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Controlled-source audiomagnetotellurics in geothermal exploration .

Stewart K. Sandberg* and Gerald W. Hohmannt

ABSTRACT

Theoretical and field tests indicate that the controlled-
source audiomagnetotelluric (CSAMT)Y method provides
an efflicient means of delineating the shallow resistivity
patiern above a hydrothermal syslem. Utilizing a trans-
mitler overcomes the main limitation of conventional
audiomagnetotelluties—variable  and  unreliable  naloral
source ficlds. Reliable CSAMT measurements can be made
with a simple scalar receiver, Our calculations for a half-
space show hat the plane-wave assumption is valid when
the trapsmitler is more than 3 skin depths away in the
broadside configuration and more than 5 skin depths away
in the collinear configuration. Three dimensional (3-D)
numenical modeling results for a bipole source 5 skin
depths away compare well with those for a plane-wave

source, showing that the method is valid.

A CSAMT survey at the Roosevelt Hot Springs geo-
thermal area in Utab produced apparent resistivity contour
maps at four frequencies: 32, 98, 977, and 5208 Haz.
These maps show the same featuies as those of a dipole
dipole resistivity rap. We also collected deailed CSAMT
data at 10 frequencies on two profiles. Two-dimensional
(2-13} plane wave modeling (transverse magpetic mode)
of the resulting pseudo sections yiclds models similar to
thuse derived by modeling the dipole-dipole resistivity

data. However, CSAMT resolved details not shown by the
resistivity modeling, Thus, high resolation along with an
efficient ficld procedure make CSAMT an attractive tool
for geothermal cxploralion.

(NTRODUCTION

Dipole-dipole resistivity and scalar audiomagnctoteluric {AMT)
surveys frequently are conducted 1o delneate the shallow re-
sistivity patfern above a hydrothermal system. The former iethod
is slow and expensive, while the Jatler 18 not dependable. Natural
fields in the AMT hand (10.-10* Hz) are due to thunderstorm
enerpy propagatng in the earth-ionosphere cavity; therefore, the
source fields af certain imes of the day or in certain seasons may
be so weak that it is impossible to obtain rebuble data. Further-
more, lensor measuremenls are required, because the source
ficld direction varies with time, These Timitations can be over

come by utilizing a controlled source, i.e., a grounded wire
driven at one or several frequencies and located far encugh away
that the incident field at the receiver approximates a plane wave.

Strangway et al (1973) discussed the application of natural-
field AMT in minerat exploration. Hoover et al (1976), Hoover
and Long (1976), Hoover et al (1978), and Long and Kaufman
(1980} described reconnaissance natural-field AMT investigations
with stafion spacings of several kilometers in geothermal areas.
However, in geothenmal exploration AMT may be most useful
for detailed mapping of near-surface low resistivity zones due to
rock alteration and saline pore fluids.

Goldstein and Strangway (1975) introduced the vse of a con-
trolled source for AMT surveys and discussed applications in
mineral exploration. If the source is located several skin depths
from the observation point, the electromagnetic (EM} field be-
haves as a plane wave, and the conventional magnetoteluric
(MT) formula for apparenl resistivily can be used (o teduce
the data.

We [nvestigate the validity of the plane-wave approximalion
for half-space and three-dimensional (3-1) models. Then we
describe the results and interpretation of a controfled source
andiomagnetotelhine {(CSAMT) survey at the Roosevelt Hot
Springs KGRA (known geothermal resource area) in Utah.

PLANE-WAVE APPROXIMATION

Expressions for the magnetic and electric fields due 1o an
infinitesimal grounded electric dipole on a half space were pre-
sented by Goldstein and Strangway (1975). We integrated the
infinitesimal dipole solution numerically over a finite length
source to simulate o field sitwation. Solutions were calculated
aver a 3% X 3V nile (5.23 X 5.23 km} grid for a 2000 ft
(609.6 m) transmitter, a half-space resistivity of 100 £8.m, and a
frequency of 32.02 Hz,

AMT scalar apparent resistivities are caleulated according to

the refation

where £ and H are perpendicular horizontal electric and magnetic
ficld components, respectively. For our half-space model, the
transmitier bipole is oricnted along the x axis.

Figure 1 shows apparent resistivifies caleulated using the
camponent of the elecirie field parallel to the tansmitier. For
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FIG. 1. Apparent resistivities caleulated using £, and F, with the
tunsmitter bipole parallel to the rv-axis. Station spacing 1/4 mi
(40234 m), transmitter bipole 2000 fi (609.6 m} long, haif-
space resistivity = 100 00.m, frequency = 32.02 Hz, skin depth
(6) = RB4 m (.55 mi). Three, four, and five skin depth distances
from the center of the transmitter are shown. The shaded area 18
the region of minimum coupling.

reference, distances of 3, 4, and 5 skin depths (8 = \/2?#1;&@
are shown, Apparent resistivities are within ten percent of the true
half-space resistivity (100 {-m} when measured more than three
skin depths broadside lo the transmitter, and more than five skin
depths collincar with the transmitter. The broadside configuration
refers to measuring the electric field paralle]l to the transmitter
bipole and on its center Iine. Collinear refers to measuring the
electric field parallel ta the transmitter bipole and on its axis,
However, resistivities in the shaded region of Figure 1, although
far enough away, are not within ten percent of 100 02-m because
the electric and magnetic fields are almost perpendicular to the
measuring directions.

Orientations of the major axes of the electric and mapnetic
field polarization ellipses are plotted in plan view in Figures 2
and 3, respectively, The shaded areas in these fipures correspond
to the minimum coupling area in Figure 1. Note that in the
shuded areas £, and H, (the field components used in the ap-
parent resistivity calculations of Figure 1) are small. Apparent
resistivities calculated using these small inaccurate components
are erratic! the same would be true of ficld data. Goldstein and
Strangway (1975) showed similar regions of minimum coupling
on apparent reststivily grids from an infinitesimat electric dipole
source,

Figure 4 shuws appaient resistivities calculated using  the
component of the electric ficld perpendicular to the transmitter
bipole. At distances from the transmitter greater than three skin
depths, calcnlated apparent resistivities are everywhere within
ten percent of the true half space vesistivity, Minimaun coupling
in this ortentation oceurs along the - and y-axes, no apparent
resistivity values are shown on the axes because the 7 and A,

i .
Profiting parallel w the tansmitter bipole fhioadside configura-
tion} requives measuring electric snd magnetic fields in dircetions
which are pot maximwmn coupling orientations. A profile atong o
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Fii. 2. Orientations of the major axes of the electric field polari-
zation ellipses. The shaded arca is the same as that in Figure 1.

radial path perpendicular to or collinear with the bipole wiil
preserve maximum coupling along the entire profile, and it is
therefore recomimended.

Kan and Clay (1979} showed half-space soletions for the fields
within the earth wsing & dipole transmitter and stated that the
planc-wave source approximation is valid beyond about six skin
depths. Their results are based on phases of the fields in the earth.

Three-dimensional (3-D) modeling was emploved 1o simulate
the CSAMT technigue in the gencral case and to check the plane-
wiave approximation for an inhomogeneity in a half-space. The
program maodcled a bipale saurce on a 3-13 carth using an integral
cquation solution (Hohmann, 1975). A similar propram (Ting
and Hohmann, 1981} simulated a plane-wave source over the
sarpe 3-DD earth for comparison. The 3-D earth consisted of a
homogenecous half-space in which a conduactive rectangular prism
00 > 600 » 30 m thick was buried 50 m deep. The frequency
was 100 Hz, the half-space resistivity was 100 (Q-m, and the
prism resistivity was 10 Q-m.

The first source was located approximately five skin depths
from the hody, representing a transmitter-receiver scparation
adequate for the broadside configuration and just large cnough
far the collinear canfiguration, Figure 52 shows a plan map of
apparent resistivities calculated on profiles across the buried
prism using E, and I/, with transmitter electrodes located 2600
and 3200 m from the origin on the y-axis. The nearest source
clectrode is 4.9 skin depths from the nearest edge of the hody,
and the geometry corresponds to the collinear configuration,

In Fipure Sb, spparent resistivities are calculated in the same
manner, except the source is a plane wave with the electric ficld
polarizution in the y-direction. A comparison of Figures 5a and 5h
shows the wvalidity of the pline wove approximation for an
inhomogeneous earth. Diserepancivs are gy on the source side
of the body because it is closer to the trapsmitter bipole.

Figure 6a shuws apparent resistivities caleolated trom £, and
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transmitler bipole purallel to the x-axis. T hree skin dcp[hs distunce
from the center of the transmitier 15 shown.
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arent resistivities over o bured 30 prism caleulated using £ and A, Due m the symmaetry, only halfl of the
ared is shown, Pristo resistivity = 10 £ n1, backproand Ball space resistivigy - 100 0, freguency — 100 Hz, () Transmitter bipole

i coltinear configuration centered at ¥ - 2500 m. (h) Plane-wave searce ws I the eleetric field pols 1r|/(‘d in the v diveetion. A profile of
duta along v - H00 m has been arfcded i £od to ronariin the appareni TesisUvily conlours,

Prci. 5. Plan view of upp
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Fig. 6. Plan view of apparent resistivitics over a buried 3-D prism caleulated using E, and H,. {a) Transmitter bipole in broadside
configuration centered at y = 2900 m. (b) Planc-wave source with the electric field polarized in the y-direction. A profile of data along
¥ = 600 m hus been added in (1) to constraip the apparent resistivity contours,

Hy for transmitter electrodes cenlered 2900 m from the origin
in the y-direction (5.8 skin depths from the center of the prism}
and paralle] to the v-axis, i.e.. the broadside configuration. For
comparison, Figure &b shows apparent resistivities for a plane-
wave source with the electnie field in the x-direction. There is
good agrecment, showing that the source is sufficiendy far away
that the planc-wave approximation is valid.

The effect of obtaining data too close to the transmitler was
simulated by placing source electrodes on the y-axis 700 und
1300 m from the origin in Figure 7a. Electrodes %00 m from the
origin in the y-direction and parallel to the v-uxis represent the
other incident field mode in Figure 7b. Both modes exhibit re-
sistivity Tows over the buried prismy, but the apparcnt resistivities
are far from the planc-wave values shown in Figures 5b and 6b,
The incident field dogs not approximate a plane wave in this case,
because the distance from the center of the tansmitter to the
center of the body is only 1.8 skin depths,

When applying CSAMT in highly resistive teirain, the required
transrailter-raceiver separation may be so large that ebtaming duta
ton close 1o the Lansmitter is necessary in order to recetve the
sipnal. Such data are nol guantitatively interpretable with plane-
wave MT modeling, Goldseln and Strangway (1975) presented
curves for one-dimensional (1-12) interpretation of soundings

feken 100 close to the transmitler.

ROOSEVELT HOT SPRINGS CSAMT SURVEY

We carried out a CSAMT survey at Roosevelt Hot Springs
KGRA during August and September, 1979. The KGRA is
located in Beaver County, in west central Utah on the westemn
margin of the Mincral Mountains. Bedrock in the area js dominated
by metamorphic racks of Precambrizn and Paleozoic age. The
geothermal systent is Jocated within the granitic Mineral Moun-
tains pluton of Tertiary age. There is evidence of recent igneous

activity in chyolite fows, domes, and pyroclastics of Pleistocene

age.

The area has been studied in detail by the Dept. of Geology
and Geophysics, University of Utah and by the Farth Science
Labaratory, University of Utah Research Institute. A snmmary of
the wark can be found in Ward et al (1978). Because the area is
so well documented, it s a good Tocation for testing an exploration
lechnigue.

Roasevelt Hot Springs is a structurally controtted genthermal
reservair, Geothermal explorstion tavgets are the fauMts and frac-
tures which control the movement of fluids, Alreration products
ahserved along these faults and fracweres are associsted with
chemical reactions caused by the hydrotheimal system. Due to
the alictation minerals zand the brine, the Fault zones respond as
lowe-rosistivity anomalics inan otherwise moderate to high-
resistivity background.

S
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} (a)

TO TRANSMITTER

Fri. 7. (a) Sare as Figure 5a except transmitter is cenlercd at y

The resistivity range ecapecled is belween one and a few
hundred ohim aneters. Formalion water resistivities are in the range
0.5 10 2 Q-m (Glenn and Hulen, 1979). Laboralory measure-
ments on core sarnples from the clay alferston zone (30--60 m)
in dritlhole 1A near the Opal Mound fault show resistivities as
low as 3-5 (- m (Ward and SHl, 1976).

Previous aesistvity work was done in the area by Ward and
Sl (1976). A first separation {n = 1) 300-m dipole dipole re.
sistivity comtour map from their work is shown in Figure 8. They
used this map faleng with dipole dipole resistivity pseudo sections,
an acromagnetic map, air photos, plus mapped snd interpreted
geolopy) o produce a fracture map of the Roosevell Hot Springs
KGRA. Resistivity contours were also used o support the possi-
hility that brine s leaking out of the convective hydrothermal
syslem to the north.

We carried ot the USAMT survey in two parts. First, a re-
sistivity mapping study was completed to assess the method by
comparing il with the dipole-dipole resistivity map (Figure §).
The second part of the survey consisted of two casi-west profiles
actass the low esistivity zone, with subscquent guantilative inter-
pretation using a 2.1 MT modeling program.

The transmitier used in the fiekd work was a Geotionics
EMT. 5000, The receiver was a Kennecott Minerals Co.
AMT unit consisting of a two channel, tunable, high-pain, namow
band-pass anafog instroment which measurcd the logarithmic ratio
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of the channel inpuis. A reading consisted of an electric-to-
magnetic field ratio with no phase infonnation,

The depth of exploration usnally given for AMT is one skin
depth. Howcever, actual depth of exploration is somewhat less,
as discussed luter in this paper. In our field work, the lowest
frequency was 32 Hz, so in 10 {1-m ground the depth of explora-
tion is less than 280 m, while in 50 (-m ground, it is less than

628 .

Resistivifty muapping

The CSAMT procedure for resistivily mapping is based on our
thearetical sesults. The assumption of a 1- (Jayered) eath at
each receiver site allows apparent resistivity calculations to be
made by measuring the field in maximum coupling orientations.
A trsnsparent plot of clectie field direetion (Figure 2} over a
half-space is constructed at the same scale as the field mup.
Overlaying the ficld direction plot helps to oriend the receiver for
maximur signal strength. FThe distance from the  transmitter
shoudd be at least three skin dt,pl 3 d\]l\(’ the st !(“'H[]\]"'
hetween receiver and transinitter and (he lowest lwegueney of the
are calculated for several fre-
yueneics contour map s constructed for
each freguency o delineate the neas-surface resistivity pattern.

Field work al Roosevelt Hot Springs KGRA resulted jn 136
unigue stations occupied, 47 af which were located on two pro

Apparent Tesislivities
and 4

sonnding.
al each station,
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fites. For resistivily mapping, apparent resistivitics were nmea-
sured at four frequencies: 5208, 977, 98, and 32 Mz, 'Two trans-
mitter sites were used for the reconnaissance survey, and three
others were oceupied for profiling, Apparent resistivity contour
maps at cach of the four frequencics ave shown in Figures 9, 10,

11, and 12, The general contour trend and the positions of the fow- -

resistivity zones compare well with the first separation dipole-
dipole resistivity map in Figure 8.

The 5208 Hz map of Figure 9 exhibits two zones of low ap-
parent resistivity, One is Tocated around the early steam well, The
other is just west of well 3-1 and frends northwest from there
through welt #2-33 and northeast toward well 12-35. The low re-

FROFILE
4000H - — -~

F1G. 8. First separation

dipale-dipole  resistivity

map of the Roosevelt Hot

Springs  KGRA {2 =

00 m). After Ward and

SHE (1976). Areas less

than 10 £&-m are shaded. ARGFILE
Solid circles denote pro- FEOON
ducing grothermal weils,

open circles indicate non-

producing wells,
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sistivitics coipelde  with mapped near-surface alleration and
brines associated with the peothermal system. These jow re-
sistivitics are bounded on the east by the more resistive unaliered
granitic pluton, and on the west by unaltered alluvium west of
the Opal Mound, Geothieninal production wells lie within or just
to the cast of the low-restslivity zone, and nonproducing wells
lie to the south and west. The 100 - contour north of well
82-33 is not due to noise in the data; high resistivitics also occur
here in H00-m dipole-dipole data.

The 977 Hz map of Figure 10 defines the same peneral re-
sislivity trend. A station in the northwest purt of the map has a
low apparent resistivity of 15 2an. This low-resistivity arca

+ 3B 32 30

200
T30

- agnEs!

nEt BE 30T
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broadens and becomes more defined in the maps of apparent ye-
sistivity for the Jower frequencies. Prehistasic [ake Bonrneville
sediments in this area (Ward and Sill, 1976) explain the feature.
The northern low-resistivity zone along the Opal Mound fault
extends farther northwest af this {reguency. This could indicate
that the geothermal systemy s leaking or hus Traked to the north-

wast,

The 97.7 Hz map of Figure 11 shows Jow resistivity zoncs
larger in arca, with the northem 20n¢ extending due north. The
conductive zane to the northwest is well defined.

The 32.02 Hz map of Figure 12 shows bedrock ta the east and
southeast indicated by the high apparent resistivity values. Con-
ductive roucs correspond to the geothermal arcas as well as the
Lake Ranneville sediments 1o the northwest, The conductive zone

Friz. 9. CSAMT apparent
resistivity map of Roose- ;
velt Hot Springs KGRA. _ .
Frequency - 3208 Hz, o
Areas less than 10 {1-m PROELE See e
are shaded, MD?-/ !
PETIN

3

and Hohmann

along A200N at the Opal Mound funlt is enfarged to the west at
this frequency, possibly indicating westwarid bring leakage from
the fault.

The absolute accuracy of the resistivities obtained by our equip-
ment was checked by reoccupying an MT sile ubtained in an
cartier survey. CSAMT datu agree with the MT data within mea-
cuserment error, indicating that our equipment was working prop-
erly and apparent resistivities are acoarate. .

In order to detenmine the relishility of the data obtained in the
survey, we repeated several stations. fhe repeatability was usuully
within one decibet of the E/H ratio 1ead from the receiver {une
dJucihel greater cospesponds to multiplying the upparent resistivity
by 1.26, and one decibel less yieids apparent resistivity divided
by 1.26). Two receiver and coil sots were nsed; ratio differences
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botween the two different sets usuafly were within one decibel
of cach other. These accuracy und repeatuhility tesis are explained
in more detail in Sandberg (1980),

A CSAMT resislivity mupping survey appears (o be more effi-
cient than conventional dipole-dipole resistivity mapping. The
CSAMT receiver only requires 2 30 m wire Tor the electric field
sensor and 4 portable coil for detecting the magnetic field, in-
stead of several hundred mwters of wire as in the dipole-dipole
resistivity procedure. We found that a four-lrequency CSAMT
station could be read in about 15 minutes, including sct-up, Also,
since the technigue does not need 1o be confined to profiles, as in
the case of dipole-dipole resistivity, rapid dreal coverage s
possible using existing roads.

107

The similarity between the CSAMT mups and the first separa-
sion dipole dipole resistivity map, along with the reoccupied MT
site Tesults and repeatability lests, indjcate that these data are
accurate enough for quantitative interpretation. We ran two pro-
files across the low-resistivity zone and modeled the results. The
lucations of the profiies are shown in Figure 9.

*

Profile 1

Profile 1 is an east-west traverse along dipole-dipole resistivity
line 4000N (Figure 8}, The CSAMT station spacing was 30 m,
and twa trunsimitter locations {labeled TX3 and TX4 m Figure 9}
were used. The transmitter consisled of an orthogonal pair of
2000 fi (609.6 m) bipoles, aillowing apparcnt resistivity measure-
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ments with the electric field perpendicular and parallel to the
traverse. Two sets of data were thereby obtained, comesponding
o electric field oricniations pcrpcndicu]ar ¢I'Ah) and parallet (TE)
to peotogic strike. The two scts of data are plotied as pseudo-
sections in Figures 13 and 14,

One-dimensional MT inversion of the TM mode data at each
station along the profile resulted in an initial 2 D resistivity
model for the fine. This model was then refined by ubilizing a
2.1 MT finite element forward computer program (Stodt, 1978)
and adjusting the model to fit the TM mode field data. In a com-
plex area such as this, 2-D intcrpretation is possible only for T™M

Sandberg and Hobmann

mode data (Wannamaker ot al, 1980). The resulting madel is
shown in Figure 15 along with a 2-D sesistivity model for the
same line (Ross et al, 1981) detived from cambined 100- and
300-m  dipole-dipole (n = 4) data (Ward and Sill, 1976).
Theoretical AMT pseudo sections for the CSAMT and resistivity
models are shown in Figures 16 and 17, tespectively. These
theoretical pseudo-sections can be compared with the field data
in Figure 13. The resistivity maodel AMI response (Figure 17)
does not fit the low-frequency data very well, and apparent re-
sistivities in the conductive arca are not low enough.

A 2-D finite-clement dipole-dipole resistivity computer pro-
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gram (Killpack and Hohmann, 1979) was used to generate re-
sistivily data from the CSAMT model. A comparison of this
theoretical data and the resistivily field data 1s shown in Figure 18,

The dipole dipole resistivity dala in Figure 18 indicate a re-
sistive overburden from CSAMT stalion 3900 on the west end
of the profile. Lack of high-frequency data at stations 2100,
3000, 3300, 3600, and 3900 (Figure 13) along with probable
noise at the high-frequency reading at station 2700 cantribule to
CSAMT's imability 10 detect this feature. The CSAMT modei
(Figure 15} was constructed to it the field dafa, and theralore it
does not show a resistive overburden.

One large disagrecment between the resistivity and CSAMT
interpretations is the depth to ihe conductive unit from stalions
2400 to 3600 {Figure 15}, This depth is modeied 300 m deep by

PROFLE
A000N

G, 12, CSAMT upparent
resistivity map of Roose-
velt Hot Springs KGRA.
Frequency = 32 Hz,
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resistivity and 150 m deep by CSAMT. Joint modeling of 300-m
and 1-km dipole-dipole data by Ward and Sill (1976} on this
ling also indicated a resistive-fo-conductive interface at 300 m.
The similarity between TM and TE mode CSAMT daty in this
region (sce Figures 13 and 14) suggests that -0 inversion results
should he meaningful. We inverted duta from stations 2400
through 3600 to determine the depth to this conductive zane,
Inversion resnits indicate that the 150-m interface modcled by
CSAMT is a shallow limit, and the 300-m interface modeied by
resistivity is foo deep. An inversion of Schlumberger resistivity
sounding data (Tripp ct al, 1978) obtaincd just west of station
3300 indicates a resistive-to-conductive interface at shout 119 m
with & range of 73 to 196 m. When EM sounding data (10.5 Hz
to 86 kHz) in the same position were inverted (Tripp et al, 1978),
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APPARENT RESISTIVITY
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PROFILE 2 (?200N)

FIELD DATA
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15 m of 119 0-m oveiburden upderlain by 35 £3 m material was
interpreted. The EM sounding, although unable to penetrate to
the resistive conductive jnterface, gave a check on the resistivity
of the upper layer. Rased on this information, the upper layer
resistivity for the CSAMT inversion was constrained at 50
Y'm, eliminating high parameler correlations.

A 300 -m resistive body corresponding to bedrock at depth
is the main feature in the CSAMT section from 3900 to 4300,
This body is modeled 150 m deep, but the depth is not well re.
solved, It is pot shown in the interpretation of the dipole dipole
data (Figure 15b). The cvidence for this resistive block occurs
at the two Iowest frequencies at stations 4200 and 4500, and the
Towest fregquency at stalions 3900 and 4800, Two-dimensional
Sehlumberper modeling 5300 m to the south of this Tine (Tripp
et al, 1978) delineated a 300 ©-m block at a similar depth. The
joint 300-m and 1-km dipole-dipole model {(Ward and Siil, 1976)
indicates a 300 {-m substratom 600 m deep from station 3900
eastward,

The abiity to resolve a partow resistive structure at depth is
rclated to the depth of explorstion. The CTSANT technigee,
using the skin depth criferion, has a depth of exploration in
10 €2 m material of 280 m (at 32 Hz). However, sensitivity fesls
indicate that the depth of cxploration is Jess than a <kin depth
with our instrumentation due to apparent Tesistivities being re-
puatable only within a factor of .26, The dipole-dipole tech-
nigue at n = 4 has depths of exploration of ubour 120, 360,
and 1700 m for 100 m, 300 m, and 1 km dipotes, respectively
(Ruy und Apparao, 1971) for a pline neiface. For tabular
vertical spucipes, depths of explosation are less than foe o plane
interface, Heowever, the 300hm dipole dipote data shonld include

9. Field data pseudo-section from profile 2 (2200 N).

Apparent resistivity less thun 20 (-m is shaded.

information about the 300 0-m block. However, probably
due to nonunigueness of resistivity modeling, this block was not
modefed (see Figure 15b).

Gravity modeling on this line (Crebs, 1976} shows bedrock
70 m deep below statton 4800 increasing to ahout 140 m just
west of station 4200, By adjusting the density contrast {0 a more
reasemable valve, Tripp (1977) suggested that the depth could
compare quite reasonably with the 150 m madeled here. This re-
sistive body is most likely unaliered Precambrian gneiss bedrock.

A thermal gradient hole was drilted a short distance from
station 4800, intersecting the water table at 35 m. This depth
coincides with the CSAMT model interface between 100 and 10
(F m material at 40 m depth.

Just east of station 4800 there is a sharp surface lateral re-
sistivily contrast corresponding to the Opal Mound fault mapped
by resistivity, heat flow, and geology. Tversion of EM sounding
data shows 19 m of 24 {-m maerial underlain by 3.4 O m
maferial in this position (Tripp et al, 1978). This agrecs weill
with the CSAMT model of 15 m of 30 £1-m material underlain
by 1 £1-m material, The hottom of the T £m block and the east
edge of the 300 Q-m block (see Tigure [5) are nob resolved
because the near-surface region is so conductive that it is jm-
pussible to “‘see through' it at these frequencies. The eastern
end of the T Q-m umit is modeled as a staircase strocture which
implies & shallow, castward dipping altered zone east of the Opal
Mound Taull.

A sensitivity study helped to explain the lack of Bt in the
thepretical dipote dipole pscuda-section (Tigare 18) fram station
S100 castward, An AMT 1-D stady to simulate the resistivity
section bencath station S100 indicated thai it was not possile to
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determine the resistivity of anything belew « 15 m layer of 5 O-m
material overlying 60 moof 1 0 mowaterial, even though a skin
depth in 1 £-m material at 32 112 is 89 m. When the errors in
data measurement are considered, the thickness of the 1 (0-m
luyer could be decreased 1o about 40 5n and still shield information
from below. Therefore, the cxploration depth in this case is Tess
than (16 skin depths,

A sirilar study shmulating the resistivity section beneath station
5400 indicated no information could be derived ahout material
below a 20 Q-m layer 30 m thick overlying a 1 (-m layer 45 m
thick. The depth of exploration is therefore fess than B skin
depths.

Based an the sensitivity tests, a modelt similar to the CSAMT
model ta Figure 15 was constructed which fit the 300 m dipole-
dipole data out to station 6000, The modificd model included
thinning the 1 0-m layer and inserting 40 fl-moonterial beneath
it under sfations 5100 to 5700, Lack of fit cust of station 6000 iy
likely duc ta the fact that the area 15 not 2 D because of faelting
paradle] 1o the traverse 300 m to the north,

Profile 2

Profile 2 18 an cast-west traverse along resistivity Fine 2200N
and 1y located 1800 ny sonth of profile 1 (see Froure 9. The data
wre plotied n psewdo section form in Figore 19, Five stations in
the center of the line (6W, 3W, (0, 3K, and 615 were ohtained
using transmitter TX4, and the rest were taken by working off
both ends of transmaitter TXS Tan vast-aest, 2000 ft (609.6 m)
bipole]. Heneo the data shown in Figure 19 are {or the T mode
{f.c., cast-west electrie field).

Low-frequency data at station 9% emmoneousty indicate a re-
sistive body at depth, because the station was too close to the
trapsmiter. For o 50 {1 moearth at 32 Hz, the distance {rom the
cevter of the frunsmitter (at 0) to YW is only 1.4 skin depths,
Thus the tow-freguency data at station 9W were not modeled.

{a)

CSAMT 2D MODEL (2200MN}

Sandberg and Hohmann

As in the previous profile, 1.1 MT inversion was used af in-
dividweal stations to construet an initial 2-1 model, Trisl-and-
creor, 2200, TM mode MT modeling improved the data iit, re-
sulting in the CSAMT interpretation model in Figure 20a. The
data fit 15 1Hustrated by cornpaning the theoretical data in Fipure 21
with the beld data in Figure 19, Figire 20b shows a 2-12 dipole-
dipole resistivity mnodel of the same line {(Ross et al, 1981) for

comparison. Again, a theoretical AMT pseudo section derived,

from the resistivity modet (not shown) does not fit the field data
very well,

The resistivity and CSAMT medels are siendlar. At 6W on the
profile, the resistive-to-conductive interface depth s 90 min the
resistivity model compared to 70 m in the CSAMT model, al-
thaugh the resistivity valoes are sormewhat different,

A pravity interpretation of this profile (Crebs, 1976) shows a
230 m wide bedrock horst below station 12E buried 30 1 deep.
The Opal Mound fault hes un the east flank of this horst. We
modeled a resistive hlock 300 m wide, 155 m from the surfuce
in the sume position. A valee of 300 {-m was chosen for the
resistivity to coincide with a simitar badrock structure on profile 1.
The model dertved from dipole-dipole resistivity data indicates a
simiifar registive structuve at statjon 12000 a 100 O-m block
150 m wide and 300 m deep, This yesistive stuciure, an ex-
lension of the one from profile 1, J5 most hikely usaltered
Precambrian pneiss bedrogk.

Another sunilarity bebween the CSAMT wnd resistivity models
ts d contact hebween 24E and 27FE. Resistivity increases to the
east corresponding to the unahtered but weathered granitic Mineral

Mountaing phuton.
CONCLUSIONS

Controlled source AMT apprars to be an offective method {or
rapidly mapping the near-surface expression of a seothermal
systern. CSAMT resistivity mapping at Ruosevelt Haot Springs
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PROFILE 2 {2200N}
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FiG. 21, Theoretical pseuda section cateulated from 2-1 CSAMT interpretation of profile 2 (2200 Nj. Apparent resistivity fess than 20 Q-m
is shaded. Compare with field data in Figure 19,

KGRA delineales the sume low-resistivity zones as those shown
on a first separation 330-m dipole-dipole resistivity map. How-
ever, the CSAMT data were collected more rapidly because
stalions were not constrained to lines, long wires were not
necessary, and only two transmitter sites were required. While
no cost study was made, we belicve that CSAMT would be cost
comparable, or more likely, more cost cffective than dipeie-
dipole resistivity mapping in 4 peothermal environment.

Profiling with CSAMT using 10 frequencies and subsequent
2-D TM-mode maodeling produced inferprelations consistent
with other geophysical and geologic evidence. Two-dimensional
medeling of profile I, supporfed by gravity data, indicates a
resistive structure at depth probably corresponding to unaltered
bedrock heneath stations 3900 to 4800, A shallow, castward-
dipping conductive zone, probabiy ahtered alinvium due ta brine
feikage from the Opal Mound fault, is indicated from stations
S5H0 o 5700, Profile 2 indicates a resistive stiucture at depth
helow station 12E in the same position as a hedrock horst modeled
by gravity. Alteration and/for brine leakage is indicaled on both
cast and west sides of the Opal Mound fault along profile 2.

A good initial guess for a 20D CSAMT mode! can be oblained
by stitching together §-T3 fuversions for all stalions. This appears
to be an advantage over dipole dipele 2-D modeting where an
initial guess is not as casily obtaimed.

The ambiguity of clectrade effects inheyent in the dipole-
dipale technique is not present in CSAMT since the receiver
samples only the ground ncathy which is independont of the
transmitter 11 the transmitter is far enoegh removed, e souree
fietd is approximately o phne wave yiclding measurements which
are source independent.

Skin depth consideratinns snpgest it CSAMT rmepped the

electrical resistivity to 300 m depth in conductive areas, How-
ever, modeling and sensitivity tests confirmed the findings of
Strangway et ab (1973} that the technigue has difficulty detecting
structure hencath conductive overburden. Depth of exploration,
given the acciracy of our measurements, was found to be con-
siderably Tess than a skin depth in conductive areas.
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