |

ﬁoth the logarithmic curve-~matching and partial inversion
methods use the sounding data to determine subsurface layering by
minimizing the differences between the data and models. The differ-
ence between the two approaches is in their respective minimization
criteria. With curve-matching, one minimizes the differences between
the logarithm of the data value and the logarithm of the model value,

e.g., minimizes the square of the residuals

L 2
Z [log v(ty) - log f(ti,—g)]

i=1
L (t.) =2

- [108 ____i__] (1v.1)
i=1 £(cy,0)

where'v(ti) is the transient voltage data

f(t Jﬁ)is the transient voltage model for the parameters in
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Figure 3.

Current source and sensor coil locations for the

seventeen soundings in Puna.
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w—dly
the vector 9
and ti’ i=1, 2,...n are the times at which data were measured. With
the partial inversion method, one minimizes the squares of the differ-

ences between the actual data and model values, e.g. minimizes the

1 _ [w(t,) - f(t ,'é)]-2 (1V.2)
e (Si)f [. i . i

where siz is the variance of ¥V(tj). Although equation IV.1 is a

the general least-squares minimization céiterion (Draper and Smith,
1966). Equation IV.1 is actually similar to a special case of
equation IV.2 where the data standard deviation, 5;» is always propor-
tional to'V(ti). This special case is commonly encountered in
resistivity work where all data are measured with a relative precision
of perhaps 5 percent. For this example, equation IV.2 yields

£(t ,0
1 I (1’)]2

©0.05)2 515 V()

The above expression and equation IV.l are both minimized by having
the ratios of data and model values approach unity, rather than
having their differences approach zero as in equation IV.2. Transient
sounding data are measured with an absolute precision of perhaps
5 microvolts and should use equation IV.2 as it does not fit into the
special case outlined above.

The overall approach of logarithmic curve-matching and ﬁartial

inversion as used here differs from that of curve-matching methods in
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most resistivity interpretation studies in that only the shape of the
transient data curves are matched to the model curves. The amplitudes
of transient data can be also used to determine the surface layer
resistivity; however, studies of the effects of various kinds of
errors on resistivity determination from transient data (Vanyan, 1967,
p. 201) show that these errors affect transient amplitudes and shapes
differently. For example,_transient sounding theory, as outlined in
chapter II, is developed for an infinitesimal, horizontal current
source and wire coil receiver §nd applies to practical cases for which
the maximum &imension of either source or receiver is less than one-
fifth the distance between them (Keller and Frischknecht, 1966,

p. 288). The halfspace model studies in Appendix A show that when
the separation~length conditions are not fulfilled, such transients
will still have the same basic form as predicted by the infinitesimal
current source theory but they will not have the same amplitudes.
Separate resistivity determinations of these transient models by
amplitude and shape will differ from each other and from the real
resistivity (see Figure A.l). 1In this case, if resistivity deter-
mination from shape and amplitude were constrained to yield the same
surface layer resistivity, as Skokan (1974) has suggested, then the
data might be interpreted to suggest two layers when in reality, the
data is the response of a halfspace. Errors in the measurement of
source length, current, receiver coil area or orientation can alsc
have large effects upon the amplitude of a transient, but rglatively
small effects upon its shape. Resistivity determination will there-

fore be made independently by amplitude and shape and the resulting
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estimates will be evaluated on theilr separate merits.

Partial Inversion

The ultimate interpretation technique for determining layer
conductivities and thicknesses from transient sounding data is non-
linear regression or inversion. In the few studies of inversion
methods with electrical (other than transient) data, the technique was
able to determine not only the layer pa?ameters, but also their
variances and'covariances (e. g. Glenn et al., 1973 and Inman, 1975).
For full transient data inversion, one seeks the set of parameters
(layer conductivities and thicknesses) for which the sum-of-squares
function

s(e) = .y = £(¢t,,0 Iv.3
=& Gt T (

where V(t;) is the digital transient voltage data
n is the number of transient data points
f(ti:a) is the transient voltage model
= nea 30, 0(ey) + b, Pepd ( tions II.11
= N 2Pz (t4 Jtlz ty see equations .11,
I1.12 and I1I.1),
. A
is a minimum. The best-fit parameters (denoted 8) can be specifically

defined as the set of parameters for which

2s@] , - o.
36 [3=5

Many algorithms have been developed for automatically minimizing

equations like IV.3 but they all require iterative evaluations of the
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model function, f(ti;a), and its derivatives with respect to the
parameters for each inversion. Full inversion would then be prohib-
itively costly for transient data because each model and derivative
evaluation would require the numerical computation of a doublel
integral. A method of partial inversion was devised to séparate the
halfspace and perturbation components of the data for separate
analysis (Yost, 1952). This method is as adequate as full inversion
for two-layer interpretations (except that variances cannot be
estimated statistically for perturbation interpretations) and is far
cheaper than full inversion.

First, the transient data are inverte& to determine the best-fit
halfspace response with the following model (see equation II;ll) of the

parameters (91,92,93):

2
£(2;,8) = 8; + 0, [erf (w) —ﬁ%,(u + 2™ (1V.4)
where u = 93/2Jti'
31
Q = ._X_._ n A
2 2ﬂ4r5 t
93 = rfl.‘..

The derivatives are

3 N = - 1 -2 -
38 5@ = -2 ‘1{:; (R} Dotey) - £(e;, B (c;,8) (1V.5)

where 3 f(t ,-5) =1
26 1 2 2 3, -l
. = y _ 2 . 2 -1
S%zf(ti,e) = erf(u) J._q_,.;u + 5ul)e
D £, ,8) = 0,4 WA,
363 1 23ft]

The first parameter, 9., is included in equation IV.4 so that the
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base voltage (the ambient voltage upon which the transient voltage is
superimposed) can be estimated as a parameter and need not be observed

as a datum, and so that

> 1 [Feep) - £(t;;0)] =0 = %5(5)!

247
i=1 (Si)z 36; 0=6

This last property along with the observation that

oo .

;T bzP(t)dt =0 (equation II.16),

]
are sufficient reasons to believe that the imversion can estimate
and that the resultant residuals, defined by
R _
r(t,) = v(t,) - £(t_,0) (Iv.6)
i i i ' .

will.contain the perturbation due to any deeper layers along with
noise. The residuals can be used to estimate these deeper layer
parameters. The transient, of course, must be sampled over a time span
sufficient to include the beginning and end of the perturbation.
Davidon's method (Fletcher and Powell, 1963) was chosen as the

inversion algorithm because it has'quick and stable convergence

©ly

for
the proper computation of non—linea; parameter covariances (Beale,
1960). Before inversion, the data were scaled so that 91, 62 and 93
would all be of equivalent magnitude as suggested by Bard (1963) for
improved convergence.

Several two-layer model perturbation responses were calculated

using a modified computer program published by Skokan (1974) in an
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attempt to characterize them. The model responses were similarly
shaped and showed an initial éeak méximum followed by a smaller peak
of opposite polarity (a sample response is plotted in Figure 4). For
a constant surface layer thickness, the polarity of the initial peak
indicates whether the ratio 6/, is greater than or less than unity
(positive for é;/4, 1), while the peak amplitude increases with in-
creasing departure of 6/g, from unity.  For a constanﬁ 6,/6, , the peak
ampiitude decreases approximately expoﬁentiélly and its arrival time
increases linearly with increasing surface layer thickness. Since
surface layer thickness and 6,/6, are uniquely defined by the
polarity, amplitude and arrival time of the initial peak alone, this
information was plotted in Figure 4 in lieu of the full»model
responses.

Partial inversion then consists of the following steps:

1. determine the best-fit halfspace response by minimizing
equation IV.3 with the model in equation IV.4 using Davidon's method,

2. calculate two estimates of 6, (based on definitions of amp-

litude dependent 92 and shape dependent 93 in equation IV.4) by

0 5 A

2 2% 6y (1v.7)
& = (8 /) "
93 (93/1') /f‘o

and calculate the residuals by equation IV.6,
3. test whether the residuals contain anything more than random
noise by a runs test and a comparison of the residual amplitudes with

the data standard deviation, s,
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Figure 4. The polarity and magnitude of the first peak méximum
of two-layer perturbation responses (as in equation
I1.12) plotted versus arrival time. The sample pertur-
bation response is for the case of k = 6,/6, = 4 and
d/r = 0.375. The abscissa is scaled to normalized
time, U= 2t//4.°6, r?. For comparison with noise amplitudes,
the ordinate would be equivalent to the reciprocal of

the noise ratio.
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4, if the residuals seem to be more than noise and a perturbation

model response shape is discernible, pick the time which corresponds

to the initial peak maximum, t, and normalize it by

-2,
ps?
The surface layer thickness has been empirically determined to be
2r¥. Finally, divide the peak maximum's amplitude by 85 and plot it
versus T on Figure‘b to estimate 6./6, . |
The seventeen sets of 1ogaritﬂmically resampled transient vol-
tage data were interpreted by partial inversion. Each resampled data
point was weighted by the number of original data points which were
used for its estimation in the resampling procedure (e.rg. if the
fifth fesampled data point is the average of four of the original data

points, then its weight in equation IV.3 is 4/352 instead of 1/552).

When weighted in this way, resampled (and therefore smaller sets of)
data are essentially the same as the original data and produce best-fit
parameters within one percent of those produced by the original data.
Iteration waé stopped when each of the derivatives became less than
10~6 (usually within téﬂ iterations) and the two estimates of 6, were
calculated and are listed in Table II under " &g, " and " 6,;2 Standard
deviations for each of the parameters were calculated as the square-

A
root of the covariance, cov(8), given by
3 -1 .
cov(B8) = 28 (1Iv.8)

where St is the inverse of a 3 x 3 matrix whose elements are
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3*s(e) |
13 “3aaa’ i,j = 1, 2, 3 (Beale, 1960), and which is provided by
aeiaej . .
Davidon's minimization algorithm. The standard deviations are listed
beside 60’= and 69, in Table II. Each of the shortened transient data
sets are plotted in Figure B.l along with the best-fit halfspace model
and the parameter correlation coefficients given by
A
[cov®]ij

[COV(%)] iil/z [COV (-3) ]jj%

[cor(&];._j = (IV.9)
(Draper and Sﬁith, 1966). A sample piot is presented in Figure 5 for
sounding 5. |

The agreement (within one standard deviation of 632) between Gg,
and 6;; for soundings 1, 3, 5, 6, 7, 16, 23, 24, 29, 30 and 31 (see
Table II) suggests that a transient halfspace response model fits the
basic trends in the data well for these soundings. The fit may be
testéd more quantitatively by a comparison of the sum-of-squares
function minimum value, 3(33, and the data variance, sz, for each
sounding. A comparison of variances, commonly called an F-test, at

A
the (1-«) confidence level is done by calculating F(§3 for each fit by

2 . Ls®) - s?

r
~

L
]
N~

where n is the number of data points used in the fit

p=3 is the number of parameters used in the model
~and VY is the number of degrees of freedom in the data variance
estimate, and comparing it to the corresponding value in an F-table,

denoted by F;(n—p—-J;Q) (Draper and Smith, 1966, p. 306). The model
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' Ka
appears to explain the non-random elements of the data if F(0) 1s less
than or equal to E&n—p—#;?). AFor the eleven soundings listed above,
F(g) never exceeds 1.14 and the fit of the halfspace model appears to
be adeqﬁate at the 957 confidence level.

For soundings 14, 26, 27 and 28,1Fé% is also less than 1.14,
however, 691 is significantly less than 69,_ The consistency of values
for soundings 26, 27, 28, 30 and 31 (between 0.10 and 0.16 mho/m),
which are located in the same area, and the goodness of fit of the
halfspace model suggests that the discrepancy between 6p, and 695 for
soundings 26, 27 and 28 is probablybfhe result of the measurement
error effects discussed earlier. 633 is assumed to be the best
estimate of 6, in this case. The F(%) value exceeds 1.14 for the last
two soundings (15 and 25) and indicates that the halfspace model fit is
inadequate. Since 6g differs from 695 by a factor of at least two
for soundings 15 and 25 also, we may conclude that these two soundings
will not benefit from partial inversion interpretation.

The test for randomness were done on the residuals at the 95%
confidence level. Soundings 15, 16, 24, 26, 27, 30 and 31 contain too
few runs (common sign groups in the sequence) to accept randomness.
Soundings 3, 6, 16, 25, 26, 27, 28, 30 and 31 contain residuval values
in excess of 1.96s, the 95%Z confidence level 1limit. The largest
residual values were always the earliest two or three points, which is
typical of distortions due to coil misorientation or to thin, low
conductivity»surface layers (Vanyan, 1967, p. 201), but not of pertur-

bations due to layering. Because of the generally small amplitude of
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Figure 5. A plot of the data and best-fit halt.'space model and the
residuals for sounding 5. The ordinate for the residual

plot is the voltage divided by 32.
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the residuals and the lack of resemblance to perturbation model shapes,
the residuals were not analyzed further. A sample residual is plotted
in Figure 5 for sounding 5. Residuals for all the soundings are
plotted in Figure B.2.

Figure 4 has another use besides interpretation with partial
inversion. It can be used to quantitatively determine the limits of
resolution of the transien; sounding method. For example, with data
having a noise ratio of 10 to.15 (like most of the Puna data in this
study), it would be very difficulE to distinguish a perturbation
response from noise if 6 /6, is betwéen 0.05 and 10 and the surface
layer thickness is greater than half the source-sensor separation, r.
This would appear to raise grave doubts about the possible detection
of small conductivity discontinuities (6,/6, of about 0.2 to 0.5) at
depths of 2 km or more as reported in Puna by Skokan (1974).

‘The results of partial inversion show that 15 of the 17 transient
data sets can be most simply and adequately interpreted as halfspace
’responseé. There is no question that an interpretation with more
layers, as Skokan (1974) suggests, would be possible; however, the

quality of the data could not support the added model complexity.

Curve-Matching

The transient data are first converted from voltages to apparent

resistivities by

Pa = _2me>_ V(t) (1V.10)
3Iyn A ' :

and plotted bilogarithmically versus time. The data curves are then
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Matched to model curves which are standardly plotted as P./p. versus’
normalized time, "¢, given by
T =2Bye

Mo
where p,=1/6, and t is the time in seconds. Two-layer model sets
have been published by Silva (1969), three—laye; model sets by Skokan
(1974) and four-layer model sets by Vanyan (1967). Computer programs
for the numerical calculation of multi-layeréd models have been pub-
lished by Skokan (1974) and Anderson.(l973). A match of the data
curves to a model curve by shape alone yields the number of layers and
their thickﬁesses and the ratio of the layer resistivities to p,. The
match of both abscissas and ordinates (f,/f. and Y axes) allows two
separate estimates of prs which completes the interpretation. Only
the P, estimate from the Y-axis match is used here as the other is
discussed with the asymptote evaluation method.

Out of 17 soundings, only 5 deviated noticeably from the half-
space model shape. Soundings 14, 15 and 16 suggested a shallow layer
slightly more conductive than the halfspace below and 30 and 31 sug-
gested a resistive surface layer with a more conductive halfspace
below. Noting that‘P=lAs, the curve-match interpretations f;r layer

thicknesses and conductivities are listed in Table 1II.

Asymptote Evaluation

The theoretical halfspace transient voltage respénse, expressed
as equation II.11, can be approximated asymptotically in two different

2
time ranges. For early times (0£4tZ0.05 Jﬁg;o, the voltage response is

CUNHIVERRITY OF “T'AWA“: LIBRARY -
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approximately
3Iyn A

- ~ t
t) =———<=P.
T s

The equation becomes more exact the closer t is to zero. For late

2 2
times (1.1¢§5-£t£50#§5—), the voltage response is approximately

~ ntAIrﬂ" t"5/2

(Silva, 1969, p. 37). By solving these two asymptotic expressions

for p and observing how the resulting functions behave for an N- g:‘
. R [ 3
layered earth model (Jackson and Keller, 1972), we find that %’
: ‘ 3ﬂ
5 : 2 2.
~ 2T &k oF 4
P = Tiynch v(t) ,’if 0%t o.os#é‘—- (IV.11) j
. i L
-17.5 2/3 N
and Fn (——-éll‘t—% mx10 ) ,
5v(t)t
2 r2
1,125 2 pesopel (1Iv.12)
P [

Since we cannot presume ¢, or fu> these two equations should be
calculated for each sounding and plotted versus time. The resulting
functions should approach constant-resistivity asymptotes when the
respective time criterions are met.

- Examples of these two functions are plotted in Figure 6 for
sounding 5. None of the other plots of the data reduced by equation
IV.11 are included because the curves are identical to those in

Figure B.1l with the ordinate converted to resistivities by equation

IV.10. The early-time asymptotes were evaluated and listed in

Table II as conductivities. The late-time curves (data reduced by
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Figure 6. A plot of the early and late time asymptotic expressions
and their interpretations for sounding 5. Constant
conductivity asymptotes of 0.10 mho/m for the early-

time curve and 0.12 for the late-time curve have been

.picked.
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equation IV.12) are all plotted in Figure B.3. Strict evaluations
were not possible for all the sounding data because only soundings
25, 26 and 29 were sampled at large enough times to satisfy the cri-
terion in equation IV.12., Nevertheless, interpretations were
attempted and are listed in Table II as conductivities.

Where the late-time curves showed deflections suggestive of
two layers, extrapolations were made to determine the resistivities;
the depths were approximated from models in Vanyan (1967). Soundings
1, 3, 23, 25; 28, 29, 30 and 31 show deflections which suggest a
resistive basement 3 to 5 km deep. The depth to this basement is
surprisingly large and exceeds the source-sensor seéaration for most
of the soundings. The deflection in the-late—time curves which indi~
cate the existence of the basement corresponds to the smallest
voltages in the data set and could be the result of insignificant
voltage variations. Therefore, the complete interpretations are
listed in Table II, but the resistive basement indications should be

dismissed because they are too prone to error.

Estimation by Half-Amplitude Decay Time

This method (suggested by C. Zablocki, personal communication,
1974) is quite simple and can provide quick results in the field. It
is only approximate, however, and is not recommended as a replacement
for the more rigorous interpretational techniques. The basic prin-
ciple of this method is that an "apparent conductivity" can be cal-
culated from the time it takes the transient to decay to half its

initial amplitude. Similar to the standard meaning of "apparent
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conductivity,” here it refers to the conductivity of a halfspace
whose half-amplitude decay time, t%, is equivalent to that observed.

The halftime for a theoretical halfspace transient response (equation

II1.11) is given by
1) 'r26
t!i = 02 0023 .

Solving for 6 and labeling it as the apparent conductivity, 6., we

find that

t
6, 692x10 ;5 (Iv.13)

The apparent conductivity values as determined in the field for

each sounding (Klein and Kauahikaua, 1975) are listed in Table II.

Evaluation and Comparison of the Interpretational Methods

The interpretational methods discussed here represent the four
most-used techniques by which transient data can be interpreted.
They differ from each other on three basic points. First, the use of
partial inversion and curve-matching can provide full layering infor-
mation whereas the other methods do not. Secondly, when using these
two full information methods, partial inversion compares actual.data
and model values while curve-matching compares the logarithms of data
and model values. Fihally, altﬁoﬁgh all four methods can determine
the surface-layer conductivity by using the shape of the data curﬁe,
only partial inversion and asymptote evaluation allow an independent,
surface-layer conductivity estimate by data émplitude as well. The

following discussion and comparison of interpretational methods and
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their results will be primarily on the basis of these differences.

Estimation by half—ampliﬁude decay time is intended for obtain-
ing approximate results in the field. The apparent conductivities
that were calculated from the half-amplitude decay times of the Puna
transient data rarely differed from other halfspace conductivity
estimates by more than a factor of 1.5. Note that the estimation of
the decay'time depends only on its shape as a function of time and
is independent of the transient's absolute amplitude. The accuracy
of the apparent conductivity estimates in Puna stem from the fact
that the transient responses observed there did not differ markedly
from the shapes of halfspace responses. The technique would still
yield good results for surveys over two-layer earths, but would
require observing transients at many different spacings (e.g. apparent
conductivities would be close to 6, for spacings which are small with
respect to the thickness of the surface layer and would approach 4,
for larger spacings). The accuracy of this method is rather surprising
since the decay time was estimated from the transient data before it
was compensated for the instrumentation effects. The distortion by
. the recording equipment seems to have had little effect on these decay
times which suggests that estimation by half-amplitude decay time can
bg used as a field technique for the detection of conductivities at
least in the range of 0.05 to 0.40 mho/m.

The asymptotic evaluation techniques were developed to discover
subsurface layering parameters by manipulating the data to yield
constant-resistivity asymptotes. The asymptotes are approached if

the conditions of equations IV.1l and IV.12 are fulfilled. In Puna,
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only a few of the early-time asymptotes and none of the late-time
asymptotes were developed for the simple reason that, for the
conditions encountered; the transients were‘not»sampled over a wide
enough range of times. The method was, therefore, of little use in
Puna.

straightforward determi-

]

The early-time asymptote method is
nation of conductivity values by the larger, more well defined
amplitudes of the early portion of the transient data curve. Note
that the early~time asymptofe expression is independent of time
{equation IV.1i). On the other hand, the late—time‘asymptote method
(as with equation IV.12) utilizes both shaﬁe (dependent on time)
and amplitude in the later portion of the data curve where the
transient amplitudes can be quite small. The deflections in the Puna
late-time curves (Figure B.3) which initially suggested a 3 to 5 km
deep resistive basement were the result of very small amplitude
variations in the data (usually less than 1% of the transient's
maximum amplitude which is a variation one-tenth the noise amplitude
for a noise ratio of 10) amplified through the use of equation IV.12.

. Although the late-time asymptote method is very promising for transient
souﬁding, its results can be misleading if based on indiscriminate
amplification of insignificant voltage variations. Ideal data for

such an analysis would have a constant relative precision for each

data point (e.g. a precision of 5%Z); otherwise, the results of the
interpretation will require qualification, as did the Puna findings.

Logarithmic curve-matching also involves some manipulation of

the smaller transient data values. With this method, the data and
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model values are visually compared so as to.minimize the logarithms
of their ratios (see equation IV.1). The procedure does not discrim-
inate between small amplitude values and large amplitude values. For
example, model and data values of 1 and 2 volts or 1 and 2 mv,
respectively, would be no worse matches than values of 1 and Z/MV by
the logarithmic comparison criterion. If this range of amplitude
values was actually represented in one data set and each had been
measured with a precision of lojxv-(typical for the Puna transient
data) for example, then this sort o§ logarithmic comparison becomes
ludicrous. One should expect all data and model values to be within
approximately 10‘HN of each other for a good match. If each data
value had been measured with a precision of 10%Z (typical for
Schlumberger or frequency sounding data), for example, then use of
the logarithmic comparison can be rationalized (see discussion on
this point at the beginning of this chap;er).

The Puna data were also interpreted by curve-matching for purely
comparative purposes. Twelve of the seventeen transient responses
appear to fit the halfspace model quite well while the other five fit
models having thin surface layers of varying resistivity over half-
spaces. The data points which are most indicative of the contrasting
surface layer for the five soundings are always the earliest 2 to 5
points. Vanyan (1967, p. 201) points out that the earliest portion
of the transient signal can be greatly distorted by experimental
errors such as laying the measuring coil out on a sloping surface or
at a different elevation from the current source so that the coil and

current source are not coplanar. The early transient can also be
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distorted by excessive filtering (Skokan, 1974). As with the
interpretations by late-time ésymptote evaluation, the suggestion
of contrasting surface layers by these five soundings is not based
on the most reliable data points and should be dismissed unless
further evidence can be found.

Ohe of the greatest advantages of using the partial inversion
method ovér any of these other interpretational schemes is the
capaéity to test the goodness-of~fit of the model to the data by
standard statistical means. Fifteen of the seventeen sets of
sounding data were fitted adequately by a homogeneous earth response
(equation IV.4). Furthermore, the two homogeneous earth conductivity
estimates for each sounding (one by the data's shape as a function
of time and one by the data's amplitude) were close enough to be
considered identical for eleven of those fifteen soundings. The
most significant differences between the data and the models were
for the first few dat# points; however, they‘ﬁere not great enough to
require using a more complicated model. The thin contrasting surface
layérs or deep resistive basements which were suggested as a result
of using logarithmic curve-matching and asymptotic evaluation are
correctly dismissed because of being based on insignificant data
variations. The five soundings for which the two homogeneous earth
conductivity estimates did not match (691 was less than 655)and the
two soundings which were fit inadequately by the halfspace response
are most likely the result of errors in measuring experimental
parameters like current amplitudes or distances because of thé

consistency between 64 values for soundings in close proximity.
: y o3 4 PTOX y



49.
A look at the residuals from the two inadequately fit soundings did
not suggest that a more coﬁplicated layered model would improve the
fit. The lack of fit Qas perhaps because of the effects of excessive
noise, experimental error or inadequacies of a layered model to fit
the true structure.

The partial inversion method (or any statistical inversion
method) can provide statisticaliy significant layering information
by a straightforward comparison of data and model values without
artificial manipulation. The compari§oﬂ criterion is completely
general. On the other hand, the use of logarithmic curve-matching
and asymptote evaluation implicitly assumeé that all data samples
have been measured with comparable relative precisions (e.g.-a
precision of 5%). The interpretational results of these two methods
are not provided with objective uncertainty estimates or qualifi-
cations. Interpretation of transient data by.these two methods alone
could easily lead to erroneous results; thus, it appears that the
use of such methods would best be limited to providing initial
estimates ultimately leading to a geﬂeral inversion.

Most of the results of the different methods do agree in
assigning "normal" conductivities of about 0.10 to 0.16 mho/m to
soundings 1, 3, 5, 6, 7, 26, 28, 30 and 31 and "anomalous" conduc-
tivities of 0.30 to 0.50 mho/m to soundings 14, 15, 16, 23 and 24.
Sounding 29 showed the lowest conductivity value of 0.016 mho/m.

These values are based on conductivity estimates by shape because

they are more consistent than the estimates by amplitude.
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V. GEOELECTRIC STRUCTURE AND GEOLOGICAL IMPLICATIONS

The results of the transiént soundings in east Puna show that
the subsurface responds electrically as a homogeneous halfspace with
"normal" conductivities of 0.10 to 0.16 mho/m for soundings 1, 3, 5,
6, 7, 26, 28, 30 and 31 and "énomalous" conductivities of 0;30 to
0.50 mho/ﬁ for soundings 14, 15, 16, 23 and 24. Sounding 29, the
only one northwest of the rift zone, responded as a halfspace with
a low conductivity of 0.016 mho/m. In totally saturated rocks, the
bulk rock conductivity can be deséribed in terms of the average
porosity fraction, ®, and the pore water conductivity, 6, by the

empirical relationship
6§ = G6np (v.1)

where 6 is the bulk rock conductivity and G and m are empirically
determined constants (Keller and Frischknecht; 1966). For Hawaiian
basalts, Keller (1973) and Manghnani et al. (1976) have calculated
(G,m) to be about (0.29, 1.8), respectively. Using this relationship
for a porosity of about 25% (a reasonable average for surface lavas
from Zablocki et al., 1974) and the normal bulk conductivities of 0.10
to 0.16 mho/m, we find that the pore water conductivity is about &
to 6 mho/m. For the anomalous bulk conductivities of 0.30 to 0.50
mho/m, we determine the pore water conductivity to be about 13 to
21 mho/m.

The normal values of 4 to 6 mho/m are much too high for ffesh

water but correspond closely to those for normal seawater at 20° C
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(5 to 6 mho/m from Schlichter and Telkes, 1942). This is not sur-
prising because seawater uﬁderlies the whole area at depths greater
than a few hundred metérs. Fresh water, ifvpresent, forms a thin
layer floating upon the seawater. 'Dry lavas as well as lavas satu-
rated with fresh water would be several times more resist{ve than the
lavas saturated with seawater below, and are apparently not delin-
eated by these transient soundihgs.

The higher pore water conductivity values of 13 to 21 who/m
may indicate seawater at temperatures higher than 20° C. According
te Dakhnov (1962), the conductivity of a-fluid at a tempefature T,

6.(T), is related to its conductivity at 18° C, 6,(18° C), by
6,(T) = 6,(18°C) [1 + &(T - 18°C)] (v.2)

where o is the temperature coefficient of conductivity (generally
taken as 0.025/°C). Comparison with the data of Quist and Marshall
(1968) confirms that the relationship is valid for temperatures from
18° C to 250° C. If 6,(18° C) is taken to be 5 mho/m, then 13 to 21
wmho/m corresponds to temperatures of about 82° to 146° C.

The anomalously low bulk conductivity of 0.016 mho/m for
sounding 29 northwest of the rift corresponds (by equation V.1) to
pore water with a conductivity of 0.67 mho/m. This is much too low
for seawater except at near freezing temperatures, so the pore waters
must be less saline than seawater and are probably at normal temper-

atures. Pore water conductivity increases nearly linearly with

R
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salinity and is approximated by

where S is_the pore water salinity in ppt (parts per thousand)
(Logan, 1961). Using the fact that seawater has a salinity of
35 ppt, water of conductivity 0.67 mho/m must have a salinity of
about 3.9 ppt.

Figure 3 shows the locations of the sensor coils and current
sources for each of the 17 transi?nt soundings. The anomalous
conductivity estimates (from soundings 14, 15, 16, 23 and 24) are
confined to a 30 or 40 km2 area south of the rift between Puu
Honuaula and Kapoho Crater. Soundings 3 and 5 do not fit this
generalization although they are included in the anomalous area in
close association with sounding 15. For such an area where there
are lateral changes in earth conductivity, it is important to know
the region of greatest influence on the observed signal at each
sounding location. Vanyan (1967, p. 70) plots his interpretations
at the point midway between source and sensor for unstated reasons.
Model studies over a conducting cylinder (Wait and Hill, 1973) show
that the effect of the lateral conductivity variation is a maximum
when the cylinder is between the sensor coil and the midpoint. It is
probably more reasonable to plot the ‘Puna conductivity estimates at
each sounding configuration midpoint rather than at the source or
‘sensor location. The resulting map was so contoured (Figure 7) and
the anomalous area is apparent as the group of conductivity estimates

which exceed 0.3 mho/m.



Table II.

Summary of transient sounding interpretatioms.

unlegss noted otherwise.

All numbers refer to estimates of &,

PARTIAL INVERSION _ CURVE-MATCH ASYMPTOTE EVALUATION
. Sounding Ce,, 064 F(®) _Ga ' Early ~ Late

1 .142 + .3200 .161 + .020000 1.091 .25 .15 15 .17 6 %,10 d+4300

3 .119 + .0066  .111 + .000028 1.089 .12 .09 .11 .09 ¢,%.05 d=5000

5 .089 + .0075 .113 + .000036 1.100 .14 .10 10 .12

6 .156 + .0650 .142 + .002900 1.092 .08 .15 A4 .15

7 .116 + .0270 .121 + .000470 1.140 .13 .08 .09 .20
14 .266 + .0230 .327 + .000170 1.086 .27 .38 6, %,32 d<60 .22 .30
15 .016 + .0250 .473 + .000670 2.150 .20 .50 Gu=,43 d=50 .10 .50
16 .147 + .2800 .308 + .000330 1.100 .21 46 6,=,14 d=390 .14 .40

23 .306 + .0450 .301 + .000120- 1.070 .36 .26 JJ1 .33 6,54.10 d=3300
24 .145 + .2300 .335 + .009900 1.094 .29 .34 .23 .40 ‘
25 .127 + .0160 .054 + .000013 2.570 .17 .04 ' .08 .10 0;%£,03 d=4300
26 .068 + .0160 .116 + .000072 .810 .16 .07 .09 .10
27 .075 + .0110  .159 + .000100 1.074 .15 .16 07 .17 '
28 .063 + .0150 .105 + .000061 .970 .11 .08 .07 .16 d2%,01  d=4500
29 .009 + .0420 .016 + .000022 1.040 .06 .02 : .02 .03 924,02 dx4500
30 .091 + .0370 .101 + .003000 .360 .10 .00 ¢6,=.08 d£450 .06 .09 6.5.02 d=4500
31 .103 + .2700 .118 + .057000 .988 .18 .00 6,=.12 d4185 .08 .14 6,4.02 d«4500

Definition of the parameters.
. 65365, : estimates by amplitude and shape, respectively, from partial inversion.
F(8) : F-statistic of inversion by which db; and 633 were estimated.
6@, d : parameters of two-layer interpretation. 6, is conductivity of deepest material

and d is the depth to it.

oEs
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The depth of resolution (the deéth range represented by the
interpreted conductivities) for transient sounding has not yet been
determined_precisely from theory. It .can, however, be determined
qualitatively from model studies. For example, frequency response
models (Frischknecht, 1967) and transient response models (Silva,
1969) for a horizontal coil and current source over a two-layer earth
show conciusively that the response is not appreciably different
from a halfspace response with a conductivity of the first layer if
the second layer is generally at dgpths greater than r/3. A per-
fectly resistive second layer can be detected if it is shallower
than r/2 and a perfectly conductive second layer can be detected
shallower than 3r/4. The limiting, or maximum depth of resolution
is independent of the source-sensor separation, r, and is equal to a
skin depth, g(Mundry, 1966). 1In specific terms for Puna, the
maximum skin depths of 0.1 to 0.5 mho/m material using the frequencies
from 1 to 35 Hz (as was done in this survey,‘see chapter III) are
4500 and 2000 m, respectively. The actuai depths of resolution
achieved by transient soundings were not nearly this large and did
not exceed 1500 m (assuming that we are not looking for perfect
conductors or resistors) owing to the small source-sensor separations.
Mundry (1966) also points out that if the surface layer of a two-
layer model is thinner than §/16, then the response will not be
appreciably different from that of a halfspace with the conductivity
of the second layer. This explains why the resistive material above

sea level {conductivities less than 0.0015 mho/m) in Puna was far

less apparent from the transient sounding results than it was from
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the results of direct-current soundings (Klein and Kauahikaua, 1975
and Keller, 1973).

The transient sounding results from east Puna show that sub-sea
level conductivities correspond to water saturated basaltic lavas
which vary laterally reaching a maximum south of Puu Honuaula.
Vertical ghanges by a factor of 10 in conductivity can be ruled out
by the data at least to depths approaching 1 km below sea level. The
lateral conduétivity variation is interpretéd to indicate temperature
variation to a maximum of 150° C. The area of anomalous temperature
is partly outlined in Figure 7 by the 0.3 mho/m contour and is the
same area where coastal springs and well waters off the rift are the
warmest (see Figure 1). The groundﬁater has apparently been disturbed
by these thermal effects because no Ghyben-Herzberg lemns exists there.
Coverage of the‘rift trace and adjacent areas by transient soundings
was insufficient to fully outline the thermally disturbed zone, but
it appears to be distinct from the rift struéture at depths above
1 km below sea level. There are several possibilities for the
location of the heat source; however, the transient sounding results
are inconclusive on this point and any further discussion would be
speculative.

Comparison of these results with the bipole mapping results
of Keller (1973) and the transient sounding results of Skokan (1974)
in east Puna allow some generalizations to be made about the two
methods and the basic structure in Puna. The transient sounding
results in this study and those in Skokan's study are difficult

to. compare because they cover mutually exclusive areas (this study
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covers the areas south and east of the Skokan area) and because they
were interpreted with different techniques. Skokan interpreted her
data by a variant of the logarithmic curve—ﬁatching interpretative
technique which yielded as many as three layers with the last layer
deeper than the r/3 limit discussed above. 1In light of the discussion
on practical limitations of tramsient sounding, an interpretation of
this complexity is difficult to justify. If we omit any structure
from her interpretations tﬁat.is deeper than 1500 m (maximum r/3) and
view the surface-layer conductivity interpretations only as possible
maximums, her results reduce to‘no more than two layers and are in
fact very similar to those normal values from the present study.

With these modifications, her conductivities never exceed 0.3 mho/m.
The rift trace appears as a less conductive zone bordered by broad
areas with conductivities of about 0.1 to 0.2 mho/m in both the
transient sounding and bipole mapping studies. The anomalous zone
outlined by this transient sounding stud& is not covered sufficiently
by bipole mapping results to be verified, but apparent conductivities
as high as 0.45 mho/m were observed within the zone.

The transient stﬁdies appear to be relatively unaffected by
lateral.conductivity changes when compared with the bipole mapping
studies. The strong correlation between bipole apparent conductiv-
ities and transient sounding surfa;e layer conductivity indications
(Skokan, 1974) suggests that the bipole method achieves a penetration
of perhaps a few hundred meters where there are lateral conductivity
variations near the surface. Transient sounding, on the othér hand,

is more sensitive to the conductivities at greater depths.
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Figure 7. A map of the study area with the interpreted conduc-
tivities for each sounding plotted at the midpoint
between source and sensor. The values are in mho/m

and the contour interval is 0.15 mho/m.
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VI. CONCLUSIONS

A. Interpretative techniques based on inversion or non-linear
regression are completely general and should be used with transient
sounding data because they do not presuppose anything about the
data. Curve-matching of asymptote evaluation can be used, but they
are only recommended as a preliminary to an inversion technique
because they tend-to emphasize particular sections of the data
without regard to data precision (depending on the method) and can
easlly lead to erroneous conclusions. -

B, From the present results, Puna appears to be uniform
vertically to a depth of about 1000 m below sea level and shows
broad, but distinct, lateral conductivity variations. An area of
anomalously high conductivities is delineated south of the rift at
Puu Honuaula which is distinct from the rift zone (see Figure 7).

-C. The anomalous conductivities discovered in Puna indicate
maximum temperatures of 150° C. Transient sounding must be termed
a potentially useful technique for geothermal exploration until

these findings can be tested with a drilling program in the anomalo

zone.
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APPENDIX A: Fields About a Finite-Length Horizontal Current Source

The theory presented in chapter II is strictiy valid for ideal
dipoiar.antennas of infiniteéimal dimensions. However, the large
dipole moments required in geophysical applications can only be
achieved by the use of a wire for a horizontal electric dipole
whose lenéth may be quite large with respect to‘the separation
between source and observation point. Keller and Frischknecht (1966)

and Wait (1954) show that a length of wire or a wire square will

r
o
1]

appear as infinitesimal dipoles with an error of less than 57 if
observation point is separated-from the source by a distance of
at least five times the maximum dimension of either the source or
sensor. In practice, measurements are often taken at points much
closer than this limit. Appropriate models for a horizontal current
source may be calculated either by integration of the dipole field
equations along the length of the current source (Scriba, 1974),
or by the use of image theory (Kraichman, 1970). There are problems
in both approaches: the integrations are generally not easily
expressed in closed form except for the case of the direct-current
electric fields, and image theory solutions are of uncertain validity
(Wait and Spies, 1969). Therefore, the theory here is limited to
homogeneous earth transient responses, and the integrations were
performed numerically.

The integration for the transient response of tﬂe vertical

magnetic field,
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| x+8/2 .
b = B ereqw) - 2o+ 2] & (A.1)

lx—l/Z

(from equation II.10), is rather difficult to compute analytically,
so the finite response was calculated as the sum of the responses
from seve;al shorter sources (whose total length was still £). Each
short source requires a unique separation and orientation angle

(the program, FINITE, is listed in Appendix-C). Calculations showed
that this algorithm produced results which were accurate to within
1Z when compared with theoretical results at large separations if
each short source was less than one~-fifth the separation. Several
such responses are presented in Figure A.2 for a few values of

r/Q and — (y/r).

The distortion is evident in the early portions of the transient,
but becomes less noticeable as time increases., There would therefore
be inaccuracies introduced into halfspace reéistivity interpretation
by curve-matching and early-time asymptote evaluation, but not by
late-time asymptote evaluation as a result of measurements taken too
close to a finite-length source but treated as a dipole field. To
estimate these inaccuracies quantitatively, the apparent resistivity
for the transients in Figure A.2 were determined by their early-time
values and curve-matching (see chapter IV on interpretation), divided
by the actual resistivity and plotted versus separation to source-
length ratio (Figure A.1l). The discrepancies can be surprisingly
large and are greater than 5% for separations less than three times

the source length. The effects are systematic; if the early
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resistivity values overestimate the resistivity, curve-matching will
underestimate it, and vice;versa. Constraining the resistivities
obtained from~transienf amplitude and-shape.for measurements taken
at distances less than three.times the source length, as was done
by Skokan (1974), will most certainly lead to erroneous in}erpre-
tations.

An interesting result of these model studies is that the finite
source effects discussed above may be minimized by measuring along
particular source-receiver azimuths. For vertical magnetic field
transient scunding this direction is approximately 70°. TFigure A.l1
shows that soundings with source and recei&er separations as small as

one source length along the 70° direction show no more than 6%

amplitude error.
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e
[ars

gure A.l.

Effects upon transient sounding interpretation for
measurements taken close to a source. The figures

show the results of interpretation attempts by curve-

‘matching and asymptote evaluation on the transient

models in Figure A.2.
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Figure A.2. The transient response of the vertical magnetic field
observed over a conductive halfspace close to a hori-

zontal current source of length {.
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APPENDIX B: Transient Data Plots
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Figure B.1.

The transient sounding data for l& locations. The
actual voltages are plotted versus time along with the
best-fit ﬁalfspace transient response. The procedure
for obtaining the best-~fit response is outlined in

the text. The parameter correlation matrices are

included.
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Figure B.2. The data residuals (best-fit half.space response
subtracted from the data) plotted versus time. The
ordinate in all plots is the residual amplitude

divided by 6,.
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Figure B.3. The late-time resistivity function, from equation
IV.12 for the transient data plotted in Figure B.1.
‘The numbers at the ends of each trace identify the

transient sounding.
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APPENDIX C: Computer Program Listings

The three programs listed in this appendix have been written in
the time-sharing language APL (version APLSV), and were used on an
IBM 370/158. They are listed complete with internally required

functions.

Davidon's Method

The program DAVIDON Simpiy minimizes a single~valued function
using an algoriihm described in detail by Fletcher and Powell (1963)
and the IBM Scientific Subroutines Packaée manual. Two FORTRAN
versions, called FMFP and DFMFP, are available in>this package.

DAVIDON requires a user-supplied program, MODEL, whose output
must be the value of the function and its gradient for an input of
variables. The example version of MODEL listed here calculates the
sum—of-squares function (equation IV.3) and its gradient for an input
matrix of data, D, and the three variable vector,'ﬁi The user must
choose the convergence.criterion, PREC (usually 10~6), to start the
program aﬁd is immediétely prompted for an initial guess at the
parameters. Each iteration pr;duces a printed line providing the
iteration number and the new function value, parameters and gradients.
When the convergence criterion is met, the final function value,
parameters and gradients are printed, followed by thé covariance,
correlation and second derivative matrix {(equations IV.8 and IV.9).

A sample run is shown with all program values explained.
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RESUL™+1 70 FINITE ‘*RFIELD?

ARRESUL™ NOW CONTATNS THRE RESULTANT RESPNNSE FOR
A A SEPARATION-SOURCE LENGTH RATIN OF 1 AND AN
A AZTMUTH OF 70 DEGREES.

PRESULT

pTAU

aTAU IS CREATED RY RUNNING FINITE AND CONSISTS
A OF THE NORMALTZED TIMES THAT GO WITH RESULT.

VRIRITELD]V
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S, (2xTAUY*x0.5

Z«(pTAU)p(ERF 8£)-(2:(01)x0, 5)x(S+(7 3)xS*x3)xxk=-8S%2



Transient Response of a Finite-Length Horizontal Current Source

The program, FINITE, calculates the response of a finite-length

et

source as 1f the source were constructed of an even number of

separate, smaller sources. This is done by recalculating r and y for ‘

each of the source components and then averaging the responses.

The example run shown below calculated the vertical magnetic field
transient, but the program is sufficiently general to serve for any

field component.
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RDATA«+ATRIX TO BE PASSED ON T0 MMODEIL.

YMODELLDIV

V Z«D MODFEI, X:Y:R
Y«X[11+XQ[2J3xR«X[3] “HOY D[ ;1]
Z«<(D[;2]-Y) '
7+%,01.51 "1
2«7 ,-R )
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AaD«>DATA MATRIX
AX<+PARAMETERS
RMODEL EVALUATES THE SUM-OF-SQUARES FUNCTION SO
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2+l ~(x-Xx2)xA+ . xQTo %15 :
aALGORITHY FROM SEC™INN 7.1.26 TN
A ABRAMONITI AND STRGUN, HAMNDRNNY

R OF MATHEMATICAL FIICTINNS.
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