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Magnetotelluric soundings along a profile extending from the Raft River geothermal arca in southern
Idaho to Yellowstone National Park in Wyoming reveal a highly anomalous crustal structure involving a
conductive zone at depths that range from 18 km in the central part of the eastern Snake River Plain to 7
km beneath the Raft River thermal area and as little as S km in Yellowstone. Resistivities in this
conductive zone are less than 10 ohm m and at some sites less than 1 ohm m. Structural parameters
obtained in processing the magnetotelluric data suggest the possibility of a conductive axis along the
center of the castern Snake River Plain, and these parameters also point to very conductive structures
beneath the Yellowstone caldera system. A sounding completed in the Island Park caldera can only be
modeled with a crustal structure very different from the Yellowstone caldera system, requiring the absence
of this conductive zone to depths greater than 25 km in the Island Park caldera. In addition to the deep
conductive zone the thickness ol extensive surface basalts in the eastern Snake River Plain was mapped
geophysically, and units between the basalts and the deep conductive zone were also well defined and

fitted to geologic models.

INTRODUCTION

The Snuake River Plain is one of the most striking and
enigmatic geologic features in the western United States. The
plain is an arcuate depression of very low reliel that contrasts
with the surrounding mountainous topography. It extends for
more than 500 km across southern Idaho (Figure ). Much of
the plain is underlain by basalt and interbedded continental
sediments of the Quaternary Snake River Group and the Qua-
ternary and Tertiary Idaho Group that dip gently, generally
toward its central axis. Both faulting and downwarping appear
to have contributed to the subsidence of the region. The struc-
ture of the western part of the Snake River Plain is grabenlike,
bounded on the north by northwest trending en echelon nor-
mal laults [Malde, 1959]. The eastern part ol the Snake River
Plain, however, appears to have been downwarped to a greater
extent [Mclntyre, 1972]. Most of the volcanic rocks ol the
Snake River Plain are of Miocene and younger ages ranging
from 20 m.y. to the very recent flows at Craters of the Moon,
which have been dated at 2100 yr [Bullard, 1971]. These vol-
canic rocks form a bimodal suite of basalt and rhyolite com-
monly associated with mantle-generated magmas. The struc-
tural grain produced during late Mesozoic compressional
mountain building and Cenozoic block Taulting, the latter
being related to crustal extension of the Basin and Range
province, is approximately northwest, nearly perpendicular to
the axis of the eastern Snake River Plain. Where older struce-
tures plunge under the plain, they are not deflected or offset in
any way that would suggest that the Snake River downwarp
was a significant tectonic feature before Miocene time.

The Yellowstone and Island Park rhyolite plateau has been

the scene of three cycles of Quarternary volcanism, each of
which was climaxed by a devastating pyroclastic eruption of

enormous rhyolite ash flows and collapse ol the volcanic
source area (o form a large caldera [Christiansen and Blank,
1972]. Basalts and rhyolites were erupted during cach cycle:
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the rhyolites overwhelmingly predominate. Rocks of inter-
mediate composition are virtually absent. The oldest cycle
climaxed about 1.9 m.v. ago, forming a caldera complex that
extended from Island Park to perhaps the central part of
Yellowstone. The second cycle was confined to the Island Park
area and climaxed about 1.2 m.y. ago. The third cyele formed
most ol the present-day rhyolite plateau in Yellowstone and
began about 1.6 m.y. ago, the most recent activity being be-
tween 150,000 and 70,000 yr ago. Doming of the western part
of the Yellowstone caldera system as recently as 150,000 vr ago
probably indicates a new magmatic insurgence, and it is
thought that the present very active and hot hydrothermal
systems probably all date from this insurgence [Eaton et al.,
1975].

Additional interest has been focused on the Snake River
Plain=-Y cllowstone region because of its potential for geother-
mal power. Yellowstone, of course, is the most dramatic ther-
mal manifestation in the United States, and several million
dollars have been spent on exploration and development of a
hot water geothermal system near Raft River, ldaho [ Williams
et al., 1975]) (Figure 1). Other geothermal areas have been
located at Bruncau-Grandview and in the Weiser area in the
western part of the Snake River Plain. The study described in
this paper was designed to provide some insight into the over-
all geothermal potential of the Snake River Plain=Yellowstone
region through a study ol the crustal electrical properties of
the area down to depths of about 20 km. Previous clectrical
studies have been made in the Snake River Plain by Zohdy and
Stanley [1973]). Jackson [1974], and Leary and Phinney [1975].
Long-line refraction studies have been made by il and Paki-
ser [1966]. and extensive gravity surveys have been completed
by Mabey [1975]. Hill [1963]. and Bonini [1963]. Shallow
clectrical studies have been made in Yellowstone by Zohdy et
al. [1973]: extensive gravity, magnetic, microearthquake, and
teleseismic delay studies are described by Eaton et al. [1975]:
Bhattacharvva and Lew [1975] and Smith et al. [1974] have
computed Curie point depths for the Yellowstone area: and
Iyer [1975] has studied seismic noise in Yellowstone geyser
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Fig. 1. Generalized geologic map and focation of MT sites. Geology and base from National Geologic Map, western
half, USGS, 1975,

basins. Extensive geophysical studies have been made of the
Raft River geothermal area by the U.S. Geological Survey
(USGS) [Williams et al., 1975}, and Long [1977} has made
electrical studies in the Island Park caldera,

SURVEY DESIGN

Muagnetotelluric (MT) soundings were used to study crustal
electrical structure down to depths of at least 20 km. Three
recording systems were used at various times during the sur-
vey. The prime system consisted of an MT-AMT (magneto-
telluric-audiomagnetotelluric) system built and operated by
the University of Texas (UT) Geomagnetics Laboratory. Data
from this system formed the main core of the data for the
survey. In addition, a low-frequency system using coils similar
to the UT system was operated at base stations along the
survey profile (o acquire data simultaneously with the prime
system. These simultancous station data will be used in an
altempt to investigate source field behavior; however, (he
study is not yet complete and will be the subject of a sub-
sequent report. Also, a digital cryogenic magnetometer MT
system being developed by the USGS was used to obtain data
at five sites in the survey area. Problems with magnetometer
dewars and electronic problems prevented the occupation of
more than five sites with the cryogenic system. The design of
this cryogenic MT system will also be deseribed in a sub-
sequent paper.

MAGNETOTELLURIC PRINCIPLES

The scalar MT method as described by Cagnaird [1953] is
adequate Tor a fayered carth but may give grossly distorted
results inregions where the carth has a more complicated
structure. An impedance tensor model [Cantwell, 1960: Bos-
tick and Smith, 1962: Swift, 1967} is more representative of
most situations, since it does permit two-dimensional geome-
try. The tensor relations between £ and / fields may be
dcriycd Trom Maxwell's equations and expressed as

(E] = [Z][H] (H
or

Ev=ZoH, 4 200, Ey= 7o, + Zodl,  (2)

where the impedance tensor s

I/] — [ ‘Z,\,\ :/.\\] (z)
AT AN

For two-dimensional geometries the principal impedance
vidues /" and Z,," are calculated with axes parallel and
perpendicular to the strike of the two-dimensional in-
homogeneity. I the data appear to indicate three-dimensional
qualitics, the same procedure is used in an altempt to extract a
two-dimensional fit from the results,

Instead of the impedance tensor being rotated to the princi-
pal axes [Simy and Bostick, 1969], the electric and magnetic
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ficld data are projected onto the rotated axes, and then the
tensor estimates are computed. This procedure allows the cal-
culation of the coherencies associated with the principal im-
pedance values. The rotation angle ¢, which maximizes | Z,,/*
+ 17,02 locates the principal axes and for two-dimensiona]
situations requires Z,,' and Z,,' to be zero. In this case the
tensor decouples into two modes represented by

ES=Zo 1) B = 21 (4)

From the principal impedance values the principal resistivity
values are computed as

Py = (02/.[) lzxyllz

where [ is the frequency: one of these values is a maximum,
and the other is a minimum,

“Also associated with the principal impedances are the re-
spective phases

tan ' Xy /Ry

py =02/ 2,17 (5)

¢-"J‘, = &?ryl = tun ! -'\/A",\"/R,r,\"

where R and X are the real and imaginary parts, respectively,
of Z.

One common procedure in MT interpretation is to perform
one-dimensional inversions of (5) to produce resistivity versus
depth profiles. A number of methods have been used for the
one-dimensional inversion [Wu, 1968: Patrick and Bostick,
1969: Becher and Sharpe, 1969: Greenfield and Turnbull, 1970:
Laird and Bostick, 1970; Johnson and Smylie, 1970]. Finite
difference methods have also been used for the inversion of
MT data for two-dimensional models by Swift [1967] and
Patrick and Bostick {1969].

DATA ACQUISITION

Figure | indicates the location of 16 MT sites occupied in
the survey of the eastern Snake River Plain-Yellowstone re-
gion. At each of the sites, tensor impedance estimates were
obtained through broadband measurements of the five com-
ponents (£, Ey. H., H,, and H,) of surface electric and
magnetic fields of the earth. The UT recording system was
used at 12 of the sites shown in Figure 1, and the USGS
cryogenic system was used at Ssites. For the 12 UT sites a low-
frequency band of 0.001-1 Hz and a midfrequency band of
0.05-10 Hz were used. Systems filters were adjusted to provide
approximately prewhitened data throughout these bands, and
the results were recorded on FM tape. At each site, 4 hours of
recording time were required for the low band, whereas 1.5
hours of data were taken for the midband. A high-frequency
band of data from 1 Hz to over I KHz was acquired through
the AMT part of the UT system. This system consists of a set
of preamps and prefilters followed by a tuneable double-con-
version superheterodyne phase sensitive receiver. The data
analysis portion of the AMT system is implemented through a
programable calculator, which provided prefiminary real time
results while the equipment was on site. Initial results, includ-
ing autospectral and cross-spectral estimates as well as imped-
ances, coherencies, etc., were recorded on magnetic cards on
the calculator system.

Recording at the USGS sites with the cryogenic system
consisted ol digital (12-bit resolution) recording over a single
flat band from dc to 0.5 Hz, the only filtering being for 60- 1o
180-Hz rejection and antialiasing. Four hours of data at a 1-s
sample interval typically were recorded in a single span with
the USGS system, but electronic problems recurring through-
out the survey allowed the use ofonly about 50% of the data.

ro
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DATA ANALYSIS

The low-band data from the UT system and the data from
the USGS system were processed ina similar manner. al-
though different computer programs were used in each in-
stance. The only significant difference in processing was thut
the broadband data Irom the USGS system was digitally pre-
whitened and used an optimum smoothing window designed
to minimize spectral leakage [Omes and Enochson, 1972].
which was more severe with the de response of the cryogenic
magnetometer. A multichannel time series. typically 4096
points in length, was spectrally decomposed by using a fust
Fourier transform algorithm, and harmonics were averaged
over constant bandwidth intervals, The spectra were rotated to
the direction of principal axes purallel and perpendicular to
the strike of the vwo-dimensional inhomogeneity [HWord et al.,
1970). The principal impedance value in which the electric field
is purallel to the two-dimensional structure, called £ or Tk
(transverse electric), was determined from testing for max-
imum coherency between /7, and H,.

Data for the midfrequency bund ol the UT system were
analyzed by replaying the anadlog FM data into the AMT
receiver. The required frequency multiplication was accom-
phished by varying the tape replay speed. The resulting spectral
outputs of the receiver were rotated to the principal axes
mathematically, the tensor impedances calculated, and the
L.or TE impedance determined.

ldeally, the inversion of MT data requires 2 smoothly var-
ying function of apparent resistivity versus frequency. Any
noise encountered in the measurement or analysis process
results in scattered points when the appuarent resistivities are
caleulated, For some magnetoteluric inversion techniques this
scatter is not a serious problem, but for the “continuous’

RESISTIVITY, IN OHM-METERS
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Fig. 3. MT data from UT sites 2 and 7. On the left are shown the tensor resistivity amplitudes, and on the rightare the

resistivity phase for the TE direction (solid circles), phase-derived amplitude curves for the TE direction (triungles or squares),

and computed phase and amplitude (open circles and solid
site 2 data.

inversion program used lor *first cut models' in this analysis,
smooth apparent resistivity curves were necessary. An analyti-
cal technique was developed (o perform the smoothing of the
composite impedance curves obtained {rom the three fre-
quency bands for the UT sites. This technique assumes that the
magnetotelluric impedances along the principal axes are min-
imum phase functions [Qppenfieim and Schafer, 1975}, and
amplitudes and phase on log-log plots versus frequency are
related through Hilbert transform pairs, Smoothing is accom-
plished by deriving the log amplitude of the resistivity by
numerically integrating the phase with weighting determined
by coherencies. Techniques for doing this will be described
along with the ‘continuous’ inversion program in a subsequent
paper.

A layered model was established for most of the sites by a
two-step inversion process. Initially, the ‘continuous’ inversion
program, which computes a model layer for each frequency
point, was applied to arrive at a model which could be sim-
plified. The simplified model was obtained by reducing the
number of fayers to be used us a starting mode! for a general-
ized nonlinear inversion program [Patrick and Bostick, 1969:
Laird and Bostick, 1970; B. D. Smith, written communication,
1975]. which fits a layered model to the data in @ least squares
sense. The nonlinear inversion program was constrained (o
provide a model of not more than five layers at cach MT site.

lines, respectively). Data from USGS site 4 are plotted on UT

Examples of ‘continuous’ inversions are shown in Figure 2 for
sites 2, 7, 8, and 11, Models derived from this process are
tabulated in Tuble . The MT data used to derive the models
of Table | are shown in Figures 3-8, In the left part of each of
the figures, resistivily amplitude curves for the rotated tensors
are shown, and in the right part of the figures, several variables
are plotted: (1) the phase-derived TE direction amplitude
curves, shown by triangles or squares, (2) the observed phase
curve for the TE dircction, shown by solid circles, and (3) TE
amplitude and phase curves calculated from the layered in-
version models in Table 1, shown by solid lines and open
circles, respectively. Results from the USGS sites are shown
where the data were useable, namely, at sites 4, 8, 12, 17, and
I. USGS site 4 is shown in Figure 3 with UT site 2 data from
USGS site 8 are shown at the identical UT site 8; data from
USGS site 12 are shown at UT site 12; data from USGS site
17 are shown at UT site 11; and data from USGS site I are
shown in Figure 7 with data from UT site 21, The data from
USGS and UT sites 8 and 12 were not recorded simultaneously
and were processed by using slightly different computer pro-
grams. Generatly, the data agree, with the exception of a more
pronounced maximum in the USGS site 12 TM data. Oniy
one set of data was used in spectral processing of the USGS
data; had more data been available, the two sets might have

been closer in agreement,
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GEOELECTRICAL CROSS SECTION

The models obtained in the inversion process were used to
construct a geoelectrical cross section extending from the Raft
River geothermal area to Yellowstone along the axis of the
Snake River Plain. This cross section is shown in Figure 9 with
vertical exaggerations of 10 to | and | to [. Interpreted resist-
ivities from the inversion process are shown in each layer
beneath the sounding sites. The lowermost layer was in-
determinate in thickness from the sounding data, which only
extended to 0.001 Hz in frequency. We have labeled some of
the layers with their probable geologic significance where such
a relation seemed to exist. The resistive layer of several hun-
dred ohm meters detected at sites 2, 4, 8, 12, 14, and 10 is
assumed to be mostly a sequence of Snuake River basalts of
Quaternary age (Figure 1). Previous work with direct current
soundings [Zohdy and Stanley, 1973} suggests that the resist-
ivities of dry basalt (water table is generally at about 150 m or
gredter) is 500-1500 ohm m, and the resistivities of the fresh-
waterssaturated basalt in this area are 250-500 ohm m; there-
fore these results agree with the MT results. Even though we
have inferpreted this layer to be composed of basalts, in some
Jocations, particularly from sites 14 to 19, geologic evidence
suggests tha{ rhyolites may be interbedded with the basalts. A
conductive layer of 12-20 ohm m detected beneuth the basalts
at the previously mentioned stations, and at site 23 where there

2505

are no basalts,, probably consists of a complex of basalts,
rhyolite flows, welded tufls, and sediments. The resistivities of
12-15 ohm m are similar to values observed for similar vol-
canic and sediment complexes in the Long Valley caldera,
California [Stanley et al., 1976].

The resistive layer, or third laver down on most of the
soundings, is believed to represent both the basement complex
of older sedimentary and metamorphic rocks and the granitic
crust. The interpreted resistivities for this layer cannot be
considered to be determined as accurately as the favers above
or the conductive layer beneath. This limitation arises because
of the difhiculty in determining the true resistivity of a resistive
layer with the MT method, unless the fayer is at the surface.
However, the resistivities are determined accurately enough so
that we can state that the rather systematic decrease in third-
fayer resistivities from sites 2-14 does appear o be real. More
will be said about this variation later.

The most significant leature of the model cross section is the
fowermost conductive layer that was detected on all the sound-
ings except possibly at site 19 in Island Park. The interpreted
resistivities shown should not be considered highly accurate,
For sites |, 20, 21, 22, and 23 the conductive layer resistivity is
about I ohm m or less, but for the rest of the soundings in the
Snake River Plain the true resistivity is only known to be less
than 10 ohm m. The lowest resistivities for this fayer appear to
be at the Raft River and Yellowstone sites, and the highest
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values at sites 2-8. Depths to the conductive layer are about 7
km at Raft River, 18-23 km in the central part of the Snake
River Plain (sites.2, 4, and 8) and as little as 5 km at site 22 in
Yellowstone. The Island Park sounding is anomalous in al-
most every respect, and resistivities appear to be greater than
100 ohm m down to depths of at least 23 km.

Data from the rotation parameters obtained in computing
the impedance tensor for frequencies sensitive to the deepest
conductor are shown in Figure 10. The line through the station
location denotes the strike direction of the interpreted two-
dimensional character of the data, and the small arrows point
to the conductive side of the two-dimensional geometry. For
simple structure on the surface of the deep conductor the
conductive side is the side where the conductor is closest to the
surface, At site 2 the data were too one-dimensional in charac-
ter for this type of interpretation to be made, and at sites 4 and
3. no vertical magnetic field data were obtained to select TE
and TM modes, but the strike direction is shown. The parame-
ters point out the existence of conductive structures beneath
the central part of the Yellowstone caldera system and suggest
that a conductive axis striking about 45°NE may exist in
eastern Snake River Plain. The strike parameters for the Raft
River sounding are influenced by about 2 km of valley fili
material to the east of the sounding site and probably do not
indicate two-dimensional efTects on the deep conductive zone
discussed above.
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Causts oF Low RESISTIVITIES IN
THE DEEP CRUST

The principal question to be addressed in interpreting the
significance of the MT cross section is the nature of the deep
conductive layer with resistivities of less than 10 ohm m and in
some cases less than I ohm m. In order to answer this question
we must look al the decrease in rock resistivities to depths of
30 km from four sources: (1) increased ionic mobility with
increased temperature, (2) electronic or mineral conduction,
(3) partial melting, and (4) alteration.

It is well known that the resistivity of rocks at shallow
depths is mainly a function of porosity, permeubility, and pore
fluid resistivity, the latter being dependent upon temperature,
Elevated temperatures can decrease resistivities of zero pres-
sure rocks by an order of magnitude. To illustrate the effects of
temperature and pressure on pore fluids, Figure 11 is repro-
duced from the paper by Hermance [1973], who compiled data
from Quist and Marshall [1968]. The curves show the relation-
ship of electrical conductivity to depth and temperature for
lithostatic and hydrostatic conditions and for geothermal
gradients of 60° and 120°C/km. At shallow depths the electri-
cal conductivity increases with temperature because the pore
fluid viscosity is decreasing, but jonic association decreases
conductivity below depths of about 2 and 5 km for the two
gradients,
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Fig. 6. MT data from sites 16 and 19.
Mineral or clectronic conduction through semiconducting lem here is not how magmas are generated but how

minerals in a rock is a function of temperature, and the lines in
Figure 12 show the limits for dependence of mineral con-
duction upon temperature between which most measurements
on dry silicate rocks fall (reproduced from the paper by Brace
{19711). It is obvious that mineral conduction alone is not the
significant cause ol low resistivities in the conductive zone in
Figure 9, because resistivities of 10 ohm m are achieved only
with temperatures in excess of 1000°C. Undoubtedly, mineral
conduction does play a role in reducing resistivities but prob-
ably is not the major cause of the low resistivities observed in
this study.

One of the main contributing lactors to lowered resistivities
in this study may be the partial melting of rock components.
Wyllie [1971] has surveyed experimental pressure-temperature
data on melting in the earth’s crust and upper mantle. Figure
13 [from Wyllie, 1971] compares curves for the beginning of
melting of major rock types in the presence of excess waler,
The granite curve represents the minimum temperature for the
occurrence of melting in the crust and mantle, although traces
of interstitial liquid may be produced at lower temperatures in
the presence of some pore fluids, Many dilferent rock types in
the presence of pore fluids with a wide compositional range
will begin to melt within a few tens of degrees of this bound-
ary. The requirement for water-saturated conditions is admit-
tedly an extreme one to consider routinely, but since the prob-

temperature affects crustal resistivities. we must keep in mind
that a very small percentage of interstitiul melt can reduce
resistivities by a very large amount, Wyllie shows that for a
granite, interstitial melt consisting largely ol quartz and feld-
spars can exist over a large range of temperature under non-
saturation conditions for the rock as a whole.

Wyllie states that water-saturated granite liquid produced
by unatexis in the crust can exist only for a few degrees above
the solidus and that it appears that the normal product of
analexis is a mush composed of crystals and water-under-
saturated granite liquid. The amount of original pore fAuid
controls the amount of liquid generated from the granitic
minerals, and thus the amount of liquid necessury to complete
an electrical path network can be directly reluted to the
amount of original pore fluid and temperature-pressure
curves. These types of considerations are very important in
relating highly conductive parts of the earth’s crust 1o low
seismic velocity zones, since a very small amount of interstitial
melt can significantly increase conductivities, lower P wave
velocities, and cause S wave attenuation, These effects can
be the direct result of having very small amounts of pore
fluids in the original rocks and temperatures of 600°C or
higher at depths of about 10 km.

An additional factor which must be considered in studying
the relationship of high crustal conductivities to temperature is
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Fig. 7.

the effect of alteration. Alteration products lining pore walls
can significantly lower resistivities and control the movement
of pore fluids and vapors. Recent data from experiments by
Zobacki [1975] on the permeability of hot granite provide
enlightening results regarding the complicating factor of alter-
ation processes on the movement of pore fluids. The per-
meability of granite was studied at a confining pressure of 500
bars {corresponding to a depth of about 2 km), a water injec-
tion pressure of 300 bars, a differential stress to 3500 bars, and
a temperature of 400°C. In all the experiments the per-
meability of the rock decreased from an initial value of about 5
X 107% darcys to about 0.1 X 10-¢ darcys in the first 10 hours
and to about 0.01 X 107° darcys after 10 days. In some cases
the flow of water ceased altogether, The most likely ex-
planation for this phenomenon is that alteration minerals
formed during the experiment restricted the Now of water
through the cracks and channels in the rock. The significance
of these findings to our study is that for a given amount of pore
waler in the original crustal rocks at depths of interest to us
(5-30 km) which have undergone a heating cycle, the pore
fluids will be localized by the self-sealing eflects of the rapid
alteration process, and more effective local melting can occur.
The effects of the rapid alteration, which over geologic time
means that a hot wet granite will become more highly con-
ductive, will add to the effects of interstitial melt and electronic
conduction lo provide extremely low resistivities. This total
effect is substantiated by the only extensive measurements ol

FREQUENCY IN HZ

MT data from sites 20 and 21 with data from USGS site | plotted on site 21 data,

the electrical properties in a hot wet pressurized granite system
by Lebedev and Khitarov [1964]. Data from their study are
shown in Figure 14 by the solid curves: superimposed on these
data is the granite solidus curve from Figure 13, The break in
the curves at the solidus is obvious, but the significant aspect
of the data is the very low resistivities occurring well 1o the
right of the solidus.

We have plotted a conservative estimate of the combined
error of the depth and resistivity parameters from the MT
models in Figure 13 to show where the MT data fall in relation
to the sumple data in order (o bracket possible crustal temper-
atures in the survey area. It is not possible to estimate temper-
atures at depth accurately from the MT data by using duta
such as those of Figure 14 because of the unknown factors of
amount of water and alteration products. However, on the
busis of such data plots as the plot of the MT data in Figure 14
one might be tempted to conclude that the temperature range
for the MT sites at the depth of the conductive zone is from
200°C to 800°C. This would require a great deal of structure
on the isotherms, particularly in the region from Island Park
to Yellowstone. This does not seem likely, and other models
should be considered with mineralogical or pore fluid varia-
tions as controlling factors for resistivity.

The main cause of the large variations in the depth to the
conductive layer is probably the effect of moisture content and
alteration products on amounts of saturated melt and ionic
mobility. Thus where the conductive zone is depressed. as at
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sites 2-19, water and other pore fluids and possibly alteration
products are not as extensive as they are at the other sites, The
reason for lower percentages of remaining pore fluids and/or
alteration products, but especially pore fluids, may be related
to the history of the crust. We assume that the crust has been
stretched and thinned over most of the area of the MT profile,
with the aid of high temperatitres to provide plastic behavior,
In some areas, however, the crust has been fractured quite
extensively, and mantle-derived magmas have reached the sur-
face. Also anatexis of parts of the continental crust has gener-
ated magma bodies which have erupted to the surface, as they
have in the Island Park-Yellowstone area. In either instance
the rising magmas may have purged water from the crustal
rocks, and even though they may now have reached thermal
equilibrium, the loss of pore water may have made them more
resistive.

A more complicated model compatible with our MT data
from the eastern Snake River Plain may be considered as an
alternative. We refer to a model derived for the western plain
to explain seismic [Hill and Pakiser, 1966} and gravity data
[Mabey, 1975]. Mabey has compiled a gravity model for the
western part of the Snake River Plain based upon the seismic
refraction profile of Hill and Pakiser and his gravity data. A
large amplitude gravity high is coincident with the topographic
low of the Snake River Plain. Mabey [1975] calculates that the
plain is in isostatic equilibrium and suggests that for a feature
as narrow as the western Snake River Plain to be approxi-
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mately in isostatic equilibrium, the compensating mass is likely
to be partly within the crust. The seismic data interpretations
by Hill and Pakiser [1966] suggest that the normal upper crust
is either very thin or absent under the axis of the western plain
and that the lower crust with a velocity of 6.7 km/s extends to
about 42 km below the surface and is underfain by a 7.9-km/s
mantle, Mabey's gravity model for the western Snake River
Plain has an upper crust of granitic composition with a density
of 2.65 g/cm® and a lower crust of more basic composition
with a density of 3.0 g/cm®. Mabey correlates the upper crust
of low density and granitic composition with Hill and Puki-
ser's seismic layer having a velocity of 6.0 km/s and the lower
crustal unit of density 3.0 g/cm?® with Hill and Pakiser’s veloc-
ity layer of 6.7 km/s, The density of the fower crustal unit may
be close to that of the upper mantle, which is interpreted to be
at a depth of 40 km beneath the Snake River Plain on the
seismic profile, 10 km greater than the depth south of the plain
on the same profile. Even though there are no similar seismic
data available for the eastern Snuke River Plain, we believe
that compensation of the upper mantle and lower crust to
stretching and thinning processes may be similar to that postu-
Jated for the western part of the plain. In view of this possi-
bility we have constructed an alternate crustal model (along
the lines of the Hill and Pakiser and Mabey models) which
attempts to rationalize some of the conductivity phenomena.
This model is shown in Figure 15 with what we propose as a
possible isotherm distribution. Estublishing the isothermal dis-
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MT data from sites 22 and 23.
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Fig. 12, Minimum and maximum boundary lines for electronic con-
duction effects in & variety of rock samples [from Brace, 1971].

ductive than the laboratory samples bhecause of the great
lengths of time available for alteration processes Lo take place
and lor the corrosive effects of water above the critical point to
take effect. These processes have a relatively short time con-
stant, as the previously mentioned granite permeability studies
show, but in any event we would expect the crustal rocks o be
more conductive than the laboratory samples. With these as-
sumptions in mind we used the 500°C isotherm as the min-
imum temperature for large changes in conductivity of the
granitic crust to occur when we were compiling Figure 14. The
water content of the lower crustal material of more basic
constituency is assumed to be fower than that of the upper
crust, and thus we consider that the 700°C isotherm may be
closer to the minimum temperature at which large changes in
conductivity occur for the lower crust. Most of the model of
Figure 14 is built from these two main assumplions. lIsland
Park must still be accounted for, and we again take the posi-
tion thal moisture has been purged from the crust beneath
Island Park and that there may be mineralogical differences as
well. Granitic magmas may be present at depths of 5-20 km
where we indicate temperatures above 650°C (refer to Figure
12, Wyllie's solidus curves) in the water present upper crust.

We have uscd thicknesses of the granitic upper crust ob-
tained from the seismic and gravity models for the western
Snake River Plain, The MT data cannot provide any informa-
tion on the relative thicknesses of the postulated upper and
Jower crustal layers. The only constraint provided by the elce-
trical data is tied to our assumption that the 500°C isotherm
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1971].

Fig. 13.
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Fig. 14, Electrical resistivity measurements on a hot wet pressur-
ized granite [from Lebedev and Khitarov, 1964]. The vertical axis is
resistivity in log ohm meters, and the horizontal uxis is temperature in
Jog spacing. The parametric curves are for various water vapor pres-
sures in kilobars. A solidus curve for granite [from Wydlie. 1971] is
shown crossing the parametric curves. The cross-hatched elipses rep-
resent the uncertainty area or the resistivity-depth parameters from
several MT soundings. designated by the circled numbers. We have
roughly extrapoluted the data outside the original data area to plot
MT data from site 8.

defines a major break in conductivity in the upper crust,
whereas the 700°C isotherm defines a major break in the lower
crust, The same general isothermal distribution is compatible

with 4 model incorporating variable water contentin a granitic .

crust to explain the conductive surface undulations. The modet
of Figure t4 is merely an attempt lo incorporate the idea of o
stretched and thinned crust and to indicate what effect a dryer
basaltic lower crust would have on the resistivities.

To illustrate thal our estimates of temperature from the MT
data are reasonable, we show in Figure 16 four representative
‘continuous’ MT models plotted along with theoretical resis-
tivity-depth curves computed by Olhoeft [1976]. The theoreti-
cal curves are an attempt to include most of the parumeters
allecting resistivity, including changes in porosity with depth,
changes in solution activity with pressure and temperature,
changes in pore fluid resistivity with temperature and pressure.
solid ¢onduction. ionic conduction, and changes in the critical
point of water with temperature and pressure, but neglecting
the effect of alteration. Curve A is for a temperature gradient
of 60°C/km, a pressure gradient of 250 bars/km, and increas-
ing salt saturation with temperature: curve B is for the same
conditions us curve A, except that the gradient is [20°C/km:
curve Cis for a temperaiure gradient of 120°C/km, a pressure
gradient of 250 bars/km, and increasing salt saturation with
temperature, and the critical point of water is dependent upon
salt concentration. The curves were computed by assuming a
basaltic or pranitic rock where walter accessible porosity is 4%
at the surface but changes with depth [after Brace, 1971]. We
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Isothermal and geoelectrical model designed for compatibility with the seismic model of Hill and Pakiser {1966]

Fig. 15.
and the gravity model of Mabep [1975).

assume a mean surfuce value of 100 ohm m for such a rock
with large amounts of alteration. This value was taken from
the average for the resistive layer on the Snake River Plain
sites and the Raft River site and from past experience with
highly altered basalts and granites. Shown plotted in Figure 16
are data from the ‘continuous’ inversions for sites 8, 11, 22, and
23. The MT data cannot be compared to the theoretical curves
for the region above about 2 km, the average depth to the
basement complex and upper crustal layer of Figures 8 and 14.
Below this depth, however, the data for sites 11, 22, and 23
appear to agree best with the assumptions made for theoretical
curve C. Geothermal gradients for each of the sites taken from
the model of Figure I5 are shown, and it appears thit
gradients derived from the assumptions of this alternative
model are reasonable for the crustal situation modeled in the
theoretical curves. The only heat flow measurements available
for any of the sites for which data are shown in Figure 14 come
from the Raft River thermal area, near site 23. Several thermal
gradient measurements made at a depth of | km or less in the
Raft River area provide an average estimate of 50°C/km for
the geothermal gradient (B. Diment, oral communication,
1976). The temperature at the bottom of the deepest hole
drilled in Raft River (about 2 km) was found to be
145°-150°C, giving a gradient of 75°C/km: however, evidence
exists that part of the system is convecting near the bottom of
the hole, and thus the actual conductive gradient is smaller,
These values are not too different from our estimate of
69°C/km from the MT data (see Figure 16). Other theoretical
curves can be constructed that will look quite different from
those of Figure 16, but we propose that the thermal-tectonic
model portrayed in Figure 15 is a likely candidate for the true
situation in the eastern Snake River Plain-Yellowstone region.

YELLOWSTONE AREA

Yellowstone represents an obvious active thermal anomaly
with an extent possibly deep into the mantle [Eaton et al.,
1975] and thus the reason for which we show shallower iso-
therms, with the support of the MT interpretations, under

evious work in several
respects. In the puper by Eaton et al. [1975), results of gravity
studies suggest that a magma chamber exists in the northeast
corner of the Yellowstone caldera system, centered approxi-
mately 10-15 km northeast of MT site 1. We do not have an
MT sounding in the middle of the gravity anomaly, but the
structural parameters shown in Figure 10 show that the most

conductive region of the Yellowstone caldera system is cen- |
tered more in the central or possibly the western part of the
system, This finding scems to correlate with the teleseismic P
wave residual anomaly discovered by H. M. Iyer and described
by Faton et al. [1975]. which is centered in the central and
western parts of the caldera. In addition, a teleseismic wave
attenuation anomaly is centered near the middle of the caldera
system. Loenl seismicity in the Yellowstone area is quite high,
as described by Eaton, but much reduced inside the culdera
system itsell. Focal depths are generally fess than 15 km out-
side the caldera, but within the northwestern part of the cal-
dera the maximum focal depth is only S km [Swmith et al..
1974]. These depths correspond quite well to the depth to the
conductive zone from the MT cross section, and it is not
surprising that the zone where we postulate intense alteration
and partial melting is a zone that does not support earth-
quakes. The depth of 5-7 km for the conductive layer in
Yellowstone also corresponds to a depth of about 5-6 km to
the Curie isotherm estimated by Bhattacharyya and Leu [1975].
The Curie isotherm is generally quoted to be 500°-600°C, and
this seems to fit with the isotherms derived from the electrical
models of this study.

CONCLUSIONS

The conductive zone at shallow depths in the crust discov-
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Fig. 16. Theoretical resistivity-depth curves by Olhoeft [1976]

showing various assumptions A, B, and C (see text for explanation):
also plotted are ‘continuous” inversions for MT sites 8 11,22, and 23,



STANLEY ET AL.: SNAKE RIVER PLAIN MAGNETOTELLURICS

ered in this MT study is very probably caused by elevated
temperatures. Actual temperatures cannot be estimated accu-
rately from the MT interpretations because of the lack of good
laboratory measurements on crustal rocks with all variables
under control. Our portrayal of the isotherms in Figure 15 is
supported by several lines of evidence but by few good experi-
mental data. o

The MT sounding in the Raft River thermal area indicates
that near-surface geothermal reservoirs probably have their
origin in an abnormally hot crust and need not be explained by
deep circulation of groundwater in an area of normal heat
flow, as has been proposed for this area (D. R. Mabey, oral
communication, 1976). The MT soundings in Yellowstone

2513

may be interpreted to mean that the center of current mag-
maltic activity is in the central or western part of the caldera
system as outlined by seismic delay and attenuation studies.
The depths to the conductive zone in Yellowstone determined
by the MT modeling correspond to Curie point depths and to
maximum focal point depths. The MT model cross section
shows a dramatic decrease in depth to the conductive zone
from the eastern Snake River Plain to Yellowstone, near Is-
land Park. A model consistent with seismic and gravity inter-
pretations for the western Snake River Plain has been offered
as a possible attempt to explain the variation in depths to the

conductive zone.
The conductive zone in the crust found in this survey may be

One-Dimensional Model Data for Snake River Plain, Idaho, 1978

TABLE 1.
Model Parameters
Site E $' deg Layer p.ohmm T okm Dokm
| 440 0.9 0.9
. . . 2 13 0.5 t.d
.2 ’ o ale A .
SR-2 A} indeterminate 3 110 184 198
4 14
! 250 04 0.4
} 2 17 2.4 2R
SR-7 XY - : -
Y 46 3 600 1.8 14.6
4 s.7
I 360 1.0 1.0
) Y 2 12 0.7 1.7
SR-8 Y, — : :
! 40 3 110 18.4 2001
4 1.7
1 106 0.4 0.4
SR-11 Xy 174 2 10 2.0 2.4
3 76 210 234
4 1.2
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compared with similar findings in the Carson Sink area of
Nevada where an MT study [Stanley et al., 1976)] revealed a
conductive zone at depths of 4-7 km with resistivities of less
than | ohm m. Both of these areas very probably have under-
lying hot crust, and in particular the MT study in the Carson
Sink was done where seismic refraction studies found that the
crust is only 22 km thick [Pakiser and Hill, 1963}, These
findings should have a great deal of impact on geothermal
exploration and on the estimation of the total geothermal
resources of the western United States. The power of the MT
method for mapping regional thermal anomalies has been
demonstrated by both surveys, and the technique should play
a major role in determining the total geothermal resource.
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