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ABSTRACT

Instrumentation technology utilized in
seothermnal exploration and well logging is
largely dorrowed from the petroleum and
minerals fields. Most modifications of
surface technigues reflect the particular
geologic objectives of the geothermal project.
Modifications are usually made to field
srocedure and data interpretation rather than
to instrumentation. However, DOE/DGE and
erivate industry have sponsored and continue
Lo spensor improvements in instrumentation.
Borehola instrumentation for geothermal
applications 1s a special problem. Many
gegthermal wells, particularly those intended
For electric power generation, have
emperatures exceeding design specifications
of most logging toois and components. Sandia
Laboratories, Albuquerque, New Mexico, have a
O0E/DGE »rogram to advance the
state-of-the-art insirumentation technology
for geothermal borehole Togging tools.
resently, Teggirng s either not done or is
Timited to ftools designed for higher
temperature, commonly deep, petroleum
axploration wells.

In recent years, instrumentation
technaology, common to many resource
exploration programs, has improved
significantly through incorporation of
state-of-the-art electronic hardware. Greater
sophistication in data collection and real
time processing has been accomplished using
micro- and mini-compuier technology.
Specialized chips such as A/C and D/A
convertars, V/F and F/V converters, lower
sower Jine drivers and digital systems have
greatly enhanced data quality and increased
recording efficiency. Utilization of
state-of-the-art comouter peripherals such as
cassettes, Tloppy disks and irteractive
graohics terminals have been intreduced in
field systems in receni years and the trend is
1o greater use of these devices. Real time
data processing and interpretation are the
design goals for current and future
geophysical exploration and well Yogging field
systems.

INTRODUCTION

Complete geothermal exploration programs
commonly include several methods from “he four

fields of geology, hydrology, geochemistry and

geophysics, including well logging.
Exploration strategies for high temperature
geothermal resources have been presented in
the Titerature (1} and the strategies
emphasize that integration of several
geoscience techniques is essential to
successtul exploration programs. Borehole
logging {or well logging) is included in
almost all exploration programs where at least
one hole has been drilled; a minimum logging
nrogran would De the measurement of
temperature with depth in the drill hole{s).

Since 1974, the Department of Energy,
Division of Geothermal Energy (DOE/DGE), and
its predecessors, have had programs to improve
and to develop cost-effective techniques for
gectnermal exploration and development {2).
The status and needs of exploration technology

2v geothermal resource applications were
first examined in 1975 (3) and later in 1877
{4 and 5). These studies, although
recognizing the utility of many methods, noted
that certain seismic and electrical methods
deserved particular attention. The studies
recognized the need for deeply probing,
commercial magnetotelluric (MT) ecuiopment and
active electromagnetic (EM) systems *that would
Da able to_operate over the freguency range of
1G=% to 10° Hertz. Interpretation algorithms

Tor a variety of electrical prospecting

systems for two- and three- dimensional earth
nodels were also needed. Active and passive
scismic methods, routine in petroleum and
solid earth studies, respectively, were

recognized as useful methods for geothermal

exploration. However some new technology was
required and mocdified field proceedures and
interpretation techniques were clearly needed
since geothermal resources are commonly
Tocated in complex geologic environments.
Borehole Togging techrology had a special
aroblem. Commercially available Togging tools
were not designed for the high temperatures
encountered ir geothermal wells ard most



technicues had been developed for geologic
ervirnoments quite different from those
- encountered in geothermal areas.

In this paper we will review developments
in MT, EM, active and passive seismic and
borehole technology for geothermal
exploration. Several instruments are in the
aroto-type stage of development or testing.
However progress in many areas has been
significant, particulariy in areas of field
technigues and in software and hardware
development.,

GEOPHYSICAL EXPLORATION INSTRUMENTATION
ELECTRICAL/ELECTRUMAGNETIC M=THODS

Conventional minerals exploration
geophysical methods sucn as gravity, magnetic
{ground and airborre), grounded electode
resistivity, spontaneous potential and
electraomagnetic methods are cermmonly employed
in geothermal exploration. In recent years
significant advances have been made in field
techniques and insirument technology to many
of these methods, narticularly for
magnetotelluric {M7), controlled source
audio-magnetote?turic (CSAMT) and low
frequency electromagnetic (EM} methods.

The MT method is a popular geophysical
exploration method used in geothermal
exploration. 1% nas been used in 71% of the
3asin and Range geothermal exploration
nrograms conducted through the DCE/DGE
Industry Coupled Program (1). Only the
gravity method is used as often as the MT
method.

The MT method is simply the measurement
of local variations in the earth's natural,
timevarying electric and magnetic fields., The
electric currents in the earth are called
telluric currents. Measurements made between
10 and 10,000 Fz are cailed
audiomagretoteiluric measurements. A
schematic of the magnetic field spectrum is
snown in Figure 1 {€). The source of the
fields above I Hertz is nrimarily worldwide
thunderstorm activity and below 1 Hertz is
orimarily the complex interactions cf charged
particles from the sun with the earih's
magnetic field. The earth/ ionosphere cavity
acts as a wave guide that control prosagation
of “hese eleciromagnetic waves. Certain
resgnances occur and are noted in Figure 1.
Note that the amplitude increases with
decreasing freguency. The field sirength
change is sufficiently large over the
freauency band of interest that the
‘nstruments are designed to recorcd data over
finite bandwidths. Typically, daza are
recorded over four to six overlapping bands.
An example of four recording bandwidths is
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'Figure 1: Earth's magnetic field strength

- £ i
between 10 4 and 10 Hz showing
four bands that might be
measured by an MT system {6,7).

shown in Figure 1 {7). Also, the wide
frequency range recorded makes it necessary to
record several bandwidths since digitizing
rates needed to sample at least at a rate
twice the highest freguency recorded change
over the total freguency range. The Dband
overlap allows for comparison of results
computed from each band and for comparison of
noise Tevels between bands.

Three significant improvements in the MT
method in recent years is (1) the removal of
bias from the recorded data, (2) the
introduction of in-field data processing, and
{3) the increased capability of numerical
modeling. Earth electrical impedance has been
calculated from magnetotelluric data using
autopowers and cross powers {7) of the
measured electric and magnetic field
components. However, 1%t was well known that
this approach severly biases the impedance
estimates if noise is present in the measured
field. It has been shown that using the
measured fields at a second, remote site %o
comgute various crossproducts with data from
the main site removes or significantly reduces
the bias in the impedance estimates (8, 9).
The removal of bias depends on the noise being
uncorrelated between the two sites.
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denicts measurement of the five field
componenss (18] and b)) d
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anicihs recording and

nrocessing syster (8),

Figure 2 depicts the MT method; 2 typical
field system is indiceted in Figure Za and the
block diagram of 2 tyrical data acquisition
system is showr in Figure 2b. Two,
horizontal, orthogonal components of the
electric field are measured using grounded .
wires and three, orthogonal components of the .
magnetiz field ars measured using a cryogenic
magnetometer (8, 10). The magnetoreiers nave
a nominally flat response from cc to 400 Az,
3dR ooint. The high freguency roll off is
determined by a single pole, £-dB/octave
filter at the magnetometer inout. A second
single sole filter with a 3-dB peint at 30 Hz
can be produced by enclosing the magnetometer
‘n a carefully shaped aluminum can. The
filters Timit the effect of high frequency

¢

s

transients and cultural noise (10). The
grounded wires are terminated with Cd-CdCT2 or
Cu-CuS0z porous pots or Tead electrodes. All
inout signals are amplified and filtered for
tnhe frequency band being recorded. The data
are digitally sampled and are stored on floppy
disc or nine-track tape. OCne available systen
(18) utilizes four LSI-11 microcomputers, each
with 128K of memory; one LSI-11 s a master
with two satellite microcomputers dediceted %o
“he twg five channel M7 stations. The third
satellite microccmouter computes crosspowers.
The system alsc consists of three fioppy ¢isk
driva, three £R7's, an extended memory unit,
an 1/0 (CRT) <erminal and a printer plotter.
THe data are processed and preliminary
interpretation made in tne fisld., The



in-field processing permits quick evaluations
of data guality, site selection and survey
parameters. Presently, one-dimensignal
(layered) earth mocels are used for in-field
interpretations and most intersretations made
in the office. However, recent advances in
two- and three-dimensional earth modeling
techniques should facilitate more
sophisticated in-field and Taboratory data
interpraiation. These interpretation advances
have given intecrity to the MT method and
provice a means to exploit fully the
information contained in MT data., The long
period data allows ceep probing of the earth
without the need for transmit<ers; it is a
logistically cost-effective technique.

The controlled source
audiomagnetotelluric {CSAMTY method is simply
& method whereby an ariifical source field is
createc and measurements are made at a
distance such that the source field
approximates a plane wave. Selected
frequencies between 10 and 10003 Yz are used.
The acvantages of the CSAMT method over the MT
or AMT methods are (1) the true structure of
the source field is known, (2) there is direct
control over signal-to-noise and {3) the MT
signels in the audio band are commonly Tow
level (see Figure 1). :

The Earth Science Laboratory Divison
(ESLD} of the University of Utah Research
institute has designed and built a freguency
domain digital receiver for Geotronics
Corporation, Austin, Texas. The receiver
specifications are Tisted in Table 1. The
system nas been desgned arcurd RCA-1802 CMOS
microprocessor ¢hip and a LSI 8x8 multinlier.
The microprocesser is interfaced with a user
dedicatad HP-33F calculator. The KP-33E
calcu’ator nas been programmed to perform a
numder of computations and further programning
is olanned. Although the recejver was
designed primariiy to operate as a induced
polarization/resistivity receiver, it can be
used with appropriate coils or a cryogenic
magnetometer in cambinatior with grounded
wires to measure CSAMT deta. E5SLD has a
orogram to test this sytem over a kxnown
geothermal resource. The receiver could be
used for time-domain measurements and the
tests_may include these measurements.

EM methods used in geothermal exploration
are bhorrowed largely from the minerals
ndustry. HMost methods empley wire loops
and/or c¢rounded wires for transmitters and
receivers. To look deeper into the earth it
s necessary Lo gernerate strong fie2lds that
produce measureable secondary fields due to
weak conductors at dedith. Receivers and
signal detecticon methods must opiimize signal-
to-noise ratios. Lawrence Berkeley
Laboratory, Berkeley, California has

Four Channels

0.001 Hz to 2000 Hz, .001 to 1000 Hz in 1,
2, 3.3, anc 5 steps

Simulataneous Sine Wave and Square Wave
Detection

Single switch selects all operating
parameters inciuding gain and sp

~ breakout.

Capability to use detected 3rd and 5th sine
wave harmcoics

16 digit LED alpha-numeric disolay

Programs stored in RQM's

Power line notch filter

12 volt Gel-Cell power supply - up to 10 hrs

use before charging.
Oscillatory accuracy 1x10727/24 nrs after
Warmup
weight 27 1bs {12.3Kg)
sfze 14"w x 12"d x 12"h
phase accuracy *180 degrees with .01 degrees
resglution
Two operating modes:
Mode 1: {.001 to .33 Hz)
High pass digital filter for
tetluric neise rejection
2: After each cycle and up to
16 cycles computes and displays
running average pnase and
standard duration for any one of
4 channels
3; 512 samples per cycle
4: After 16 cycles, cumulative
results are displayed
Mode 2: (.5 to 1000 Hz) ;
1: Stacks 64 cycles {.5 to
10 Hz) increasing to 1024 cycles
of 1000 kHz; computes and
displays average phase
2: 512 samples/cycle up to 10 Hz
decreasing to 8 samnles/cycle at
‘1000 Hz {2000 Hz is available at
4 samples/cycle, 2048 cycles
stacked).
In either mode amplitude is read 200
microvolt to 10 volts with 3 1/2 digit
accuracy (both sine and square wave
detection amplitudes available).

“Table 1: Specifications of Geotronix Receiver

developed, through a DOE/DGE prograr, an EM-60
system and have tested it at the Panther
Canyon thermal anomaly, Grass Valley, Vevada.
A schematic of the current EM-60 system 1
is shown in Figure 3.

The transmitter coil, 100m in diamater,
has 4 turns of #6 wire and is powered by a 60
kW, 400 Hz 3-phase alternator linked to a
Hercules gasoline generator. The system is
designed to transmit square-wave pulses
between 1073 and 103 Kz at up te 400 amos.
The receiving system is similar to the gne
described earlier for the ¥T system. The



three ragnetic field components are detected
with & cryogenic magnetometer and the electric
fields are cetected with grouncded wires. The
interoreted cdata from Grass Valley, Nevada
were compared to results obtained using the
convetional dipgle-dipole resistivity method.
The EM-50 data interpretation was Tmited by
the available techniques; a one-dimensional
mode! was interpretation for each
transmitier-receiver separation. A
two-dimensiona: earth model was used to
interprat the resistivity data. However, the
results compare favorably and the chief
advantage of the E¥-60 system is that it is
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,Figure 3:

hiblock diagram of one configuration for a
EM-50 receiver station (12].

more cost effective. For an equivalent areal
coverage, the EM-60 requires less labor and
less time than a conventional dipole-dipole

.system.

Conventional petroleum, active seismic
and earthouake, passive seismic geophysical

methods are also used in geothermal

exploration. Active seismic methods,
primarily reflection seismology, are used,
with suitable field and interpretation
changes, much as they are used by the
petroleum industry. However, some recent work
nas produced improved passive seismic
technology.

Passive seismic methods, including ground
noise, microearthguakes and feleseismic
(P-wave delay) data, are commonly used in
earty stages of exploration. These methods,
which are ftypically less expensive thar active
methods, are borrowed primarily from the
earthguake and engineering fields. Passive
methods have potential for locating
structures, delineating the resource, mapping
spatial variations of Poisson's ratio and

monitoring fluid production and injection.

One example of a recently developed
nassive field system for microearthguake

‘detection and analysis is the Automated

Seismic Processing (ASP) system developed at
_awrence Berkreley Laboratory (13). The ASP
is a low power (1 watt/channel), 16-bit,
in-field seismic data processing computer
designed around the RCA 1802 COSMAC CMOS
microprocessor. The ASP system is sketched in
Figure 4. The present system is structured
with 15 microcomputers {the WORKERS} in
parallel that pass preprocessed data to a main
microcomputer {the BOSS) for final processing.
Software has been developecd to handle all data
[/0 and processing which includes checking
data integrity, sampling the data up *o 100
samples/sec, and performing automatic
operations such as FFT. A%l routines except
the FFT perform fleating coint arithmetic
operations. The first ASP system has been
successfully tested and a second system is
under construction.

GEOTHERMAL WELL LOGGING INSTRUMENTATION

-

Well Togging technology used in
geothermal investigations has been borrowed
largely Trom the petroleum industry (14},
Most logging is done by logging companies
whose principle business is service “o the oil
and cas industry. A number of logging
objectives are common to both the geothermal
and petroleum industries since the production
of fluids from a reservoir is the ultimate
coal of both industries. However, geothermal
wells may have temperatures exceeding the



BUS GENERATOR
&

% FLAT CABLES W/3M CONNECTORS CONTAIN SYSTEMS BUS FUNCTION

- MASTER ~

~DATA- -DATA
FOWER SUPPLY > CHANNEL?! 1 CHANNEL 2
BUS INTERFACE BUS INTERFACE
* g TERMINAL UARTN ANOLDG = t{A70 CONVERTER M‘“"OG"" [
INPUT INBLIT i
MODULE ; !
N [MOTIFLY N MwucTipLy . |
{70 pEcobE > [i70 oEcope ™ !
ADDRESS LATCH [ADDRESS LATCHD
_ [ EPROM [4X EPROM _
(Terminar fp /- [ax Ram X
|
RCA BOARDS IN-HOUSE BOARDS L] L
CPU A/D CONVERTER {a) 143 (c)
ADDRESS LATCH  MULTIPLIER
4K RAM 4K EPROM (AY(BYC) RCA 1802 DEVELOPMENT SYSTEMS BUSSES
170 DECODE BUS INTERFACE
TERMINAL UART  MODULE
, BUS GENERATOR
. {a)
|
i
: TERMINAL |
i { | MASTER | DATA DATA DATA
; Fope i 2 1 CHANNEL CHANNEL 'CHANKEL fo.p
‘ i_HL‘S GENERATOR i ’:u.ﬂ | no-ipf_’j nc.zpp no.ISP
% MODULE © SYSTEM BUS Vol
| 1
i DATA DATA DATA DATA
: 4 CHANNEL (07 [CHANNELMP|  [CHANNEL pp CHANNEL 20
| v ro. 16 | ne. 17 na. !7 ho. 31
l MODULE 1 SYSTEM BUS 7 ¢ /\
A
- 1
f ! -
; DATA DATA [ DATA DATA
I ‘ CHANNELRP CHANNEL LA JCHANNEL up CHANNEL gt
‘ v ne. 112 ne.ti3” b [T no.iiq no.127
} MODULE 7 SYSTEM BUS 1 { (\
, (b)
t

Figure 4:

(a) Block diagram, two—thanhe] prototype seismic data acquisition/processing

system and {b) block diagram of 128-channel seismic field system, iliustrating
16-channel modular architecture (13).

design specifications of available logging
The objective of the DIL/DGE program
dia Laboratories is *o develop, in the
eI, compenents to withstand temperature
C and in the long term components to
withstand temperatures to 350°C (15 & 16).

tools,
at San
near t
ta 275

-

The Sandia -program is outlined in Table 2.
Sandia does some of the work but subcontract a
substantial part of the study fo various
aniversities and private industries.
industry is also independently making
significant technology improvements (17).

Private



Table 2:

(From Geothermal Logging
Me 5, g

r 0
geting, Jec. re7

Phase 1.

instrumertation Development Steering Committee
, Souston, Texas.

Geothermal Legging Instrumentation {
Progran Objectives

Courtesy A. F. Yeneruss)

Develop Prerequisite Components and Zapabilities ' |

- . -’ L} - l
*Demenstrate the feasibility of 275°C electronic !

comnonents

*Transfer technology to industry :
*emonstrate basic 275°

*Stimulate industry anplication and R&D

Phase II.

~

C Togaing tools

Develon Full Complement of Essential Capabilities

*Provide the full comnlement of essential 257°C

zlectronics

*Exterd lifetimes of 275°C electronics and
cables beyond 130 hours

*MNeo

Demenstrate the technology required to produce ’
tie full suite of geothermal ogging tools

*Investicate feasibiltity of 350°% technology

*Stimulate industrial appliction and RE&D

Tha early task undertaken by Sandia was
to tes’t avaitlable electronic corponents under
high temperature conditions (18). Commonly

~available resistors, capacitors, conductors,

‘nterconnections and active devices were
testecd for 1000 hours at 300°C. Evaluation
included survival of fthis fest and a minimum
charge Sn electrical narameters hetween 257°C
and 3C0°C., The studies cemonstrated thick
Tiim resistors and capaciters and silicon
Junction field effect transitors had quite
favorable characteristics.

Table 3 summarizes technology recently or

“soon avatlable for geothermal well Tegging.
i Some probiems with cable, cable neads, down

hole circuitry and tool design features have
been solved.

INTERPRETATICN SOFTWARE DEVELOPMENTS

A significan®t effort has been and

;continues to be gver to development of
. interpretation algorithms for electrical

. methods.
iinterpretation schemes available fo the public

A few years aco almost all

were To~ homegereous or tayered-eartn models
and for a variety of sources. In recent years
advances in computing 2- and 3-D earth models

[tem Temperature
Logging Cable
Teflon TFE 3159¢
PFA 260°C
Metal Sheath 397°%¢ .
Cable Heads - 315 & 260°¢C
Hybrid Circuits for Downhole 275°¢C
(Voltage regulator and A/D
converter)
Tools ;
Acoustic Borehole Televiewer ;
al high temperature acoustic '
transducer 275°¢C
b} improved acoustic window
¢) elemination of slip rings
Temperature {Prototype) 275%¢

Table 3: Summary of some recently or soon
available well Togging technology.

with various sources have been made. Table 4
summarizes the oresent state of available
software to model four “ypes of earih models
and for five types of sources. The algorithms
with an asterisk were develcped specifically

.
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{ ©osolution integrals - [Timited
1 : | ‘ i apniication)
" Large Tcons  Closed | Hankel . Under ceveloprert |
. fornm i transform | :
' solution | integral § ‘
: ! ] i

Table 4&: Available interprefation algorithms of electrical methods (19)

o

w

to meet the needs of the geothermal industry.

: . ; SLIMEE 1\'
Several combirations of sources and carth CONCLUSTONS
models are stil? being studied. Hybrid P ;
. . . . B 7 fal
Finite- element and Integral-equation recenfTgz;iécigtia;ggcgésf?gfdbggzhgidg ;n
solutions are anticipated to be successful. . - Y e ety o . Ques,
instrumenrt ftecnnoiogy and interpretation
. - . .. . A e 1o+
The plane wave so:ut@onsl_app11ca51e to software. All impbrovements can be traced o

use of state of the art electronics anc
computer technology. A review 0f recent
developments and a look a% current research
activities indicates a promising future for
geotherma? exploration technology
develonmaents.

the MT and AMT methods are compliete. However,
so utions for complex earth models and systems
such as the EM-£0 discussed here are not yetl
available. THe develooment of virtual memory
storage and cneagzer computer fechncloegy has
areatly aided the cevelopment of the advanced
software., Computer programs that comoute
resistivity over a 2-C earth for a grounded
pair of electrodes requires on the crder oFf
250% bytes of memory using a Finite element
algeri“hm. A 3-D earth nlane wave EM field
comaination recuires over 1M byte of memory
using an integra! ecuation solution.
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