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It is convenient to consider the present state of our MT instrumentation in terms of 

its hardware and its operating software. 

a) MT System Hardware. - Our MT system is currently a five-channel, single-

station unit, with the capability to handle either coils or a SQUID magnetometer. Data 

acquisition and procesang is under control of a Digital Equipment Corporation (DEC) LSI 

11/23 computer operating under control of RT-11. The computer system currently 

consists of the 11/23 proc^sor with floating point unit, 192 Kbytes of RAM memory, an 

8 Mbyte Winchester disk, two DEC TU 58 tape drives, a DEC VT 100 video text terminal, 

and a DEC LA-50 printer. This equipment is mounted ina half-ton 4 X 4 pickup with a 

camper shell. 

Analog equipment consists of preamplifiers and signal conditioning hardware to 

handle the electric and magnetic field data, analog-to-digital conversion hardware, and 

an 8-channel strip chart record Q*. 

Electric fields are measured with a j5-electrode configuration utilizing low-noise, 

lead-lead chloride electrodes of our own design. Our standard configuration is 100 meter 

lengths in a cross cdnfigiiration, located approximately 100 meters from the recording 

truck. Connections are made at the central ground electrode to a remote programmable 

electric field signal conditioner consisting of low noise differential preamplifio's^ high-

pass and notch filters, offset control, and line drivera. The gain in this box is a maximum 

of 64 dB and is programmable. The high-pass filter is in/out selectable and has three 

programniable cutoffs. The 60/180 Hz notch filter is in/out selectable and can be tuned 

over five percent of the center frequency at 60 Hz or 180 Hz for maximum rejection of 

both harmonics. The offset control is independently programmable in each channel to 



provide SP buck-out for DC coupled operation. These options provide control to handle a 

wide range of field conditions. Constant-current line drivers are utilized for low-noiSe 

transmission of data to the recording truck. 

We have currently achieved an overall instrument noise floor of 40 nV/Hz^" at 

1 Hz in the electric field measurement, with a 10 K-ohm source resistance. This is more 

than a factor of two better than the figure of 100 nV/Hz ' recently reported by Clarke 

et BL (1983a) for the intrinsic noise of the electric field preamplifiers in their remote 

reference MT system. Furthermore, the intrinsic resistance of our custom-fabricated 

lead-lead chloride electrodes is approximately 30 ohms. They have been designed with a 

large metal-electrolyte surface area to reduce intrinsic noise, and a large ground contact 

surface area to minimize contact resistance. We have obtained electrode ground 

resistances as low as 50 ohms with these electrodes. 

Our system was initially designed to utilize a SQUID magnetometer. However, a 

recent donation by the Mobil Oil Co. of Geotronics coils and associated hardware, 

combined with an instrument failure in our SQUID magnetometer, has prompted us to 

modify our system so that it is capable of collecting magnetic field data using either 

coils or a SQUID magnetometer. Coils for the horizontal field measurement have a peak 

sensitivity of 140 mV/gamma at approximately 100 Hz. Coils for the vertical field 

measurement are smaller, with a peak sensitivity of 60 mV/gamma at 100 Hz, The coUs 

came with chopper-stabilized preamplifiers designed by Mobil Oil Co. having an intrinsic 

noise of 60 nV peak-to-peak in a 100-Hz bandwidth. In-house modifications to their 

circuitry has resulted in a reduction of intrinsic noise to 40 nV peak-to-peak in a 100-Hz 

bandwidth. 

fhe magnetic field sensors are located near the center of the electric field sensor 

array. Signals from the SQUID magnetometer are transmitted over the manufacturer's 

transmission cables, and are processed at the recording truck with the manufacturer's 



signal conditioning and control units, which provide switch-selectaible gain, low-pass, and 

notch filter control. Alternatively, signals from the induction coils are fed immediately 

into a preamplifier in the coil head and then to a control box for transmission to the 

recording truck. The coil control box contains remote switching control, linei drivers^ and 

battery power. A high- or low-gain circuit in the coil preamps is switch selectable from 

the recording truck. The high-gain circuit provides an additional 20 dB of gain and 

incorporates a single*pole low-pass filter with a cutoff at 4 Hz to provide attenuation at 

the high frequencies. 

At the recording truck, high-level signals are passed through line receivers to 

programmable signal conditioning cards that prepare the signals for digitization. The 

signal conditioning cards (one for each channel) plug into the backplane of the computer 

and provide programmable anti-alias and high-pass filtering options, and a final 

programmable gain stage. The output of these cards is fed to a card that contains 

sample-and^hold circuitry and a programmable time base to control sampling rates. 

Digitization is performed by a Data Translation 14-bit A/D converter. The 

programmable time base and A/D cards also plug into the backplane ofthe computer and 

are controlled directly by software. Measurements have shown that the noise in the 

programmable signal conditioning cards is sufficiently low that the full dynamic rang^ of 

the 14 bit A/D is utilized; the limiting system noise is the noise of the sensors and the 

firs;t stage preamplifiers. 

Power for the system, with the exception of the battery powered coil preamplifiers 

and control box, is supplied by a 4 KVA gasoline motor generator. Power for the 

computer system and analog hardware is fed through an uninterruptable power supply 

which provides regulation and battery backup in case of generator failure. The power 

system is trailer mounted and is operated approximately 30 meters from the recording 

truck, in the opposite direction from the measurement sensors. The power supply is well 



isolated and does not interfere with the measurements. 

b) MT System Software. - The software which controls data acquisition and 

reduction in real time is menu driven under control of an operator at the video 

terminal. Two-letter commands are typed to execute subroutines which accompUsh 

specific tasks.. These tasks include hardware set up, deita collection, computation of 

spectra with archiving, computation of impedance and tipper functions and other related 

parameters, file manipulation, and system calibration. 

Our MT system is set up to acquire data in three bands. Data below 2.5 Hz are 

acquired in two bands using a modified version of the.real-time. decimation algorithm 

developed by Weight et al. (1977) and Bostick and Smith (1979). This algorithm computes 

spectra at the sixth and eighth harmonics of 32-point data sequences. The sampling rate 

is thus four points per cycle of the eighth harmonic. An appropriate analog low-pass 

filter is employed initially to avoid aliasing. Correlations with sine and cosine sequences 

to which a Hanning window has been applied .are performed on 32-point segments of the 

incoming data to compute a set of periodograms at the two harmonics.. The data are 

then fatered digitally and decimated by two* A filtered 32-point data segment with a 

sampling frequency half that of the initial data sequence is created from two of these 

decimated data segments, Correlations with the windowed sine and cosine sequences are 

performed on the filtered data, and periodqgrams are computed at the sixth and eighth 

harmonics of the decimated data sequences. The fEtering, decimation, and correlation 

process is continued to obtain sixth and eighth harmonic spectral estimates an octave 

apart to as low a frequency as desired. The filtering and,decimation process must 

continue uninterrupted until data acquisition's terminated. However, all periqdogram 

estimates from individual 32-pdtnt data sequences at a given level need not be 

incorporated into the spectral averages, as described shortly. 

Data from 2.5 Hz to .25 Hz are recorded with a two-pole, high-pass filter having a 



cutoff at .3 Hz to limit the bandwidth, allowing high gain settings to be utilized. Data 

below .25 Hz are recorded with this filter out. We intend to modify this filter to have a 

low-frequency cutoff at 0.1 Hz, A four-pole, anti-alias filter with a knee at 2.5 Hz or 

.25 Hz, respectively, has been chosen for low-frequency runs. Additional pre-whitening 

filters with appropriate cutoffs can be selected to provide proper spectral shaping with 

either coils or SQUID ma^etometer. 

Program control is identical for data acquisition in the mid and low bands. The 

operator first configures the hardware appropriately, enters data file header information, 

and coniputes the response of the hardware configuration. The hardware configuration 

and response factors are stored as part of the spectral data file header. The operator 

then calls a program which initiates A/D conversion and storage of raw data into a 

circular data buffer in memory via direct memory transfers (DMA). This program is an 

interrupt service routine to handle "data ready" interrupts from the A/D converter by 

imtiating a DMA transfer. At other times, the processor is free to carry out other tasks 

under control of the operator. 

The primary task during a data run is to compute and archive spectra. The 

operator calls a subroutine that automatically carries out these tasks. This routine is 

interruptable from the keyboard to allow the operator to check the statiB of a run by 

computing coherencies or impedance and tipper quantities. Incoming data are buffered 

during the interrupts The buffer is 32,767 samples long and provides 1,4 hours of 

buffering for five Channels of data at a 1-Hz sample rate, which is the sample rate of our 

low-band run. ,A run is terminated under operator control, or if the circular data buffer 

is overrun. Data can be acquired and spectra computed and archived indefinitely in both 

the mid and low bands. 

Data above 2.5 Hz are acquired differently, because the processor becomes 100 

percent occupied by the data acquisition, decimation, spectral computation, and 



archiving algorithms at a data frequency between 2,5 Hz and 5 Hz, If the decimation 

algorithm is used at higher frequencies, data are acquired only until the buffer is 

overrun; The remaining data in the buffer can be processed and a new run initiated, but 

this is not efficient because of the large amount of time spent processing data compared 

to the time spent collecting data. In particular, a large amount of time is spent by the 

decimation algorithm performing digital filtering. 

At these higher frequencies, it is more efficient to avoid digital filtering and 

decimation. Instead, data are acquired in 32-point buff ers, and windowed sixth and 

eighth harmonic sine and cosine correlations are performed on the 32-point data 

sequences. The eighth harmonic lies at the 3-dB knee of the analog anti-alias filter, 

which in turn is selectable from the keyboard. Spectra are then computed and archived 

in the same manner as for the low and mid bands. A new data set is acquired as soon as 

the processor is free and the cycle repeats. Data are thus acquired one pair of 

frequencies at a time. The operator can interrupt the collection process from the 

keyboard to select a different analog anti-alias filter cutoff and sampling rate and thus 

change frequencies, to change data selection criteria which contrds archiving 

procedures, or to compute coherencies or impedance and tipper functions from the 

currently archived spectra. We intend to test the utility of 64- or 128-point data 

sequences for eliminating spectral leakage from nearby frequencies due to the strongly 

non-stationary character of the natural fields, especially in the high band. 

Data are processed according to selection and archiving procedures described 

below. These combined procedures are to our knowledge unique and are designed to 

exploit nonstationary behavior of the signal or noise components of the measured fields. 

Note that at each level of decimation, periodogram estimates are obtained each 

time a 32-point data segment is processed, The option exists at this point to incorporate 

these estimates into a spectral average. Our software allows the operator to set an 



amplitiude cutoff value which is compared to the amplitude of the digitized fields. Data 

sets for which the sum of the amplitudes of the horizontal electric or magnetic field 

components is less than the specified cutoff are immediately rejected. The operator is 

presented with a continuously updated display informing him of the percentage of data 

being kept at each level to guide the selection of a cutoff value. The operator may 

change the cutoff value at any time. 

Periodogram estimates which pass the cutoff criteria are averaged in a temporary 

array to generate spectral estimates. The number of averages in the spectral estimates 

at each level is set by the operator at the start of a run. When the specified number of 

averages is reached, multiple coherence functions are computed and the spectra in the 

temporary array at that level are archived on disk storage in two separate data files. In 

one data file, the spectra are sorted and accumulated into one of ten bins based on the 

multiple coherence values. All spectral data are accumulated in this file^ In a second 

data file, only the ten best data sets are retainedin separate bins, based on the computed 

multiple coherence values. These two data files allow selection of the best data to 

compute impedance and tipper functidris. We intend to incorporate additional weighted 

averaging procedures as described by Stodt (1983). 

In Figures 1 and 2, example results of a field test in August, 1985 show what We 

have achieved in MT instrumentatipn thus far. Tensor apparent resistivities P and p 

and impedance phase 0^^ and 0^^, with x-north, y-east, z-down, obtained in the Western 

Cascades Range of Oregon near U.S. Highway 20, are plotted as measured by five 

academic institutions on successive days as part of the mini-EMSLAB test traverse. The 

systems of Utah and Michigan are without remote reference sensors, that of Oregon 

carries a local coil reference with analog wire communications, while a complete dual-

station telemetry systems is implemented by CICESE/San Diego State. The long period 

measurements by J. Booker pf Washington required time series recording of about a week 
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and used a ba:ttery powered system without a reference. Of relevance to this proposal, 

the Utah data scatter is as srnall as that of any of the systems, and our data show good 

agreement in the region of overlap with the long-period measurements of Booker. 

Parallel Research Efforts. 

Substahtial advances in the interpretation of MT data and in the understanding of 

deep resistivity have been achieved with NSF and other funding to date. These have 

resulted in a number of papers, either in press, submitted, or presented at scientific 

meeting. 

For example, theoretical development and 3D computer simulations in the paper by 

Wannamaker et al. (1984b) have addressed the applicability of ID and 20 MT interpret • 

tation schemes in,3D environments and have provided methods of circumventing the 

troublesome effects of near-surface extraneous resistivity structure (geological noise). 

Most of the 3D model studies appearing in this paper Were supported by DOE, but a 

significant portion of the modeling, as well as preparation of the final manuscript for 

publication, were performed under NSF sponsorship. This paper has been cited as an 

"important contribution" and "of major benefit to the MT comniuhity" by the reviewers. 

These 3D model results were computed using our newly-developed integral equation 

algorithm for simulating the MT responses of 3D bodies in layered earths (Wannamaker et 

al., 1984a). We believe this to be a uniquely versatile and accurate algorithm for 

modeling this class of problem. While this program was developed to fulfill contracts for 

DOE, it exemplifies the capabilitiesof our research group in the numerical simulation of 

inhomogeneous resistivity structure. 

Principally under NSF sponsorship, Wannamaker (1983) has carried out a review of 

the resistivity structure of the northern Basin and Range. Emphasis wasplaced on the 

effects of upper crustal lateral inhomogeneity upon estimates of deep resistivity 



structure. Many if not most published models of deep i-esistivity from both natural and 

artificial source methods suffer some, and often large, bias toward erroneously low 

resistivity at depth. Much of the speculation about a free water phase in the lower crust 

may result from this bias. 

Thermodynamic principles governing the equilibrium existence of fluid phases 

affecting resistivity in the lower crust have been discussed by Wannamaker (1985), under 

NSF fundings In high-grade, intermediate to mafic rocks common to the lower crust, a 

free-water-rich fluid at ?£ = P^ appears improbable at temperatures below those of 

melting. However, it is possible for a conductive C02-rich fluid to evolve through joint 

decomposition of carbonate and amphibole. Moreover in this paper, conductivity of 

partial melts produced under water-undersaturated conditions has been quantified using 

the H2O activity model of Burnham (1979). As melting proceeds in the presence of fixed 

amounts of water, melt phase conductivity drops sharply due to dilution of water in spite 

of increasing temperature. Therefore, when typical Archie's Law mixing models are 

relevant, bulk conductivity varies only weakly for melt fractions greater than about 0.2. 

Recent progr^s has been achieved in finite element modeling bf 2-D MT responses 

with DOE and NSF support. Developments include capability to model topographic 

variations as well as direct calculation of secondary field responses (i.e.^ thi^e just due 

to the inhomogeneity). One conclusion of the topographic modeling is that a horizbntsd 

placement ofthe sensors (coils or SQUID) for H„ and H„ will reduce topographic effects 

at low frequencies relative to a placement of sensors parallel to the slope. 

Implementation of the secondary field formulation has circumvented difficulties with 

computer word length at low frequencies observed in total field solutions for the TM 

mode especially, but also for the TE mode. Two manuscripts on this work are in 

preparation for publication by Wannamaker. 

Stodt (1983), primarily with DOE support, has provided a rigorous error analysis for 



conventional and remote reference magnetotellurics under the assumption that noise in 

the E- and H-field measurements is governed by a complex normal distribution. He found 

that the standard unweighted least squares estimates of the imped ence and tipper 

functions (e.g., Gamble et al., 1979) are not minimum-variance when the measured fields 

are non-stationary; Furthermore, the weighted least squares estimate 

Zi= (R * T V Q - % ) -1 R * ' ^ Y ^ - \ 

T where Z. =( Zj„ ZiJ, andR= AB is the matrix of N-dimensional column vectors 1 ix ly 

of harmonics computed from two reference (not necessarily remote) field measurements 

A and B, is minimum variance provided only the E-fields are noisy. Here VQ is the 

covariance matrix for the column vector Ej. However, because erroM in the tensor MT 

estimates depend on the noise power in E ,̂ and on the noise to signal ratios in H and R, 

generalized weights which reflect this behavior can be estimated from subsets of the 

data using the appropriate multiple coherence functions (Stodt, 1983). Three manuscripts 

have returned from journal review and are undergoing revision for publication by Stodt. 

Proposed.Djpgrade of MT System 

Because of the low instrument noise levels we had achieved we initially were 

optimistic about the possibility of acquiring high quality data without employing a, 

remote reference in areas where correlated cultural noise was insignificant. 

Unfortunately, at this time we are near a minimum in solar activity. During our initial 

field tests'in southern Utah, we observed magnetic field signal strengths averaging 

approximately .005 gamma peak-to-peak in a l-Hz bandwidth. This is roughly an order of 

magnitude decrease in the average strehgth of the natural fields compared to that 

observed during a survey conducted in 1977. However, we have not achieved an order 

magnitude of improvement in signal to noise ratio compared with instrumentation 

available in 1977. 

Our field tests, especially the one in Oregon where signals were hi^er, have been 



encouraging because we can acquire good quality data in all three frequency bands. The 

data selection and archiving techniques described above have proved valuable in editing 

for high quality data. We have found, however, as, corroborated in conversations with 

commercial MT contractors, that precise data remains most difficult to obtain in the 

mid-t»and (0.1 - 1. Hz), and not at low frequencies. A remote reference is required to 

utilize effectively measurements having low signal conferits. The weighted averaging 

techniques proposed by Stodt (1983) are expected to be most advantageous when applied 

to remote reference data. 

Funds are requested to upgrade our current magnetotellurie data acquisition 

system by incorporating a local "remote'-' reference. The local reference will 

consist o"f an additional pair of horizontal magnetic field measurements obtained 

simultaneously witli measurements from the base station sensor array. Goubau et 

a l , (1984) showed that a separation of only 200 m was sufficient to eliminate 

bias errors at their test locations. This approach represents a good and econ

omical way for us to field a statS'^of^therart system with separate reference 

capability, and i t should be very advantageous for the field work of our proposals. 

Our MT system was built and is matntatned by:S.L. Olsen electronics engineer, 

and J. A, Stodt, ,Ph,D, geophys-ictst, of the Earth Science Laboratory, University 

of Utah Research Inst i tute . They have a fully equipped, state^of-theT::art electron

ics laboratory at their disposal, Th.e amount we are requesting for upgrading the 

MT system is dtyided between equipment cost and support for Olsen and Sto(it, 
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Wŷ ight, D. E., Bostick, F. X., Jr., and Smith, H. W., 1977, Real time Fourier 

transformation of magnetotelluric data: Technical Report of the Elec. Geop. 

Res. Lab., Univ. of Texas at Austin. 



• ' • * . 

ON THE DETECT ABILITY OF CRUSTAL MAGMA CHAMBERS 

USING THE MAGNETOTELLURIC METHOD 

by 

Gregory A. Newman , Philip E. Wannamaker and 

Gerald W. Hohmann 

Presented at the 53rd Annual International SEG Meeting September 14,1983, in Las 
Vegas 

Department of Geology and Geophysics, University of Utah, Salt Lake City, Utah 
84112-1183 

Earth Science Laboratory, University Research Institute, 391 Ciiipeta Way, Suite C, Salt 
Lake City, Utah 84108 



ABSTRACT 

We have utilized resistivity models of silicic magma chambers to explore effects 

that layering can have on three-dimensional (3-D) magnetotelluric (MT) responses. Model 

simulations show that MT detection of magma may depend strong^ on its one-

dimensional (1-D) host. The 3-D responses of a model juvenile magma body which is 

connected electrically to deeper less resistive crust of regional extent were very 

subdued. However, intermediate and mature magmatic systems leaving magma no longer 

in contact with lower less resistive crust may be detectable with the MT method. 

Further, the release and ascent of volatiles from crystallizing melt may lead to 

fracturing above the chamber, thereby establishing electrical contact of the magma with 

shallow conductive crust and thereby amplifying its MT response. 



INTRODUCTION 

This paper is concerned with some factors that characterize magnetotelluric (MT) 

responses of three dimensional (3-D) structures embedded in layered media.We have 

emphasized, for practical application, resistivity models of silicic magrma chambers. The 

MT responses studied here were computed using the algorithm of Wannamaker et aL 

(1984a). This algorithm is based on the method of integral equations and is suited for one 

or a few 3-D bodies in layered hosts. The MT method has been applied to detec t magma 

bodies beneath geothermal systems because of its potentially large depth of exploration 

(Ward, 1983). 

Dissolved water strongly affects magma resistivity (Lebedev and Khitarov, 1964). 

Concentrations of dissolved water within magma have been inferred to range from about 

1 to 5 wt% (cf., Crecraft et al., 1981; HQdreth, 1981). Burnham (1975) has shown that 

siliceous melts composed of 4 to 1 wt% dissolved water have corresponding resistivities 

between 1 and 100 ohm-m at 1000°C. A resistivity of 4 A-m could represent a silicic 

liquid in the middle crust possessing 2.5 wt% of dissolved water a t 100O°<C. Burnham 

(1979) proposes that such liquid originates from vapor-absent fusion of hornblende-

bearing rocks in the lower continental crust. 

The resistivity structure of the 1-D host for the magma chambers we consider 

resembles that of the Basin and Range as interpreted by Brace (1971). In Bi^ce's 

interpretation, the increase in the resistivity in the upper 15 km of the crust reflects a 

decrease with depth in rock porosity; bulk resistivity in this region is controlled by 

electrolytic conduction. Below 15 km depth, resistivity decreases as solid-state 

electrical conduction in minerals becomes more important. This resistivity structure is 

shown in Figure 1 with an upper mantle resistivity of 40JX-m below 35 km depth. 



MODEL RESPONSES OF A JUVENILE MAGMA BODY 

Figure 1 displays a simplified resistivity structure that could be associated with a 

juvenile magma chamber in the western United States. The magma chamt)er has a 

resistivity of 4il« m and is represented in an early stage of its development, i.e., before 

it has risen completely from its site of generation in the lower crust (Hildreth, 1981). 

Apparent resistivity and impedance phase pseudosections for the 3-D model of 

Figure 1 are compared to pseudosections of a 2-D structure of id»itical cross-section in 

Figures 2 and 3. These pseudosections are calculated at the center cross-profile of the 

magma chamber model. Note that the x axis of Figure 1 is the strike direction of the 

magma chamber. Only half of each pseudosection is shown in these figures since the 

model is symmetric across the x-axis. The 2-D results were calculated with a finite 

element program written by Rijo (1977). Note that 2-D apparent resistivity^— and 

impedence phase 9 ^ (Figure 2) correspond to the TM or Ej_ mode of excirtation, while 

apparent resistivity p j _ . and phase 9yr̂  (Figure 3) correspond to the TE or E.. mode of 

excitation. , 

For both modes, the 3-D pseudosections (Figures 2 and 3) illustrate very sut>dued 

departures from the layered host response. This subdued response would be especially 

difficult to recognize in the presence of any extraneous structure nearer to the surface 

(Wannamaker et al., 1984b). The results for the 2-D TM mode and corresponding 3-D 

results agree closely since current channeling figures prominently in both responses. This 

agreement indicates that an increased strike length for the magma body will not amplify 

its signature in the E i mode, so that detection of the body in this mode will be very 

difficult. Current channeling is caused by a boundary polarization charge at 

discontinuities in the normal component electric field along resistivity t>oundaries. The 

current channeling responses of a 2-D (TM mode) or 3-D structure will affect the 

apparent resisitivity to arbitrarily low frequencies. However, at low frequencies the 



impedance phase response of the structure will not be distinguishable from that of its 

layered host (Wannamaker, et al., 1984b). 

As expected there is disagreement between 2-D TE mode results and corresponding 

3-D results. Current channeling is a strong source of the 3-D E mode response due to 

the limited strike extent of the magma body. On the other hand, volume currents alone 

are the source of the 2-D TE mode response. Responses in apparent resistivity and phase 

due to volume currents are band-limited in frequency and vanish as frequency falls 

(Wannamaker et al., 1984b). 

In order to understand how the layered host affects the MT response of the magma 

body, the layered host was removed and replaced with a 400il- m half-space. This 

calculation showed that the resoonse of the magma chamber in both (P- j . , 9„,) and 
*y ^y 

(^ , (J ) was much stronger in the half-space than in the layered host. The sensitivity 

of the re^onse of the magma chamber to its host is important and demonstrates that 

detection of magma depends strongly on its 1-D host. 

Physical understanding of current channeling is important if w§ are to explain this 

sensitivity in detecting magma for different 1-D hosts. The specific effects of layering 

upon current channeling can be demonstrated in section view. F ^ r e s 4a and 4b 

illustrate the distortion of the electric field due to the magma chamber for the layered 

host of Figure 1 and a 400Jt. m half ^ace . The centrally located longitudinal section 

shows polarization ellipses of electric field at 0.01 Hz. In Figures 4a and 4b the 

polarization ellipses are normalized to the layered host and half-space electric field 

magnitudes, respectively, at the earth's surface. The polarization of the incident 

electric field in both figures is parallel to strike. Also included in these figures are 

profiles of normalized real and imaginary total electric field (E) at the earths surface. 

Figures 4a and 4b show that the electric field at this low frequency is essentially 

linearly polarized and in phase with the incident electric field since the polarization 



ellipses of electric field have degenerated into line segments. The linearly polarized 

electric field (distorted with respect to the direction and strength of the incident 

electric field) demonstrates the current channeling response of the magma body in both 

1-D hosts. The overshoot-to-undershoot behavior in normalized total electric field drawn 

at the top of these figures gives another view of the current channeling phenomenon. 

These profiles also show how much more subdued is the 3-D response at the surface for 

the layered host than for the half-space. 

The interesting point in comparing Figure 4a to 4b is the manner and the degree to 

which the electric field is altered by the body for different 1-D hosts. In Figure 4a, the 

electric field alteration is stronger below the body in the layered host than in the half-

space (Figure 4b). However, above the body the opposite is true; the electric field is 

distorted more strongly in the half-space. We interpret this discrepancy as being caused 

by current channeling in layered media. Two factors could be at work here. First, the 

scattered currents due to charges on the body are short circuited into the lower less 

resistive crust. Second, the conductive overburden in the shallow crust (the top 400jf\..m 

layer) reduces the scattered electric fields that do reach the earth's surface. 

We determined which part of the layering was causing the attenuated responses by 

removing the layering beneath the magma body. The 1-D structure now corresponds to a 

2 km thick, 400 Ji..m top layer overlying a 4000il, .m basal half-space. We emphasize that 

the 3-D body now is connected neither to a less resistive layer at its base nor to the less 

resistive layer at the surface. The 3-D pseudosections of apparent resistivity and phase 

are shown in Figure 5. TTie response of the magma body is now distinguishable in both 

apparent resistivities, p emd o but is much stronger for the E.. polarization. We 

conclude that the lower 400fl'm layer in the mid-crust, directly beneath the magma 

body, is mainly responsible for the attenuated 3-D responses in Figures 2 and 3. 



MODEL RESPONSES OF A MATURE MAGMA BODY 

This physical insight into current channeling is helpful in predicting the MT 

responses of more evolved magmatic systems that are conductive. We believe that these 

bodies with the 1-D host of Figure 1 may be detectable with the MT method. Consider 

uprise of silicic magma from depth continuing to the point where the magma chamber is 

disconnected electrically from the lower less resistive layers in the deep crust (Hildreth, 

1981). Furthermore, the release and ascent of volatiles with melt crystallization may 

lead to sufficient crustal fracturing above the magma (Burnham, 1979) so as to establish 

electrical contact with the shallow conductive crust. Thus, current channeling in the 

shallow crust may cause a substantial MT response for the more mature magmatic 

system. 

A simplified model of a mature silicic magmatic system is illustrated in Figure 6. 

The 400 n.m cap directly above the magma represents a zone of crustal fractures filled 

with fluids. This zone connects electrically with the shallow conductive crust. Note that 

we have assigned lOJb m resistivity to the magma instead of 4 f lm. ^This assignment is 

mtended to aid convergence in the algorithm of Wannamaker et al. (1984a) for receiver 

stations over the body. 

Pseudosections in apparent resistivity and impedance phase of this model sure 

compared to those of a 2-D structure of identical cross-section in Figures 7 and 8. TTiese 

pseudosections are located on the y axis at x = 0. Once again only half of each 

pseudosection is shown due to symmetry. 

The response of the magma body is now quite distinguishable in the 3-D apparent 

resistivities (p and o ), but less so in the 3-D phases (Py^ and 9y^h "Hie 3-D E, ( ^ ™ 

and 9 ) mode results are verified by direct comparison with the 2-D TM mode results. 

As expected, there is poor agreement between the 2-D TE (^ j _ and 9 ) and 3-D 

E (0 _, and (Jf ) modes. Since the 3-D and 1-D phase responses nearly coincide, the 



secondary magnetic fields induced by the me^ma body are very weak and we are looking 

once again at a current channeling phenomenon. 

We cannot say, however, that the apparent resistivity responses of the magma body 

would be distinguishable in the presence of severe near-surface geological noise. We are 

only pointing out the eiffect of layering on the response of the magma body. 

A comparison of the 3-D E. mode to the Ê  mode illustrates that the E.. mode is 

more sensitive to the magma body. For receiver stations located more than 4 km from 

its center, the magma body is undetectable in the E, mode. However, in the Ê ^ mode, 

the magma body is detectable with stations within 8 km of its center. 

We interpret the spatially weak response in the E, mode as being caused by the 

physical dimensions of the magma body. The weak response in the E. mode is observed 

when the depth to the magma is greater than or equal to the cross-width of the magma 

chamber (cf. Wannamaker et al., 1984b). On the other hand the stronger response in the 

E. mode is due to the magma chamber's strike extent being large compared to its 

depth. It is then apparent that 3-D E, mode results may be too wealc to show the magma 

body, even though these are the results which can be modeled rigorously with a 2-D TM 

algorithm (ibid.). 

CONCLUSIONS 

From our limited model simulations we conclude that the detection of silicic 

magma with the MT method depends strongly on the 1-D resistivity host. Current 

channeling is the dominant source of MT responses from the magma bodies we have 

studied due to their limited strike extent. Therefore, physical insight into current 

channeling in layered media is important if we are to understand some of the factors that 

determine the detectability of silicic magma. 

An analysis of the current channeling response of a juvenile magma body was 



presented. The analysis has shown that when the chamber is in electrical contact with 

the lower less resistive crust, current flow in the body is short-circuited into the lower 

crust. This short-circuiting of the scattering currents strongly inhibits detectability of 

the MT response of the magma body at the earth's surface for both E and E modes. 

We have shown that conductive intermediate and mature magmatic systems can be 

detected with the MT method. Electrical contact with the shallow conductive crust may 

be established for these magma bodies. A detectable MT response at the earth's surface 

especially in the E results may occur for such magmas because of current channeling in 

the shallow crust and disconnection electrically of these magmas with the lower less 

resistive crust. 

In summary, our 3-D MT model simulations suggest that a dike-like magma 

chamber may, depending upon its relation to its layered host, be detectable in the 

E mode, but that generally the response in the E^ mode is rather weak. The spatially 

weak response in the Ê  mode is interpreted as being caused by the physical dimensions 

of the magma body. Apparently this weak response is observed when the depth to the 

magma is greater than or equal to the cross-width of the magma chamber. Therefore, 

2-D TM mode modeling of E. field data may not distinguish such magmatic systems. 

However, while the E. response may be stronger, a fuUy 3-D modeling program is 

necessary for its rigorous interpretation. 
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List of Figures 

Figure 1. The model represents a highly simplified juvenile magma t>ody in a Basin and 

Range 1-D host. The MT response of the magma body is virtually 

undetectable. 

Figure 2. These pseudosections of apparent resistivity (P^-.^ ^^^ phase (P.-,) are 
J * y * 

calculated for the magma chamber model of Figure 1 and its corresponding 

2-D version at the earth's surface. The results are tiased on an incident 

electric field perpendicular to strike. 

Figure 3. These pseudosections of apparent resistivity (Pj-.) and phase (C^y) are 

calculated for the magma chamber model of Figure 1 and a corresponding 2-

D version at the earth's surface. The results are based on an incident 

electric field parallel to strike. , 

Figure 4. a. This illustration shows the longitudinal-section of the magma chamber 

model enclosed in the layered host of Figure 1. The section view is of 

polarization ellipses of normalized total electric field which have reduced to 

almost linear segments at 0.01 Hz. The current channeling re^>onse of the 

body is shown by this linear polarization in the electric field. The incident 

electric field at the earth's surface is polarized in the x direction and its 

magnitude is shown in the lower right hand corner of the diagram. 
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Figure 4. b. This illustration shows the longitudinal-section of the magma chamber 

(Figure 1) enclosed in a 400/lm resistivity half-space. The section view is 

again of polarization ellipses of electric field at .01 Hz. 

Figure 5. Pseudosections of apparent resistivity Ĉ yx* ^xy^ ^^^ phase (9^^., 9yJ for 

magma chamber model and 1-D host of 2 km thick 400 Ji..m overburden and 

4000 fCvn basal half-space. 

Figure 6. A highly simplified, mature magmatic system in a Basin and Range 

environment. T^e 400il'm zone that caps the magma body represents 

crustal fractures filled with fluids that connect electrically vnth the 

conductive upper crust. TTie MT response of this magma body is detectable 

in the E mode, but spatially weak in the E mode. 

Figure 7. These pseudosections of apparent resistivity (p ™.) and phase (9,_) are 
\ yx yx 

calculated for the magma chamber model of Figure 6 and its corresponding 

2-D version at the earth's surface. 

Figure 8. These pseudosections of apparent resistivity (P^y) aracl phase ( 9 ^ are 

calculated for the magma chamber model of Figure 6 and its corresponding 

2-D version at the earth's surface. 
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ABSTRACT 

Water-undersaturated melting in the crust can occur at lithostatic 

pressure in the presence of an HpO-COo fluid, of no COo or fluid but with all 

H2O bound structurally in hydrous minerals, or of an insufficient amount of 

HpO fluid to saturate a melt at liquidus temperatures. The composition of any 

fluid in equilibrium with possible source rocks depends on the metamorphic 

grade of the rocks; the fluid at l.ithostatic pressure in ductile granulite 

facies rocks would be COp-rich while an increased fraction of H2O in a fluid 

is probable in lithologies of lower metamorphic grade or in rocks of the brit

tle regime. With limited amounts of pore fluid and hydrous minerals, melting 

is a highly non-linear function of temperature and may extend over a broad 

temperature range. Electrical conductivity of the resultant feldspathic 

liquids can be estimated to first order from early conductivity measurements 

on granite under conditions of excess water and recent theories on dissolution 

of H2O in aluminosilicate magmas. According to the model, melt phase conduc

tivity falls with increased melt fraction due to dilution of water in spite of 

increased temperature. Melt fraction and temperature estimates for the lower 

crust derived from field electrical surveys are complicated seriously by melt 

phase tortuousity in the crystalline matrix, by H2O content of the source 

rock, and by the possibility of a conductive CO2-H2O fluid. However, if the 

upper levels of a crustal magma chamber are near liquidus temperatures and if 

depth and confining pressure can be inferred from geophysical surveys, then 

electrical conductivity theoretically could provide both temperature and mole 

fraction of water for mole fractions less than about one-half. 



INTRODUCTION 

To explain high electrical conductivities inferred for the lower conti

nental crust of high heat flow areas, researchers often have considered 

partial melting (Stanley et al., 1977; Olhoeft, 1981). In the way of 

laboratory calibrations of partial melt conductivity, one may consult 

measurements of dry, intermediate to silicic melts (Tyburczy and Waff, 1985) 

or the study of Lebedev and Khitarov (1964) on water-saturated granitic 

melt. In nature, silicic magmas typically possess calculated pre-eruptive 

water contents in the range of 1 to 5 wt. %, and thus should not have 

originated in either dry or water-saturated melting events at depths below 

about 5 km (Wyllie, 1977; Burnham, 1979a,b; Hildreth, 1981). To the extent 

that silicic magmas reaching shallow levels originate from middle or lower 

crustal melting, conditions of melting at these greater depths should be 

water-undersaturated. 

That the availability of HoO for melting in the lower crust is limited 

appears likely on other observational and experimental grounds. Although only 

grossly layered in composition, the crust most often shows a near-horizontal 

disposition of metamorphic grade, with greenschist facies in supracrustal 

rocks through amphibolite grade at middle levels to granulite facies In the 

deepest crust (Fountain and Salisbury, 1981; Kay and Kay, 1981; Windley, 

1984). Seismic and geological evidence points to upper and middle levels in 

the crust containing the greater abundances of sedimentary and felsic magmatic 

rocks (Smithson et al., 1977; Oliver et al., 1983). Intermediate composition 

igneous rocks (diorites to tonalites) of granulite metamorphic grade comprise 

the commonest lower crustal sample, but with mafic and felsic lithologies, 

including sedimentary granulites, commonly interspersed and locally dominating 

(Smithson et al., 1977; Kay and Kay, 1981; Padovani et al., 1982; Windley, 



1984). Laboratory experiments Imply that H2O fluid at lithostatic pressure in 

high-grade lower crustal rocks reacts with anhydrous silicates to form hydrous 

minerals, particularly amphibole (Burnham, 1979b). Fluid inclusion composi

tions, volcanic lava and gas chemistries and carbonate minerals in xenoliths 

moreover indicate a strong CO2 component to fluids present in the deep crust 

(Newton et al., 1980; Kay and Kay, 1981; Touret, 1981; Wendlandt, 1981; 

Bailey, 1983; Menzies and Wass, 1983). 

In this paper I consider water-undersaturated melting and electrical 

conductivity in the presence of an H2O-CO2 fluid, of no CO2 or fluid but with 

all H2O bound in hydrous minerals, and of an Inadequate quantity of H2O fluid 

to saturate a melt at liquidus temperatures (Robertson and Wyllie, 1971). 

Discussion centers upon a dioritic to tonalitlc granulite composition, but 

compared also are mafic and felsic rocks >̂ and rocks of lower metamorphic 

grade. Equilibrium conditions are assumed, although the persistence of 

disequilibrium needs more study. Defining the existence of H2O-CO2 fluid as. 

temperatures approach and exceed those of melting is important because fluids 

are expected to be conductive also and may obscure detection of melt. Esti

mating conductivity of subsequent H20-undersaturated melts combines the early 

water-saturated study of Lebedev and Khitarov (1964) with the theory and 

experiment principally of Burnham (1979a) on dissolution of H2O in alumino

silicate melts. The available data Indicates a substantial dependence of melt 

phase conductivity on water concentration and temperature, but large un

certainties in bulk conductivity remain regarding lower crustal water content 

and melt tortuousity. 



FLUID-PRESENT AND FLUID-ABSENT MELTING 

Even in lower crustal rocks of high metamorphic grade, water-undersat

urated conditions for melting are not necessarily fluid-absent. H2O diluted 

by the relatively inert agent CO2, as well as being the most commonly inferred 

fluid state for the lower crust, is employed in the laboratory to demonstrate 

stability and fusion of crustal materials at partial pressures of water less 

than lithostatic. 

Lower Crustal Fluids and Melting at Constant Pressure 

In Figure 1 appear a tonalite solidus (Wyllie, 1977; Wendlandt, 1981) and 

equilibrium boundaries of an amphibole-in and a carbonate-in reaction as a 

function of temperature (T) vs. mole fraction of water XM « In an excess H2O-

CO2 fluid phase. These are defined for fluid pressure (P̂ r) equal to total 

pressure (P^) of 8 kbar. Amphibole-producing reactions principally involve 

pyroxene, feldspar and water (Eggler and Burnham, 1973; Holloway, 1973; 

Burnham, 1979b; Thompson, 1983). The carbonate-in reaction shown specifically 

consumes diopside, but other C02-consuming reactions in the lower crust 

Involving olivine, pyroxene or plagioclase appear to have similar 

T - XM n topologies (Wyllie, 1979; Newton et al., 1980; Jacobs and Kerrick, 

1981). Shown also is a downward-sloping univariant curve U projecting out of 

the diagram. Curve U is the intersection of downward-sloping amphibole-in and 

carbonate-in surfaces i" T - XM Q - Pf/Pt space. 

Consider invariant point I in Figure 1 at a temperature Tr = 700°C 

(perhaps 50-100°C lower If CO2 is buffered by plagioclase and carbonate; 

Jacobs and Kerrick, 1981). In a lower crust containing pyroxene and feldspar, 

the boundaries of Figure 1 imply that the condition P^ = P^ cannot be 

maintained at T < Tj unless sufficient volumes of H2O-C2O fluid are introduced 

to exhaust one or both of the aforesaid volatile-free silicates. Such deple-



tion has not occurred for the granulite facies, intermediate composition model 

of the lower crust. Specifically, diorite-tonalite compositions can absorb 

nearly 1 wt. % of H2O as hornblende (Wyllie, 1977; Burnham, 1979b). There

fore, through production of amphibole and carbonate, P^ < P.̂  obtains at T < Tj 

along the univariant curve U for the high-grade rocks. Finite pore volume at 

Pf < P^ may be supported in rocks of a brittle mechanical regime (Brace, 1980; 

Chen and Molnar, 1983). In a lower crust which deforms ductilely in response 

to stress, however pore space at P^ < P^ should collapse to a vanishingly 

small volume (Richter and Simmons, 1977; Brace, 1980; Thompson, 1983). In 

this case, there remains only a residual grain boundary population of 

volatiles. It is noted that the C02-r1ch fluid inclusions from presumably 

lower crustal samples are intracrystalline and Isolated from carbonate-

producing silicate reactants (Touret, 1981). 

If a lower crust bearing amphibole and carbonate mineral is subjected to 

T > TJ, for Instance with the onset of lithospheric extension or magmatism 

(Lachenbruch and Sass, 1978), a C02-r1ch fluid (XM Q = 0.1 with amphibole) 

may evolve at lithostatic pressure starting at I through joint decomposition 

of carbonate and amphibole and exist with P^ = P^ at temperatures below those 

of melting (cf. Thompson, 1983). In the presence of hornblende, approximately 

1 vol. % C02-r1ch fluid is produced per vol. % of carbonate mineral in the 

rock (Glassley, 1983). Theoretically, depending on temperature and initial 

ratios of carbonate and hydrate, this free vapor may exist anywhere within the 

ruled region F. The volume abundance of amphibole must exceed that of 

carbonate by about a factor of two for carbonate to be consumed first and for 

the fluid to evolve from I toward M (melting) as temperature increases 

(Glassley, 1983). With sufficient amphibole, continued Input of heat effects 

melting at M with activity of water in the melt and in any ambient fluid being 



determined by hornblende breakdown (Burnham, 1979a,b). 

Wherever CO2 is absent in the lower c rus t , a diagram analogous to Figure 

1 is relevant except that xf. „ is replaced by PM J ? , and carbonate reactions 
n«U n~U c 

are not applicable. Fusion in the presence of amphibole essentially would 

occur at the same temperature as that of M and yield a melt of similar compos

ition and water content (~ 3 wt. %) since activity of H2O again is buffered by 

the hydrate. Introduction of CO2 tends to increase alkalinity and decrease 

silica content of the melt somewhat (Wendlandt, 1981). Still in ductile gran

ulite rocks no aqueous fluid evolves at temperatures below melting since 

P<: = Pu n *̂  P4. • The HoO supplied by amphibole in the absence of carbonate 

minerals is taken up directly by the melt at M until amphibole is depleted 

(Thompson, 1983). A relatively Inert substance such as CO2 is needed to 

dilute water for a finite volume of fluid to exist in lower crustal granulites 

at lithostatic pressure. Stabilization of amphibole to temperatures higher 

than that of M as given by the suprasolldus boundary in Figure 1 requires that 

water be supplied in excess of that from amphibole decomposition (e.g., Eggler 

and Burnham, 1973). 

P^-T Relations of Fluids and Melting 

Water-undersaturated melting in the presence of several hydrate minerals 

is illustrated in Figure 2, a more familiar pressure-temperature projection of 

melting relations for tonalite. In this diagram appears the H20-saturated 

solidus, the dry liquidus, and stability boundaries for amphibole, biotite, 

muscovite and Mg-chlorite in the presence of quartz (Bird and Fawcett, 1973; 

Eggler and Burnham, 1973; Wyllie, 1977). At P^-T values below the wet 

solidus, the stability boundaries mark breakdown of hydrous minerals yielding 

anhydrous silicates and HgO fluid at lithostatic pressure. At P^-T values 

greater than the wet solidus, the boundaries mark H2O fluid-absent fusion of 



hydrous and anhydrous minerals producing H20-undersaturated melt and represent 

the trace of point M In Figure 1 for amphibole and analogous traces for the 

other hydrous minerals. Low-grade chlorite forms from amphibole after deple

tion of pyroxene if feldspar is present and water added (Beach, 1980). Moving 

on, the trace of point I for amphibole from Figure 1 appears in Figure 2 as a 

dashed line over the pressure Interval 4 to 10 kb. Corresponding traces for 

the other hydrate minerals are schematic but drawn assuming depletion of 

pyroxene, reduced activity of anorthite In plagioclase, and that the stabil

ities of the other hydrates in CO2-H2O fluids are similar to amphibole but lie 

at lower temperatures and higher XM Q (Beach, 1980; Jacobs and Kerrick, 

1981; Wendlandt, 1981). Finally, geotherms of Wyllie (1977) for a shield 

regime and of Lachenbruch and Sass (1978) for a magmatically-underplated 

lithosphere (reduced heat flow of 1.6 HFU) are drawn in Figure 2 with dots. 

If the geotherm progresses from that of the stable environment to that of 

the hot tectonic regime, an H2O-CO2 fluid at lithostatic pressure should 

evolve as the traces of I are intersected provided any carbonate minerals are 

present. From the assumptions of Figure 2, such fluid forms at lower tempera

tures and higher XM n Ô"" the rocks of lesser metamorphic grade than for 

those greater. This may explain In part the observations of Touret (1981) that 

fluid inclusions In granulites are C02-rich but become H20-r1ch in greenschist 

and lower amphibolite assemblages. Moreover, the ability of these fluids to 

dissolve solids and form electrolytes relative to pure H2O is proportional to 

XM Q (Burnham, 1979a). Possible formation of a CO2-H2O fluid thus may contri

bute to the intracrustal high conductivities Inferred at temperatures below 

those of melting by Shankland and Ander (1983). 

As temperature continues to rise, melting in the lower crust may commence 

near the H20-saturated solidus of Figure 2 only in rocks of formerly low 



metamorphic grade where an H20-r1ch fluid has been provided, for Instance by 

breakdown of greenschist minerals at lower temperatures, in amounts greatly 

exceeding CO2. Further melting requires temperatures in excess of the water-

saturated solidus and becomes increasingly water-undersaturated. The rising 

temperature profile next would intersect one or more H2O vapor-absent melting 

boundaries Involving a hydrous mineral, depending upon metamorphic grade 

(water content) of the rock. Finally, liquidus temperatures are depressed 

below the dry curve of Figure 2 also depending upon bulk water content, 

(Wyllie, 1977, and next section). 

Figures 1 and 2 are applicable fundamentally to rocks ranging in composi

tion from granodiorite to gabbro because these rocks all contain some pyroxene 

with feldspar. Although a modest dependence of hydrous mineral stability on 

bulk composition is noted (Wyllie, 1977), variation in mineral abundances pri

marily determines the buffering capacity of a particular volume of rock to in

coming H2O and CO2 volatile components (Thompson, 1983). Felsic compositions 

would be the first to allow existence of an H20-rich fluid if high-grade lower 

crust were subjected to a thorough retrograde metamorphism. Carbon dioxide, 

on the other hand, through dilution of water could allow electrically conduc

tive fluid at lithostatic pressure at temperatures below melting in rocks 

felsic through mafic with any amounts of carbonate and hydrate minerals. A 

water-rich fluid appears likelier themiodynamically in the more brittle and 

felsic, lower-grade, middle and upper crust. 
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DEGREE OF MELTING WITH TEMPERATURE 

Volumes and water contents of melts generated from crustal source rocks 

In the presence of free water or hydrate minerals may be predicted as a func

tion of temperature to first order from the model of Burnham (1979a,b) for 

dissolution of H2O In such melts. The approximation Is possible because these 

magmas all are fundamentally aluminosilicate (feldspathic) In composition, 

i.e., water in the source rock leads to preferential incorporation of feldspar 

and quartz in the melt. A manifestation of this effect Is that minimum melt

ing temperatures in the presence of free water for compositions from granite 

to gabbro (amphibolite) are all very close (Wyllie, 1977, 1979). In the 

model, melt compositions are expressed by equivalent molal content of albite, 

for which thermodynamic relations in the presence o l water a re well establish

ed by experiment (Burnham and Davis, 1971, 1974). While much of the H2O 

dissolves In molecular form (Stolper, 1982), It Is the water dissolved through 

hydrolysis and melt depolymerization reactions which most importantly affects 

melt viscosity and electrical conductivity (Burnham, 1979a). The model has 

predicted successfully the solubility of water in magmas of composition from 

pegmatite to quartz tholeiite (Burnham, 1979a; Day and Fenn, 1982). 

Under the assumption that crystal-hydrous melt equilibria in the crust 

can be approximated by those of albite. Figure 3 was constructed for total 

pressure of 8 kbar showing melt volume fraction ({> as a function of T and 

XM n i" 3 source rock of intermediate composition with 1 wt. % water provided 

either as a fluid or from muscovite, biotite or amphibole. To start, albite-

hydrous melt equilibria at constant XM r. (Burnham, 1979a) simply are mapped 
HpU 

uniformly from the interval of minimum melting with free H2O to the dry 

liquidus for albite onto the very similar corresponding interval for tonalite 

(Wyllie, 1977). Next, from the definition Qf mole fraction of water in the 



melt (Burnham, 1979a), one may show that the weight of hydrous melt lY" formed 

per gram of H2O contributed by the source rock is 

vT = [ x i ^ (1 - x?l j/x?! J + 1 . (1) 
M^^O "2° "2° 

In (1). MM O and M , are molecular weights of water and aluminosilicate 
n„U a I s 

(albite). We are led from (1) to the volume fraction ^ of hydrous alumino

silicate produced, given by 

<D = — . (2) 

w T + w^r 
m r om or 

where W and W are the weights and V and V are the specific volumes of the 

hydrous melt phase as a function of XM n 3"^ T and of the crystal residuum 
HpU 

respectively (albite values of Burnham and Davis, 1971, 1974). With 1 wt. % 

H2O constituting about 2.9 gm per 100 cm-' source rock, equations (1) and (2) 

were evaluated at numerous XM n ^o derive the melting curve of Figure 3. 

Equation (1) for W"" is linear in source rock water content so that liqui

dus temperatures can be estimated by varying this water content. Because of 

the dependence of v on XM 0 » "lelt fraction is not exactly but nearly linear 

with water content. That a simple mapping of albite values can predict the 

water-undersaturated liquidi of granite compositions at various pressures 

within experimental uncertainty has been confirmed by Day and Fenn (1982). 

Therefore, while some dependence of H2O solubility on feldspar composition has 

been observed (op. cit.), the dependence should not be so strong as to obscure 

the basic character of the melting curve for felsic to intermediate crustal 

rocks. In fact, even with pyroxene in substantial quantities and a generous 2 

wt. % H2O in a lower crustal source rock, liquidus temperatures determined 

experimentally exceed those given by equation (1) by only about 50°C for 
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tonalite and 75-100°C for gabbro (Wyllie, 1977). The shape of the melting 

curve thus is expected to resemble that in Figure 3 for a wide range of lower 

crustal compositions with limited amounts of. water. 

Temperature stability boundaries of muscovite, biotite and amphibole have 

been plotted in Figure 3 showing at what temperatures the water content of the 

rock, if it is contained in each of these minerals, promotes melting. These 

boundaries correspond to point M in Figure 1 and the traces of M in Figure 

2. Observe that melting of intermediate composition rocks of high metamorphic 

grade in the presence of hornblende is calculated to yield undersaturated 

feldspathic melts containing 3 to 4 wt. % water. That agrees well with the 

experimental determinations of Eggler and Burnham (1973) and is within the 

range of pre-eruptive water contents Inferred for silicic magmas (Burnham, 

1979b; Hildreth, 1981). Indeed, a number of the least evolved silicic melts 

appearing In extensional environments imply pre-eruptive water contents as low 

as 1 to 2 wt. % (Nash, 1982), which seemingly require melting temperatures in 

the lower crust of 1000 to 1100°C. A favored source for high melting tempera

tures Is Introduction of mafic melts derived from the upper mantle (Hildreth, 

1981). Equation (1) probably becomes Inaccurate at high melt fractions in 

rocks bearing pyroxene component and with large water contents (>4 wt. %) 

since hornblende then may exist at temperatures beyond that at M in Figure 1 

or may even constitute the liquidus phase (Wyllie, 1977; Burnham, 1979b). 
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ESTIMATES OF ELECTRICAL CONDUCTIVITY 

The conductivity data of Lebedev and Khitarov (1964) obtained under 

conditions of water-saturation and the T - XM n - Pu n relations provided by 
n~U HpU 

Burnham and Davis (1974) may be combined to estimate conductivity of H2O-

undersaturated aluminosilicate melts as a function of temperature. The strong 

dependence of melt conductivity on XM O and T through the melting interval 

which is demonstrated carries through to effective medium conductivity of 

melt-rock mixtures. 

T- x!*! o Dependence of Melt Conductivity 

In Figure 4, albite-equivalent values of XM « ^^^ assigned to the 
P̂ . - Isobars of saturated conductivity to give XM O Isopleths. To 
HpU n„U 

the XM n values correspond temperatures at which hydrous melts exist in 

equilibrium with the source rocks, and these temperatures are taken from 

Figure 3. The intersection of said temperatures with the XM A isopleths of 

conductivity defines the dashed curve for P^ = 8 kb in Figure 4 (note that 

experimental conductivity requires some extrapolation, depicted by dots, below 

saturated liquidus temperatures). It should be emphasized that the dashed 

trajectory does not depend directly upon the shape of the melting curve 

(Figure 3) but that both the conductivity trajectory and the melting curve are 

functions of the T - XM n relations. Dashed curves shown in Figure 4 for P^ = 

4, 2.5 and 1 kb were derived similarly, allowing estimation of conductivity of 

undersaturated felsic melts at various depths. 

Olhoeft (1981) in his review noted that electrical conductivity of water-

undersaturated granitic melt at constant temperature shows the greatest varia

tion at low H2O contents. In this paper, the effects of temperature as well 

as of H2O content on conductivity are accounted for in an equilibrium model of 

crustal melting with limited amounts of water in the source rock. Specific-
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ally, at large values of XM n in Figure 4, melt phase conductivity is not 
" 2 " 

sensitive to temperature. With more melting and dilution of water, however, 

conductivity at constant P^ cirofs markedly despite higher temperature. The 

model liquid conductivity also is independent of source rock water content 

but, from the prior section, the melt fraction <j) grows almost linearly with 

this parameter. 

Some approximations inherent to the model conductivity should be dis

cussed at this point. First, the slight dependence of H2O solubility on 

temperature alone is disregarded (Burnham, 1979a). Second, the effect of P̂. 

on melt phase conductivity for a given T and XM Q IS not accounted for. The 

compressibilities of hydrous aluminosilicate melts are much greater than that 

of dry melt (Burnham and Davis, 1971) suggesting correspondingly greater acti

vation volumes and decreases in conductivity at greater pressure (Tyburczy and 

Waff, 1985). Acting to the contrary, whatever H2O in the melt may be present 

as a larger molecular species (Stolper, 1982) could be driven toward dissocia

ted form at higher P^, thus promoting alkali exchange and conductivity. The 

third model uncertainty admitted is the accuracy of the data of Lebedev and 

Khitarov (1964) for all aluminosilicate melts at all XM. « and T. For example, 

the conductivity trends in Figure 4 for XM n = 0*27 and XM „ a 0 appear to 

cross if extrapolated subliquidus at a temperature around 1150°C. Data of 

Tyburczy and Waff (1985) on dry rhyodacite at 1 bar and 8 kb are included for 

comparison. Further experimental determinations at small XM A n̂̂ ^ 0^ possible 

pressure and compositional effects are desirable. 

Two-Phase Medium Conductivity 

Jurewicz and Watson (1985) recently concluded through experiment that dry 

silicic melt collects along grain Intersections for melt fractions of a few 

percent but that subsequent melt forms Isolated pools throughout the sample. 
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The data of Lebedev and Khitarov (1964) simply suggest that melt interconnec

tion may occur within a few degrees of the solidus under water-saturated 

conditions. At this time only crude bounds can be provided to deep crustal 

conductivity due to H20-undersaturated partial melting. Examples of two-phase 

conductivity computations for lower crustal rocks with 1 wt. % H2O have been 

presented in Figure 5 as a function of melt fraction and temperature (from 

Figure 3) at a total pressure of 8 kbar. The two-phase models considered in 

Figure 5 are the Hashin-Shtrikman upper and lower bounds (Waff, 1974), the 

geometric mean of the melt and solid conductivities (Madden, 1976), and the 

Archie's Law with tortuousity coefficient of two used by Hermance (1979). In

cluded also are conductivity of the melt phase (dashed curve for P^ = 8 kb 

redrawn from Figure 4) and the solid-state conductivity of a gabbroic rock 

host (Kariya and Shankland, 1983). Since melt fraction at a particular T 

varies almost linearly with bulk H2O content, and melt conductivity is a 

function of XM A . the relationships in Figure 5 between melt conductivity and 

effective conductivity for all two-phase geometries are specific to the 1 wt. 

% H2O content adopted. 

For melt fractions less than about 0.2, the two-phase models range over 

about three orders of magnitude in conductivity. For 41 > 0.2, bulk conduc

tivity according to the Hashin-Shtrikman upper bound or the Archie's Law 

ranges only from 0.2 to 0.4 S/m. At the higher melt fractions with those 

models it would be difficult for field electromagnetic measurements to 

ascertain ^ quantitatively, apart from Inferring simply the absence or 

presence of melt. Under assumption of a prevailing hydrous mineralogy, e.g., 

amphibole versus biotite, such Inferences would at least provide bounds on 

temperature at depth. The geometric mean and the Hashin-Shtrikman lower limit 

shovf a stronger dependence of conductivity on melt fraction throughout the 
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melting range but also show conductivity remaining below 10' S/m until melt 

fractions of 20 to 30% are reached. In comparison, Olhoeft (1981) and 

Shankland and Ander (1983) propose that conductivities approaching the prior 

value could arise from hot aqueous brines present in quantities on the order 

of 0.1 vol. %. According to my arguments, CO2-H2O fluids in only moderately 

greater amounts might effect similar conductivities. 

Uncertainty 0'^er an appropriate two-phase geometry may be less for 

silicic magma chambers which result from melt coalescence and diapiric uprise 

from the lower crust (Hildreth, 1981). The higher regions of these chambers 

appear phenocryst-poor and their temperatures probably are close to the 

granite liquidus for the particular pressure and XM « (Hildreth, 1981; Fenn 

and Day, 1982). Electrical conductivity of the crystal-poor regions of these 

chambers therefore would be given directly by the conductivity trajectories of 

Figure 4. Moreover, if P^ can be constrained through geophysical observations 

and the magma is near liquidus temperatures, field conductivity estimates 

theoretically could provide T and X^ Q Independently especially if mole frac

tion of water is less than about one-half. Before the T - XM « charac-
n rtU 

er L 

thistles of a magma chamber can be described using electromagnetic surveys 

however, geophysicists have to unravel the measured field responses which must 

be precise, are certainly three-dimensional and may entail complex electrical 

Interaction of the chamber with its environment (Hermance and Neumann, 1985; 

Newman et al., 1985). 
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CONCLUSIONS 

Three modes of water-undersaturated melting at lithostatic pressure have 

been discussed in this paper: melting in the presence of an H2O-CO2 fluid, of 

no CO2 or fluid but with all H2O bound structurally In hydrous minerals, and 

of an insufficient amount of H2O fluid to saturate a melt at liquidus tempera

tures. In the high-grade lower crust frequently hypothesized as the principal 

site of crustal melting, it is a C02-rich fluid at lithostatic pressure, and 

not an H20-r1ch one, which would exist at equilibrium for temperatures below 

or at those of melting. An H20-rich .fluid can persist in rocks at low 

metamorphic grade or In rocks of the brittle mechanical regime. With limited 

amounts of pore fluid and hydrous minerals in any of the above modes, melting 

is a highly non-linear function of temperature and may occur over a broad 

temperature range. 

The water-saturated conductivity experiments commonly used to interpret 

lower crustal fusion represent melts which, on a mole fraction basis, are more 

water than silicate. Water-undersaturated melts in equilibrium with residua 

of their source rocks are of lower conductivity than corresponding water-sat

urated melts even though the latter occur at much lower temperatures. Melt 

fractions from 10 to 50 volume percent may be needed for bulk conductivity to 

exceed 0.1 S/m. In addition to melt phase tortuousity, melt fraction and tem

perature estimates for the deep crust derived from field electrical measure

ments are complicated seriously by H2O content of the source rocks and by the 

possible existence of a conductive CO2-H2O fluid phase. Conductivity in 

theory might tell about water concentration and temperature in crystal-poor 

magma chambers, but this assumes reliable estimates of conductivity structure 

from the field surveys. 
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FIGURES 

1. Tonalite melting and devolatilization reactions as a function of 

temperature T and of mole fraction of water XM n in an excess H2O-CO2 

fluid at 8 kbar. Unless the rock is depleted in pyroxene or plagioclase, 

equilibrium fluid at lithostatic pressure and temperatures below those of 

melting is restricted to ruled region F. H2O fluid-absent melting in the 

presence of amphibole occurs at M. Partly schematic but based on work of 

Eggler and Burnham (1973), Holloway (1973), Burnham (1979b), Wyllie 

(1979), Jacobs and Kerrick (1981), and Thompson (1983). 

2. Pressure-temperature projections of melting and fluid production in tona

lite for various degrees of water-undersaturation. Traces of invariant 

points I (dashed lines) represent first appearance of HpO-CO- fluid in 

the presence of chlorite (chl), muscovite (ms), biotite (bi), or 

amphibole (am). H20-saturated solidus and dry liquidus are drawn as heavy 

solid lines. Breakdown of hydrous minerals yielding H2O fluid below the 

wet solidus, or else incongruent melting of hydrous minerals with 

anhydrous components above the wet solidus, is depicted with medium solid 

lines. Dotted curves are geotherms of shield and magmatically-

underplated regions. 

3. Approximate model of melt volume fraction <̂  vs. temperature for 

production of aluminosilicate melts with 1 wt. % H2O in lower crustal 

tonalitlc rocks at 8 kb. Temperature of first appearance of melt depends 

upon the phase bearing the H2O, i.e., free water, muscovite (ms), biotite 

(bi) or amphibole (am). The volume of melt created is approximately 

linear with bulk H2O content, but mole fraction of water in the melt is 

essentially independent of such. 
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4. Trajectories in electrical conductivity (dashed lines) of water-

undersaturated aluminosilicate liquids produced at P^ = 8, 4, 2.5 and 1 

kb with fixed amounts of H2O in the source rock. The trajectories are 

superimposed upon the water-saturated conductivity data of Lebedev and 

Khitarov (1964) shown with solid lines. Values of P^ g considered by 

Lebedev and Khiterov are labeled towards the right of the solid curves. 

Mole fraction of water in the melt for each P^ Q is specified at the 

upper left. Dotted lines are extrapolation of saturated melt phase 

conductivity subliquidus to the wet solidus. Shown also is conductivity 

of a dry rhyodacite by Tyburczy and Waff (1985) at 1 bar (open circles) 

and at 8 kb (solid circles). 

5. Conductivity of hydrous melt phase at 8 kb total pressure, replotted from 

the dashed curve of Figure 4. and of dry gabbro in the solid state 

(Kariya and Shankland, 1983) as a function of T compared to bulk conduc

tivity estimates from two-phase medium theory. Two-phase models are the 

Hashin-Strickman upper and lower bounds (HSU and HSL, Waff, 1974), the 

geometric mean of melt and solid conductivities (GM, Madden, 1976), and 

an Archie's Law with tortuousity coefficient of two (A. Hermance. 1979). 

Bulk conductivities are specific to a source rock water content of 1 wt. 

%. Uncertainty in the data of Lebedev and Khitarov leads to uncertainty 

in melt and two-phase conductivity at high melt fractions. Also note the 

nonlinear temperature scale. 
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ABSTRACT 

Trustworthy models, of nor thern Basin and 
Range r e s i s t i v i t y have been lack ing na in ly due to 
an inadequate regard for the e f fec ts of upper 
c rus ta l three-dimensional (3D) inhomogeneities 
upon the surface electrcmagnetic measurerents. 
While geonagnetic deep sounding (GDS) ts r e l a 
t i v e l y i nsens i t i ve to upper c rus ta l c o n p l e x i t y , 
the a b i l i t y of (S3S t o resolve s t ruc tu re of i n t e 
res t a t greater depths i s l i m i t e d . The r o l e o f 
l o w - r e s i s t i v i t y 3D s t ruc tu res near the surface has 
been docuTOnted most, thoroughly f o r the magneto
t e l l u r i c (MT) technique, although c o n t r o l l e d -
source electromagnetics (CSEM) using e i t h e r 
grounded or ungrounded t ransmi t t e r s a lsp i s s e r i 
ously e x p l i c a t e d by inhomogenei t ies. The natura l 
f i e l d methods of MT and GDS are prefer red to CSEM 
fo r deep r e s i s t i v i t y exp lo ra t ion due t o the plane-
wave nature of the source as wel l as t o the a v a i l 
a b i l i t y of data a t very low frequencies and of 2D 
and 30 modeling a lgor i thms f o r t r e a t i n g upper 
c r u s t a l s t r u c t u r e . 

Magnetote l lur ic (neasurenents in S.W. Utah 
have detected a T o w - r e s i s t i v i t y layer from 35 t o 
65 km depth in the upper mantle tha t i s proposed 
to r e f l e c t an accumulation of b a s a l t i c melt i n 
p e r i d o t i t e . GDS experiments and various tec ton ic 
i nd ica to rs suggest t h a t t h i s melt i s c o n t r o l l e d by 
adiabat tc upwel l ing and fus ion along the eastern 
irargin of the nor ther r Basin and Range. S im i l a r 
GDS anomalies and extensional processes appear 
ac t i ve in the Western margin o f t h i s prov ince, 
Implying a s im i l a r r e s i s t i v i t y s t r u c t u r e . This 
would leave the nor thern Basin and Range i n t e r i o r 
o f cent ra l Nevada as a comparat ively quiescent 
region w i th an upper mantle seismic l o w - v e l o c i t y 
zone whose melt i n te rconnec t ion , and commensurate 
Vow r e s i s t i v i t y , remain f a i r l y i n t a c t . 

INTRODUCTION 

The gains i n knowledge of ear th processes by 
i nves t i ga t i ons of e l e c t r i c a l r e s i s t i v i t y s t ruc tu re 
t r a d i t i o n a l l y have been modest cam[are'd to those 
by p ther geosc ien t i f i c methods, A major reason 
f o r th' is i s tha t the electromagnetic (EM) measure
ments a t the sur face , from which one In fe r s sda-
surface r e s i s t i v i t y , i n general are contaminated 
by complexity in the uppermost c rus t t o a degree 

tha t i s more extreme than f o r other gebphysical 
techniques.. 

Through the course of t h i s , paper, I w i l l ex
amine the p i t f a l l s i n the i n t e r p r e t a t i o n of EM 
measurements In t e c t o n i c a l l y ac t i ve environments, 
review previous surveys of r e s i s t i v i t y s t ruc tu re 
in the northern Basin and Range, and propose a 
model fo r the Late Cenozoic evo lu t ion of deep 
r e s i s t i v i t y s t ruc tu re and physiochemical cond i 
t i o n s throughout the northern Basin and Range. 

RESIS'TIVltY SUR.VEYS IN THE NORTHERN 
BASIN AND RANGE 

Several key surveys of northern Basin and 
Range' r e s i s t i v i t y s t ruc tu re w i l l he studied i n 
t h i s sect ion (see Figure 1) , Methods u t i l i z i n g 

SCALE 

Figure I , Physiographic provinces of the south 
western United States-, modif ied from 
Stewart (1978). Dashed l i n e separates 
Great Basin from the. southern Bas'jn and 
Range (Ea'ton, 1982), Locations are 
p lo t ted fp r r e s i s t i v i t y surveys d is 
cussed in t e x t : A, Schnucker (1970); B, 
Porath (1971); C, MT survey at the 
Roosevelt Hot Spr inqs, t h i s paper; P, 
Stanley et a l . , 1976; F;, K e l l e r , 1971; 
F, Pet r ick et a l . , 1981; G, l i e n e r t a n d 
Bennett , 1977; 'H. L i e n e r t , 1979; I , 
Towle, 1980; J , Wi l t e t a l , , 1982. 
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either natural Or a r t i f i c i a l sources of EH f ie lds 
have been applied. Principles of the techniques 
w i l l not be reviewed here; the reader is referred 
to the l i terature cited for t h i s purpose. I w i l l , 
however, emphasize the effects on £K observations 
of the upper crustal three-dimensional (3D) heter-
pgeneity so prevalent In the northern Basin and 
Range. 

Geomagnetic Deep Sounding 

Geomagnetic deep sounding (GOS), which makes 
use of natural nagnetic f i e l d temporal .var iat ions. 
Is less affected by upper crustal cqpiplexlty than 
are the other EM methods I cover. The analysis of 
Wahnamaker et a l . (1983) can be extended easily to 
show that the secondary maignetic f i e l d transfer 
functions of GDS (Schmucker, 1970) are band-
l imited in frequency, vrith re lat ive ly small-scale, 
shallow structure l ike graben sediments responding 
over a frequency range which is higher than that 
of the deep regional res is t i v i t y structure of 
interest approximately as the square of the 
getmietric scale factor distinguishing the two 
classes of structure. However, detai ls of the 
separation depend on the layered host for the 
structures (Wannamaker et a l . , 1983), This 
separation of responses In frequency enables 
discrimination against surface Inhomogeneity. 
NeverthelesSj the response of the deep structure 
one seeks may i t se l f be complicated; use of 
re lat ive ly simple ID or 2D Interpretation 
algorithms l ike ly w i l l y ield models that are only 
qual i tat ively correct. 

Pioneering measurements by Schmucker (1970) 
established geomagnetic anomalies Indicating con
ductive upwelllngs beneath the Rio Grande R i f t and 
the northwestern Basiri and Sange. Concerning the 
la t te r area, Schmucker places the conductive mass 
at a depth of 40 km In the upper mantle (Figure 
2) . 

Much of what we know ab'out: the deep elec
t r i c a l res i s t i v i t y of the northern Basin and Range 
and the Colorado Plateau is the result of geomag
netic temporal variations observed by Heitzel et 
a l . (1970). Three ecmponents of magnetic f i e ld 
were recorded at periods from 20 to 200 minutes 
along four E-W prof i les about 150 km apart, with 
station spacings averaging about 120 km, Porath 
et a.l. (1970) and Porath and Gough (1971) showed 
that anomalies in vert ical and E-W horizontal 
f ie lds were of internal or igin (see Figure 3 ) , 
with the external f ie lds varying smoothly over the 
recording array. This behavior of the external 
f ie lds severely l imi ts the ab i l i t y of GDS to 
resolve horizontal res is t iv f ty layering 
(Schmucker, 197Q). 

From these estimates of normalized anomalous 
f i e lds , Porath (1971) presented a preferred, two-
dimensional res is t i v i t y nwdel, also shown in 
Figure 3, with a 2 ti-m layer of varying thickness 
from the northern Basin and Range to the Great 
Plains, and with superimposed conductive ridges 
beneath the Wasatch Fault Belt and the Southern 
Rocky Mountains. This model was correlated with 

seismic. LV2 estimates, Gough (1983) has reaf-
flnred the model of Porath (1971) and proposed 
that the conductive ridges in the upper mantle 
beneath western Utah and the southern Pocky f'oun-
tains ref lect zones of part ial melting. However, 
the in t r ins ic values pf depth a<nd res is t i v i t y are 
not vffill resolved ( ib1d.) , especially given the 
assumption of purely 2D geometry. The secondary 
f i e ld amplitudes diminish to the south, and so 
presumably does the anomalous res is t i v i t y struc
ture, but the features in' Figure 3 appear to con
tinue into northwesternmost Arizona. 

0.2 r 
200 km 

^ ? S ^ « 

Figure 2. Cbserved and computed, normalized, i n -
phase, vert ical magnetic f i e l d varia
t ion along WSW-ENE prof i le in western 
most Nevada, Also shown is simple, 
semi-cylindrical conductivity hump in 
the upper iiantle which f i t s the obser
vations. Urban centers legated as 
abbreviations P (Pacif ic, CA), C 
(Carson City) and F (Fallon), Fre
quency is 4 cycles/hr. Adapted from 
Schmucker (.1970).' 

Magnetotel 1 uric Measurements 

The magnetotelluric (HT) method, which makes 
use of both electr ic and magnetic natural f i e ld 
temporal vaf iat ibhs, has been widely applied in 
the exploration of gepthermal systems,, sedimentary 
basins and the deep crust and upper irantle (Swift , 
1967; Word .et a l . , 1971; Vozoff, 1972; Larsen, 
1975; Jupp and Vozoff. 1976; Stanley et B l , , 
1977), While recent advances in instrumentation 
and data processing (Garrtole et a l . , 1979; 
Weinstock and Overton, 1981; Stodt, 1983) enable 
accurate measurements pf tensor HT responses, 
models of deep res is t i v i t y derived from MT 
responses ccmmonly are suspect due to an 
unsatisfactory treatment of upper crustal lateral 
inhomogeneities (V^nnamaker et a l . , 1983). 

The Tp'oukle u i th Upper CruBtaV StTuature. -
Serious problems with Interpretation of MT 
soundings near e lect r ica l ly conductive graben 
sedirents were f i r s t documented by Swift (1967) in 
his Arizona and New Mexico studies. A detailed 
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Normalized, anomalous, in-phase, 
horizontal E-W ( f ^J l j ^ ) and vert ical 
( l ^JZ^) magnetic variation f ie lds at a 
period of 60 minutes in the south 
western United States (Porath et a l . , 
1970} along with the two-diitensional 
res i s t i v i t y cross-section preferred by 
Porath (1971b) and Gough (1983) to 
explain the observations. The E-W 
prof i le for which the cross-section i s 
defined Is drawn pn the maps of 
observed f i e lds . 

examination of the MT responses associated with 
graben a l luv ia l f i l l has been performed, by 
Wannamaker et a l . (1983),.who concluded that such 
responses are fundamentally three-dimensional in 
nature and that indiscriminate use of ID or HD̂  
modeling algorithms generally w i l l incur serious 
errors. 

Wannamaker et a l , (1983) demonstrated in 
particular that two-dimensional transverse 
electr ic (TE) modeling algorithms are 
inappropriate for interpretinc apparent 
r es i s t i v i t i e s , impedance phases or tipper in the 
northern Basin and Range ident i f ied as TE (Word et 
a l . , 1971; Vozoff, 1972). The 2D TE mode, 
consisting of the horizontal £- f ie ld parallel to 
str ike and the orthogonal H-flelds, involves no 
boundary charges and hence no current-gathering, 
whereas in fhe northern Basin and Range, a l l modes 
pf MT responses due to upper crustal inhomo
geneities are dcminated by current.rgathering. 

I f MT sounding data ident i f ied as TE in the 
presence of a 3D conductive inhomogeneity are 
inverted assuming a ID rodel of deep res is t i v i t y 
structure, as I perceive has been overwhelmingly 
the case in the l i te ra ture , then any such model 
w i l l suffer systematically a compression of layer 
thicknesses and a downward bias in layer res is t i v 
i t i es relat ive to the true ID regional prof i le 
enclosing the Inhomogeneity. This Is because the 
TE mode apparent res is t i v i t y everywhere over and 
to the exterior of a conductive 3D body wi l l be 
depressed throughout a l l frequencies relat ive to 
the apparent res is t i v i t y of the layered host 
containing the structure (Ting and Hohmann, 1981;. 
Uannaraaker et a l , , 1983). 

Fortunately, accurate res is t i v i t y cross-
sections through horst-graben morphology. In the 
Great Basin can be obtained by selective appl i 
cation of a 2n transverse magnetic (TM) modeling 
algorithm (Wannamaker et a l . , 1983). Thfe 2D TM 
node consists of the H-fleld parallel to str ike 
and the orthogonal E-f ields. Boundary charges are 
Included In both 3D and 3) TM formulations,-
allowing a proper treatment of current-gathering 
effects ufx)n apparent res is t i v i t y and impedance 
phase. In defining data for transverse magnetic 
modeling of northern Basin and Range upper crustal 
structure, I recommend a uniform coordinate system 
based on t ipper-st r ike (Vozoff. 1972), As with 
GDS transfer functions, tipper responses are band-
limited in frequency (Wannamaker et a l . , 1983), so 
that one may choose an optimal frequency range for 
defining t ipper-s t r ike to minimize the con t r i 
butions of secon^iary inhomogeneities much smaller 
than the conductive graben sediments for which one 
Is primarily concerned in compensating, 

AC Meaaupementa a t t h e R o p a e v e l t Ho t S p r i n g e , r 
A thorough accounting of upper crustal 

heterogeneity in the course of resolving deep 
res is t i v i t y has been performed on a col lect ion of 
tensor MT data at the Roosevelt Hot Springs 
thennal area in S.W. Utah (Ward et a l , , 1978; Ross 
et a l . , 1982.; see Figure 4) . The conplexly 30 
nature of the MT responses d i rect ly over the 
thermal anomaly area prevented a rigorous quanti
f icat ion of any res is t i v i t y structure associated 
with an economic hot, brine reservoir or a mid-
crustal magmatic heat source for the geothermal 
system ( i b i d , ) . However, soundings along l ine B-
B in Figure 4 at distance from the' thennal 
anomaly area, careful ly modeled to remove the 
effects, of upper crustaV lateral inhomogeneities. 
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Figure 4. Ii^gnetdtellurlc s i te location map f o r 
the Roosevelt Hot Springs thennal 
area. Rock outcrop bounding the 
Mil ford Valley sediments Is l i gh t l y 
stippled while the solid curve i s the 
400 mWm*̂  thermal contour (terd et a l . , 
1978). Station numbers referred to In 
tex t are prefixed according to the year 
In which they were occupied. 

have yielded a regional res i s t i v i t y prof i le for 
S.W. Utah to depths of about 100 km. 

The observed quantities p and î  of l ine 
B-B', Identi f ied as TH, using a uniform'*coordinate 
direction as reccnmended previously, have been 
assembled Ih Figure 5 into pseudosections (Vozoff, 
1972); The measured results for th is l ine exhibit 
a v i r tua l l y classic horst-graben response for the 
TH mode and bear a close resent la nee to the 
computations of Wannamaker et a l , (1983), Note 
especially the. strong lateral gradients In p and 
i^-^ between stations 78-8 and 78-10, which Yre due 
to the abrupt range front faul t ing bounding the 
graben sediments on the east side. 

To interpret these MT observations, I have 
rel ied ufran tria.l-and-error matching of results 
calculated from an assumed ' res is t iv i ty cross-
section with the observed MT data pf Figure S 
using a versati le and accurate 20 f i n i t e element 
forward program (Ri jo, 1977; Stodt, 1978). 
Nonuniqueness In multidimensional modeling was 
al leviated by a high station density in each MT 
prof i le and by a wide spectrum of data at each 
s ta t ion . In part icular concerning the la t te r 
point, data .at- each sounding extended to 
suf f ic ient ly high frequencies so that both pr in
cipal apparent res is t i v i t i es p and p , as well 
as impedance phases (̂  „ and (j) i have cbnverged to 
common values above some freqtiency. For th is high 
frequency range, the earth wi l l l i ke ly be effec
t i ve ly one-dimensional, allowing one to constrain 
the near-surface model res is t i v i t i es close to 
the i r true values. Such isotropic behavior occurs 
for frequencies above 1 Hz for the valley stations 
and above 30 Hz for the mountain s i tes. 

OBSERVED APPARENT RESISTIVITY B-B' 

STATION 

OBSERVED IMPEDANCE PHASE B-B' 

9 " s s s J p 

STATION 

Figure 5, Observed pseudosections of p and (!„„, 
ident i f ied as transverse magi^etic, 
along l ine B-8' of Fioure 4. Contours 
of pyjj In n-m and of } In degrees. 'yx 
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The computed pseudosections of Py^ and ^^^ 
for l ine B-B' appear in Figure 6, Note that the 
ccrrputed and observed pseudosections are v i r tua l l y 
ident ica l ; the observations have beeri f i t to 
within data scatter almost everywhere. Examples 
of data scatter typical of sites over the Hineral 
Mountains w i l l be forthcoming. 

MODELED APRAREWT RESISTIVITY 
-I—r 

e-B' 

STATION 

MODELED IMPEDANCE PHASE B-9' 

STATION 

Figure 6. Best- f i t pseudosections of pyjj and ^y^ 
obtained from transvei-se magnetic, 
f i n i t e element simulation of the 
observations of Figure 5, Contours of 
pyj( in 13-!" and of L j ^ in degrees, 

The model of deep res is t i v i t y structure 
produced by application of the .2D TM f i n i t e 
element algorithm to the observations can be 
divided Into two major parts: f i r s t , a shallow 
portion detai l ing jus t the extensive upper crusital 
latet-a1 inhomogeneities In the upper 2 km; and 
second., a deep, purely layered portion extending 
to about 100 km Which is determined by the 
physiochemical conditions of the crust and upper 
mantle below 2 km. 

The upper 3 km of the f i n i t e element cross-
section we have derived 1s shown in Figure 7. 
Within the Mil ford Valley, units within 140 m of 
the surface having res i s t i v i t i es from 3.S to IB n-
m correspond to sur f ic ia l clays, sands and gravels 

which are par t ia l ly or completely vater-satu-
rated. Looking a b i t deeper here,, res i s t i v i t i es 
as low nearly as 1 n-m are caused by Pleistocene 
Lake Bonneville clays (Hintze, 1973, 1980), which 
we short residing to a maximum depth near 700 m 
below station 78-7, Deeper s t i l l exists a poorly 
resolved but substantial thickness (> 1 km) of 
modest res i s t i v i t y material (25 n-m) related t o 
pre-Bdnneville alluvium and volcanics (Rowley et 
a l . , 1979). Note as well the especlaTly" steep dip 
of the eastern boundary fau l t ing of the valley 
alluvium. Inferred from the abrupt lateral 
gradients in p and ^ between stations 78-9 and 
78-iD in Figuf^ S (cr ; Wernicke and Burchf iel , 
1982). The i n i t i a l guess in the modeling process 
of th is upper crustal res is t i v i t y section ws 
guided by the refraction seismic model of Gertson 
and Smith (1979) and the gravity observations of 
Carter and Cook (1978), but the f inal section In 
Figure 7 shows important differences. 

Over the Mineral Mountains, our model in 
Figure 7 shows res is t i v i t i es of hundreds of ohm-m 
Irwreasing to 3000 ti-m over the depth Interval of 
2 to 3 km. This represents a decrease in porosity 
of the well-indurated basement rocks to well under 
l%f probably due for the greater part to a 
decrease in fracture fKirbsity below 2 to 3 km 
depth.. 

The 1400 <t!-ra medium In Figure 7 begins the 
deep layered res is t i v i t y prof i le Introduced 
previously and shown in i t s entirety in Figure 
8. The.best-f i t model shows a maximum res i s t i v i t y 
of 3000 B-m over the depth Interval of 3 to 11 
km. Subsequently, res i s t i v i t y f a l l s to 200 n-m by 
3S km depth, whereupon an abrupt drop to 20 a-m Is 
encountered. This- low-res is t iv i ty ' material 
defines a deep,, thick layer bottomed at 65 km 
depth by a sudden increase to a 200 p-m basal 
half-space. The fact that th is deeper part of the 
model Is purely layered is not due to |X)or 
resolution on the part of the measurements of 
Figure 5; the data quality for a l l soundings 1n 
l ine B-B' Is good to excellent and yet the data 
are f i t within scatter by Imposing a purely ID 
section for depths greater than 2 km. Further
more, through application of a 2D TM program, the 
data pf l ine C-C' in Figure 4 also are f i t using 
the preferred deep prof i le of Figure 8 (Ross et 
a 1 , , 1982). 

In Figure 9 are plotted both modes of 
apparent res i s t i v i t y and Impedance phase for 
station 76-13 along with several computed response 
curves. F i r s t , consider the solid curves passing 
through the Pbserved data points of py^ and ^^^. 
These ctirves display the calculated response of 
the bes t - f i t f i n i t e element model of Figures 7 and 
8 at stat ion 76^13, a response ^hich seems very 
agreeable with the trends of the observed data 
points. In addit ion, curves of long dashes lying 
intermediate to the principal apparent res is t i v i t y 
and impedance phase observations are shown in 
Figure 9, The response of the bes t - f i t one-
dimensional deep res is t i v i t y prof i le of Figure 8 
in the absence of a l l upper crustal lateral 
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S-D TM BEST FIT 

FINITE ELEMENT 

CROSS-SECTION 

UNE B-B' (VALUES' 

SHOWN ARE a - M ) 

VERT EXAa 
6:1 

1400 

3000 

Figure 7. Bes t - f i t , 20 TH f i n i t e element res i s t i v i t y cross-section f i t t i n g the 
observations of" l ine B-B' in Figure 4. 

structure Is represented by these la t te r curves. 
The difference between the observations and the 
purely 10 response I l lust rates again the impor
tance of the Mil ford Valley in determining the; KT 
signatures in this area.. The Inclusion of lateral 
Inhomogerieiti'es ih models pf deep res is t i v i t y 
structure is of paramount Importance in tectoni
ca l ly disturbed regions l ike the-Great Basin, and 
supercedes other considerations of the appropri
ateness of res is t i v i t y models vls-a^vis continuous 
vs. layered one-d1mensional structures (Larsen, 
1981; Parker and Whaler, 1981), 

I turn now to resolution of detail in the 
deep res is t i v i t y prof i le of Figure 9, i t Is noted 
at the outset tha t , while lateral Inhomogeneities, 
1,e,, the Hi l ford Valley, have induced anisotropy 
to a high degree over the Mineral Mountains, both 
tensor and ID signatures in' f igure 9 bear a 
certain mutual resemblance. In part icular, the 
factor of ten drop in model res i s t i v i t y at 35 km 
depth is responsible for the part icular ly steep 
gradients In the apparent res is t i v i t i es and the 
values of impedance phases about 70° around 0,03 
Hz. Also, without the abrupt r ise in model 
res i s t i v i t y at 65 km depth, the apparent 
res is t i v i t y data would not f la t ten out nor wpuld 
the impedance phase data f a l l as strongly or 
rapidly as they- do in Figure 9 at the lowest 
frequencies, especially below 0,003 Hz. 

At frequencies less than 0.01 Hz in Figure 9, 
bpth ^ and ij have converged to common values 
while p ' and ^ have shapes that are essentially 
identical except that they are offset by a factor 
of ten. Eventually, a convergence of th is sort 
occurs as frequency fa l l s for a l l stations In the 
Roosevelt Hot Springs area. This frequency 
dependence of the tensor sounding curves 

part icular ly i l lus t rates that a one-dimensional, 
regional res is t i v i t y prof i le containing local 
lateral variations in structure, chief ly the 
Mil ford Valley sediments, is a viable model for 
the res is t i v i t y makeup here in S.W. Utah. 

To strengthen corifidence i n the bes t - f i t deep 
res is t i v i t y prof i le* I consider three alternates 
in Figure 8, The f i r s t Is a prof i le whose log 
res is t i v i t y decreases l inear ly with depth (plotted 
with dots and labelled the "Steady Decrease" model 
in Figure 8 ) . I arr ive at a second layered 
sequence drawn with alternating dots and dashes in 
Figure 8 and called the "Shallow" regional model 
by shrinking the depths and res is t i v i t i es of 
individual layers by 30% such that layer contrasts 
and conductivity thickness , products remain 
constant (Madden;, 1971). The last parameter 
resolution examination deals solely with the deep 
low-resist iv i ty layer frcM 35 tp 65 km, I 
maintain that th is 20 p-m medium is not a " th in" 
layer (Madden, 1971), and to prove so i t Is 
replaced by a unit of equivalent conductivity-
thickness product of 10 n-m res is t i v i t y and 15 km 
thickness-

The TM mpde ccmputed response curves at site 
76-13 for the valley cross-section contained in 
e.ach of the alternate model regional prof i les 
appear in Figure 9. The computed apparent 
res is t i v i t y or impedance phase or both for each of 
the alternate models do not f i t the observed data 
points over much pf the frequency range, causing 
than to be dismissed a,s candidates for deep 
res is t i v i t y structure In this area. Recall that 
a l l soundings on profi les B-B' and C-C are 
explained using the same regional prof l i e ; several 
oiiher soundings in the Mineral l^ourtains are 
comparable In quality to site 76,-13,and show 
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One-dimensional, deep res is t i v i t y 
prof i le in th i s area of S.W. Utah 
defining the lower portion of our 20 
f i n i t e element model. Alternate 
res is t i v i t y prof i les used in parameter 
resolution tests are drawn with dots 
and dashes. 

equally: well the inadequacy of the alternate 
regional prof i les. I presume a maximum depth of 
sensi t iv i ty of the data to subsurface structure of 
about 120 km, as imposition of low-res is t iv i ty 
material here causes conputed phases at.0,002 Hz 
which exeed those of the bes t - f i t model by about 
four degrees and which cannot be made to agree 
with the observations by increasing the 
res is t i v i t y of the 200 n-m mater ial . 

Before closing th is particular study, there 
i s one more demonstration of the hazards of IB 
interpretat ion of MT data In regions of extension 
l i k e the northern Basin and Range. In Figure 10 
are reproduced the bes t r f l t deep prof i le of Figure 
8 as well as model profi les computed through 
direct ID inversion of the tensor HT observations 
of Figure 9 ( I used the routine of Petrick et a l . , 
1977), The display of these observationsiwith the 
computed ID responses of the aforesaid model 
prof i les In Figure 11 shows the goodness of f i t 
possible by a ID inversion algorithm to data taken 
in 3D environments. The deep res i s t i v i t y models 
derived thereby are unacceptable,, however; their 
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Cbserved data Ov„, p^^, .L^ and î ^^ fo r 
sounding. 76-13 of l lhe B-B'. Solia 
curve represents goodness-of-fit of 
computed to observed results using the 
best.-f1t res is t i v i t y cross-sections of 
Figures 7 and 8̂  Curves of dots and 
shorter dashes relate to correspon
dingly drawn alternate res is t i v i t y 
prof i les in Figure 8 used Ih parameter 
resolution tests.. Curves of long 
dashes appearing between the two modes 
of data points represent the ID forvard 
computation using the bes t - f i t regional 
prof i le in Figure 8, 

departure from the preferred deep prof i le exceeds 
bounds that were already rejected In the rigorous 
parameter resolution studies of Figures 8 and 9. 
Moreover, due" t o local lateral inhoirogenelty, 
computed layered models w i l l vary drast ical ly from 
si te to s i te within the mountains, underscoring 
the unre l iab i l i t y of one-dimensional inversion in 
th is environment. 

Matters are even worse for ID inversion of MT 
soundings taken wfthiri northern Basin and Sange 
graben f i l l . Figure 12 shows layered earths 
computed through 10 inversion of apparent resis
t i v i t i e s P û and py and impedance phases (J ,̂ and 
î „ , idehtTTed as TE and TM (Word et a l , , 1971; 
V62off, 1972), for si te 78-6 of Figure 4. Solid 
curves through the data in Figure 13 show 
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Figure 10. Best- f i t regional res i s t i v i t y prof i le 
for the Roosevelt Hot Springs thermal 
area conpared to layered models 
obtained through ID Inversion of pjjy 
^nd i) (dotted l ines) and pvv arid ivx 
(daShis l ines) . ' ^^ ^ ^ 

the goodness-of-fit pbtained by the inversion, 
with 'the nominally very conductive basal hal f -
spaces resolved by the diservatlons below 0.2 
Hi. However, given the bes t - f i t model of Figure 8 
derived through a rigorous accounting for the 
effects of the valley sediments, the layered 
models at s i te 78-6 are obviously unreal is t ic . 
Note that the data o f Figure 13 bear a close 
resemblance to the theoretical computations of 
Warinairaker et aU (1983) over the i r model 
va l ley, I believe that ID models of res is t i v i t y 
given by Stanley et a l , {1975) for the St i l lwater-
Soda Lakes d i s t r i c t , which v€re ccmputed from 
soundings taken within deep conductive alluvium of 
the Carson Sink area, are simi lar ly affected. The 
case for low res is t i v i t i es at depths as l i t t l e as 
5 km in that region remains to be substantiated. 

Physical Siate at Depth in S.U. Vtdh. - In 
Figure 14, the bes t - f i t regional prof i le for the 
Roosevelt , l*t Springs Is compared to laboratory 
experiments on the electr ical properti es of 
rocks, A crustal thickness s l ight ly less than 30 
km is assumed for th is area (Keller et a l , , 1979; 
Allraendlnger et a l . , 19B3).. Petrological studies 
and seismic velocit ies point to a mafic 
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Figure 11, Observed data points of DYU, PVY> "jixv 
and \ for sounding 76-13^shoMng the 
goodness of f i t that can be obtained 
to 3D. data using a ID invisrse 
routine. However, the resultant 
layered models were dismissed as 
unreali 'st lc. Solid curve appearing 
between data points i s the 10 forward 
response of the bes t - f i t regional 
p ro f i l e . 

metaigneous composition near gabbro for most of 
the lower half of the crustal section, with 
re lat ively i'elsic rocks above (Smith, 1978; 
Padovani et aVi, 1982; Nash, 1983), A peridot i te 
composition is ' taken for the upper mantle rocks 
(Wyll ie, 1979) i 

Adopting a conductive geotherm for a regional 
heat flow of 2.4 HFU (1 HFU = 41.6 raWm"') 
(Lachenbruch and Sass, 1978; Chapman et aT., 
1981), the lower bound on aqueous electro ly t ic 
conduction through rock pores of Brace (1971) and 
the; mean dry gabbro semiconductivity results of 
Kariya and Shankland (1983) are combined to yield 
the curve of dots In Figure 14. Over the depth 
Interval 15 to 30 km_, the regional prof i le appears 
somewhat less resist ive than what is predicted by 
dry sol id-state measurements. I f a gabbroic 
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composition Is relevant then free w t e r In th is 
interval is Improbable (Burnham, 1979a, 1979b). 
However, a reduction of solid-state res i s t i v i t y 
through active deformation and non-zero part ial 
pressure of veter appears possible (Winkler, 1979; 
Duba and Heard, 1980; Kirby, 1983; Spear and 
Sllverstone, 1983). 

The curve of dashes in Figure 14 pertains to 
upper mantle rocks and results from the so l id-
state measurements on ol iv ine by Duba et a l . 
(1974) and the conductive geotherm. Of greatest 
Importance, the shape of the sol id-state curve Is 
very di f ferent from the regional p ro f i l e . In an 
earth where temperature Increases steadily with 
depth, such as is the case with our conductive 
geotherm or even with any of the temperature 
prof i les of Lachenbruch and Sass (1978) which 
Incorporate convective coniponents, the Arrhenlus 
solid-state temperature dependence for a rock 
results in bulk res is t i v i t y which decreases mono-
tonlcal ly with depth. During the discussion of 
parameter resolut ion, a deep res is t i v i t y prof i le 
that decreased steadily with depth was rejected as 
a candidate to explain the low-frequency MT 
observations In S.W. Utah; the order-of-magnltude 
r ise of res is t i v i t y in the upper mantle in our 
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Figure 13. Observed data points of p^y. Pyxi 'txv 
and (Jyj, for sounding 78-6. Curves ot ana (̂ ŷ  tor sounding 
dots and dashes show responses of 
layered earth models of Figure 12. 

bes t - f i t deep model is a s t r i c t requirement. 

I therefore look to part ial melting in the 
upper mantle as the cause of the 20 n-m deep 
layer. Again imposing the conductive geotherm, 
the curve of dots and dashes in Figure 14 arises 
using a dry peridoti te melting curve (Mysen and 
Kushiro, 1977; Wyll ie, 1979; Best et a l . , 1980), 
the measurements of a lka l i -o l i v ine basalt 
conductivity of Rai and Manghnani (1978) and the 
melt phase Interconnection model of Waff and Bulau 
(1979). The large l iqu id fractions implied by 
th is melting curve are of course unrealistic and 
result from use of a conductive temperature 
p ro f i l e . Given that melt conductivit ies are 
strongly temperature dependent, and that the 
interconnection model is s t r i c t l y an abstraction, 
I simply conclude that the melt fraction in the 
deep, low-res1stivity layer is rather small, less 
than 5%. In rea l i t y , the dry peridotite solidus 
is advocated as a representative pressure-
temperature trajectory for the depth interval of 
the 20 n-m layer (Mysen and Kushiro, 1977; Wyll ie, 
1979; Best et a l . , 1980). I t is argued shortly 
that th is trajectory may be valid to much oreater 
depths in the region. 
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Control!ed-Source EM Techniques 

In controlled-source electromagnetics (CSEM), 
EM f ie lds are Impressed by a transmitter, either 
f i xed-s i te or roving, and monitored as a function 
of position and/or frequency at a receiver (Grant 
and West, 1965; Ward, 1967). The current 
transmitter can be a grounded bipole, an 
ungrounded loop, or a very long, essentially 
ungrounded l ine source. 

Effects of Upper Cruetal Structure. - Ward 
(1983) has Investigated theoret ical ly the behavior 
of EM f ields about typical northern Basin and 
Range a l luv ia l f i l l for grounded bl poles and an 
ungrounded loop. The basin model he has chosen 
has a res is t i v i t y and dimensions similar to that 
of Wannamaker et a l . (1983), except that Ward's 

model vas enclosed simply in a 400 n-m half-
space. The frequency of excitation was 0.03 Hz. 

The difference between the total f i e ld in the 
presence of the valley and the half-space host 
f i e ld is a measure of the error in models of deep 
res is t i v i t y profi les derived from simple IP 
inversion. For the grounded bipole source of Ward 
(1983) the amplitude of the horizontal magnetic 
f i e ld over the body rose to more than 3 times the 
primary f i e l d . I t asymptotes to 60% of the 
primary f i e l d at large distances from the body. 
Channeling of the bipole return current through 
the valley f i l l can explain this resul t . Distor
tions of the horizontal H-field were as severe for 
the square loop as for the grounded bipole. The 
importance of th is la t te r behavior cannot be 
overemphasized; total and primary f ie lds d i f fe r to 
extremely large distances and to low frequencies 
even for ungrounded sources. 

Models of Deep Resist iv i ty from CSEM. -
Experiments using galvanic res i s t i v i t y methods in 
the northern Basin and Range and the Colorado 
Plateau by the U.S. Geological Survey have been 
summarized by Keller (1971). As Keller stated, 
the techniques used at the time were largely 
experimental and developmental, and were sensitive 
only to conductive graben sediments overlying a 
resist ive rock basement. 

In 1977, multifrequency dipole-dipole (3 and 
6 km dipoles, separations to n = 6) galvanic 
res is t i v i t y measurements were made in southwestern 
Utah by the Department of Geology and Geophysics, 
University of Utah, in an attempt to describe any 
res i s t i v i t y structure associated with the Pioche-
Marysvale trend (Rowley et a l . , 1979; Petrick et 
a l . , 1981). The data, from a prof i le extending 33 
km northward from the Roosevelt Hot Springs, were 
dominated to an unexpectedly severe degree by 
upper c rus ta l , 30 lateral inhomogeneities, 
especially graben sedimentary f i l l . These 
Inhomogeneities lead to a lack of f i t of layered 
Inverse calculations to observed data, as well as 
dubious ID and 2D earth models (W.R. Petrick and 
A.C, Tripp, unpub.). A 3D inversion of these 
results (Petrick et a l . , 1981) presents a 
concentration of low-resist iv i ty structure within 
2 km of the surface, evidence again of variable 
basin f i l l dominating the observations. 

Towle (1980), u t i l i z i ng an Interstate power 
transmission l ine as a long grounded bipole, has 
studied deep res is t i v i t y In eastern California 
with direct current magnetic f i e ld variat ions. A 
waiting period of 10 minutes was necessary to 
allow transients in the current to decay to 
negligible levels. Towle's data is consistent 
with a shallow return current concentration lying 
east of the Sierran Front in fractured rocks and 
sediments in the uppermost crust of the Basin and 
Range. 

Assuming the same interstate power system as 
Towle to be an essentially ungrounded AC l ine 
source of current, Lienert and Bennett (1977) and 
Lienert (1979) advanced ID models of res is t i v i t y 
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In eastern California and western Nevada to depths 
of 40 to 50 km. Included In thei r Interpretation 
was 10-15 km thick layer of low res is t i v i t y (10-30 
n-m) whose depth to top varied from 20 to 30 km 
(Figure 15). However, in l igh t of Towle's 
experience, i t appears that grounding terms were 
very important over the frequency range employed 
in the survey areas of Lienert and Bennett (1977) 
and Lienert (1979) (6-42 cycles/hr) . Moreover, 
these authors did not evaluate quantitat ively the 
effects of the 3D sedimentary basins common in 
thei r areas. I t was shown by Ward (1983) that 
these structures can cause widespread,distortions 
of EM f ie lds to low frequencies even for unground
ed sources. Given these points, I do not believe 
the i r results demonstrated with certainty that a 
res is t i v i t y minimum exists In the lower crust . 
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Figure 15. Cross-section of model conductivity 
structure beneath the Walker Lake, 
Nevada, d i s t r i c t . Prof i le location 
also shown on Figure 1, Modified from 
Lienert and Bennett (1977). 

Wilt et a l . (1982) have described low-
frequency CSEM soundings In the Buena Vista valley 
of N.W, Nevada, Through ID inversion of the data, 
these authors advocate low res i s t i v i t y (2-7 n-m) 
at depths of 4-7 km in basement rocks beneath the 
val ley. A ID Inversion of a nearby MT sounding In 
the valley also showed relat ively low resis
t i v i t i e s (•>. 25 n-m) at rather shallow depths (•«, 11 
km). However, Wilt et a l . admit that preliminary 
2D modeling suggests that ID inversion of the i r 
CSEM data in the presence of the valley under
estimated depth to conductive basement. Given the 
30 model simulations of valley f i l l by Ward (1983) 
and Wannamaker et a l . (1983) and the experience at 
the Roosevelt Hot Springs discussed previously, I 
take the approximate agreement between the ID MT 
and ID CSEM models at Buena Vista valley as 
further evidence that graben sediments seriously 
disrupt the CSEM observations. Again, I believe 
the case for widespread low res is t i v i t i es at 
shallow depths in basement rocks of the Great 
Basin remains quite uncertain. 

TECTONIC SIGNIFICANCE OF NORTHERN 
BASIN AND RANGE RESISTIVITY 

The Interpretation of deep res is t i v i t y at the 
Roosevelt Hot Springs has provided a point 
sampling of physiochemical conditions at depth in 
S.W, Utah. However, comprehension of these 
conditions w i l l require consideration of the 
tectonic evolution of the northeastern Basin and 
Range during Late Cenozoic time. The model of 
res i s t i v i t y and • i t s implications f i na l l y are 
extended to the northern Basin and Range as a 
whole. 

Evolution of Resist ivi ty in the Northeastern Basin 
and Range 

I t Is noted at the outset that the depth 
interval of interconnected basaltic melt 
corresponding to the 20 n-m layer In Figure 14 is 
s igni f icant ly shallower than the seismic low-
velocity zones of either the northern Basin and 
Range Inter ior or the Colorado Plateau (Priestley 
and Brune, 1978; Thompson and Zoback, 1979), which 
are also Interpreted to ref lect part ial melting in 
the upper mantle (Wyll ie, 1979), These apparently 
disparate geological environments can be 
reconciled, with help from geomagnetic deep 
sounding anomalies and concepts of regional 
tectonic set t ing. 

Diapirism and Melting. - Of paramount 
Importance in f i t t i n g the deep physical state 
inferred in S.W. Utah to those of neighbouring 
regions Is the well-documented, progressive 
concentration of extensional tectonism throughout 
the northeastern Basin and Range during the last 
8-9 m.y. (e.g. Christiansen and McKee, 1978; 
Smith, 1978; Stewart, 1978; Rowley et a l . , 1979; 
Thompson and Zoback, 1979). This concentration 
has resulted In crustal thinning, low upper mantle 
ve loc i t ies , bimodal volcanism and heat flow which 
are anomalous compared to the northern Basin and 
Range in ter ior of central Nevada (Figures 16-19). 

While much lithospheric extension throughout 
the northern Basin and Range prior to Mid-Miocene 
time nay have been due to intrusion of calc-
alkal lne magmas derived ultimately from melting in 
the upper mantle associated with Farallon plate 
subductlon (Zoback et a l . , 1981), such intrusion 
alone probably does not th in the crust (Gast i l , 
1979; Eaton, 1982). The Late Miocene to present 
extension defining today's horst graben mor
phology, however, is broadly distr ibuted and 
indicates stretching and upwelling of both the 
crust and the upper mantle. Crustal thicknesses 
determined seismically hence can be used as a 
guide to average extension rates since the Late 
Miocene (see Figure 16). 

I f a value of 44 km for the thickness of the 
Colorado Plateau crust (Keller et a l . , 1979) can 
be used as a guide, then crustal thicknesses imply 
an average rate of extension of nearly 2% per m.y. 
for the northern Basin and Range inter ior of east-
central Nevada In the last 10-12 m.y. However, 
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Figure 16. Crustal thicknesses In the south 
western United States. Contour 
values in kilometers. From Smith 
(1978), Keller et a l . (1979) and 
Priestly et a l . (1980). 

about 5% per m.y. is implied for much of the 
northeastern Basin and Range during the last 8-9 
m.y. If so, then a ID estimate of upward velocity 
v of material at depth (related linearly to 
extension rate s and depth .z through v = sz; 
Lachenbruch and Sass, 1978) ranges from about 1 
V2 km/m.y. at 35 km through 5 km/m.y. at 100 km to 
over 7 km/m.y. at 160 km. 

Figure 17. Uppermost mantle compressional (P_) 
velocities. Contour values in km/s-
From Smith (1978) and Keller et a l . 
(1979). 

While contributing a great deal to surface 
heat flow and temperatures within the lithosphere 
(Lachenbruch and S^ss, 1978), extension rates te l l 
something about the thermal state at greater 
depths as well. Consider for simplicity a 
spherical diapir in the upper mantle of radius 50 
km, a representative E-W length scale for the 
region of enhanced tectonism defining the 
northeastern Basin and Range. For the thermal 
state of a rising diapir to be largely adlabatic 
(Oxburgh, 1980), i t s ascent time must be less than 
i t s thennal conduction time constant (Spera, 
1980). If the hypothetical spherical diapir has 
been rising with a velocity v = 5 km/m.y. from a 

depth of 100 km or so during the last 8 m.y., then 
a distance of roughly 40 km would have been 
covered. In covering this distance, the diapir 
ascent rate merely must exceed about 0.40 km/m.y. 
(Spera, 1980), much less than v, for the aforesaid 
thermal Inequality to be met. One may conclude 
that large volumes rising here in the upper mantle 
tend to retain much of their sensible heat during 
transport. 

^ ' . ^ ^ 

1 •• 

i--—r--r> 

Figure 18. Distribution of volcanics less than 5 
m.y. old. From Christiansen and McKee 
(1978), Ward et a l . (1978) and Luedke 
and Smith (1978a, 1978b, 1981). 

^^y*^P^^A 
Figure 19. Surface heat flow contours in heat 
flow units. From Sass et a l . (1981) and Bodell 
and Chapman (1982). 

As a mass at depth rises adiabatically, i ts 
temperature trajectory may Intersect the 
peridotite solidus so that melting will proceed 
(Yoder, 1976). Upon crossing the solidus, the 
temperature within the ascending diapir is 
buffered by the melting behavior of peridotite 
(Oxburgh, 1980). In particular, the great size of 
the latent heat of fusion relative to the heat 
capacity of peridotite along with the nearly 
invariant nature of basalt production serve to 
keep the temperature gradient within the diapir 
well within 1 "C/km of the solidus during 
adlabatic ascent (Yoder, 1976; Mysen and Kushiro, 
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1977; Oxburgh, 1980; Turcotte, 1982). The degree 
of melting Is inevitably sii)dued through heat loss 
to the earth's surface from the top of the diapir 
(Spera, 1980). 

50 

• 0 0 

ISO 

>00 

NEV i UT. . H S 

>:|H;;|:i:;::X;>X:: 

S;:>:-;-:^;:::::-:::::;::: iiiiliiil 

I • 

109^,0 ' n - ' " ' 
0 .1 • : • ! -4 - i 

50 

100 

ISO 

JOO 

N E V i U t «H5 

1 

7 ~ ^ 

E 

logAo 
0 •! '7 

1 50 

•e ioo 
a 

" 150 

NO 

^ 

v _ . 
; / 

(n-m) 
•) .4 .5 

y 

50 

100 

150 

100 

— M O M O — 

iiiii 
•^<-:^.<:><y.:'y.-'--.' 

NEV. 

^ 

/ 
— 

UT. 

-̂  
/ 

DHS 

" ^ " ^ ^ J * . 

\ 
sj-iiiS'S 

sspi^i; 

m 

.1 . J . } . 4 - 5 

0 100 200 300 
1 I I 1 

SCALE 
VERT EXAG. 

1.5:1 
±s. ot RHS 

Figure 20. Schematic, highly s impl i f ied, three-
stage model of evolution of 
res is t i v i t y structure In the eastern 
Great Basin. The region of continuous 
Interconnection of melt 1n the upper 
mantle is defined by st ippl ing and the 
predicted deep res is t i v i t y prof i le 
beneath the eastern Great Basin at 
each stage is drawn at the r ight side 
of diagram. 

With th is br ie f discussion of diapirism, I 
advance a scherotic and highly simpli f ied model 
for the Late Cenozoic evolution of deep 
res i s t i v i t y in the northeastern Basin and Range. 
The model Is depicted in Figure 20 In three 
stages: I , by about 10 m.y. ago, extensional 
ac t i v i t y responsible for the present horst-graben 
morphology had spread throughout the northern 
Basin and Range. Attendant upwelling of mantle 
peridotite had resulted in widely d is t r ibuted, 
fundamentally basaltic volcanism, presumably 
involving the mechanism of decompression just 
described, along with a layer of part ial melt of 
low melt fraction [\ 5%) which did not d i f fe r 
greatly from that defining the present seismic 
low-velocity zone of central Nevada; I I , by 8 m.y. 
ago, the well-documented concentration of 
extension in the northeastern Basin and Range was 

underway. Accelerated diapir ic uprise of mantle 
material leads to a further amplif ication of the 
thickness and degree of melting of the LVZ. The 
extent of the amplif ication 1s d i f f i c u l t to gauge, 
as i t depends on the degree to which the geotherm 
just above and just below the former LVZ was 
superadiabatic (Oxburgh, 1980); I I I , the melt 
fraction in the magnified zone of fusion can bui ld 
up only to a point, af ter which much of i t drains 
buoyantly upward. This convection of basalts, 
which in effect are superheated with respect to 
the environment into which they r ise , advances the 
front of melting to 35 km depth and helps 
establish the realm of Interconnected melt corres
ponding to the 20 n-m layer of Figure 14 by 
warming the host peridotite during passage. 

The model of present d is t r ibut ion of part ial 
melting in the upper mantle of the northern Basin 
and Range and western Colorado Plateau in Figure 
20 Is similar to that of Thompson and Zoback 
(1979). The la t te r authors u t i l i ze the 
res i s t i v i t y model of Porath (1971), however, to 
suggest that interconnected melt exists to a depth 
of about 160 km beneath the northeastern Basin and 
Range. Nevertheless, the magnetotelluric data 
preclude such an interconnection below about 65 km 
and the resolution by geomagnetic deep sounding of 
such details Is doubtful (Gough', 1983). Given the 
chemistry of certain basaltic lavas in the 
northeastern Basin and Range (Wyll ie, 1979; Best 
et a l . , 1980) and our model of diapir ic upwelling, 
some melting events are probable at depths well 
below 65 km - they just don't result In a broad 
zone of Interconnected l i qu id . On the other hand, 
the uniqueness of the model of Thompson and Zoback 
beneath the northeastern Basin and Range must be 
questioned. 

I suggest that the zone of Interconnected 
melt below S.W, Utah l ies where I t is because the 
very much reduced r i g id i t y of the crysta l l ine 
peridoti te matrix at greater depths (Darot and 
Gueguen, 1981) promotes both the formation of 
vert ical fissures under tensi le stress (Spera, 
1980) and the duct i le collapse of the crysta l l ine 
natr ix as the melt leaves to enter the fissures 
(Stolper et a l , , 1981; Turcotte, 1982). In 
addit ion, any melt percolating up from great depth 
along Intergranular passageways (Turcotte, 1982) 
would be Impeded from r ising beyond the zone of 
our low res is t i v i t y layer by the increasingly 
s t i f f rheology of per idot i te. 

Thermal State at Depth i n the Eastern Great 
Basin. - Previously, I assigned a temperature 
trajectory through the deep low-resist iv i ty layer 
that vas coincident with the dry peridot i te 
solidus (nominally that of Wyll ie, 1979). Based 
upon compositions of basalts in S.W. Utah, such a 
thermal prof i le seems appropriate to depths near 
100 km (op. c i t . ) . In fac t , i f the abstraction of 
adlabatic diapir ic uprise in the northeastern 
Basin and Range Is favored, a dry solidus 
trajectory may be def in i t ive to a depth exceeding 
160 km. 

In Figure 14, a conductive geotherm based 
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upon a regional heat flow of 2,4 HFU for S,M. Utah 
predicted fusion of dry peridot i te a t essential ly 
the, same depth as the top of the model low-
res is t i v i t y layer. However, with the high 
extension rates proposed for the. northeastern 
Basin and Rangei the foregoing coincidence should 
not be (Lachenbruch and Sass, 1978). As a simple 
example, purely solid-state stretching at a rate 
o f 5% per m.y. Is consistent with a depth of 
melting of nearly 40 km, but a surface heat f lux 
reaching 3 HFU is to be expected ( i b i d , ) . 

One would conclude on t h i s basis that the 
crust and upper mantle of northeastern Basin and. 
Range has not reached a steady thennal state. The 
onset of extension Is fundamentally an increase of 
heat f lux Into the lithosphere, and adjustment of 
surface heat flow to th is form of thermal distur
bance may take l o n ^ r than the 8 m.y. Inferred as 
the Interval of concentrated extension i n the 
northeastern Basin and Range (Lachenbruch and 
Sass, 1978; Rowley et a l . , 1979). By coincidence, 
a conductive geotherm based on present surface 
heat flow and a non-equilibrium convective 
geotherm cons'idei-lrig the concentration of 
extension In the northeastern Basin and Range do 
not d i f f e r greatly. 

Application of Interpretation to Other Areas 

Attenuated crustal thicknesses In 
northwestern Nevada (Figure 16 ) , the pronounced 
extension near Yerrlngton Interpreted by Proffett 
(1977) and the concentration of r i f t i n g , heat flow 
and volcanism in western Nevada and southeastern 
California (Figure 16-19) Indicate that the 
western margin of the northern Basin and Range 
experiences an enhanced degree of extension 
relat ive to the northern Basin and Range 
In ter io r , The s imi lar i ty in tectonic styles 
between the eastern and western nargins of the 
noT'thern Basin and Range suggests that a deep 
electr ical structure corresponding to Stage I I I of 
Figure £0 Is l i ke l i es t for the northwestern Basin 
and Range, The deep res is t i v i t y investigation by 
Schmucker (1970) permits th is conclusion, but does 
not uniquely favor i t given the l imited 
resolut ion. 

Another tectonic environment which probably 
f i t s Into the framework of Figure ZO is the Rio 
Grande Ri f t and nearby regions. Of particul'ai-
interest is- the continuation of th is r i f t zone 
northward into Colorado. As described by Williams 
(1982), extensional deforration and volcanism 
diminishes- In th is direction although some Late 
Tertiary mafic volcanism persists Into Wyoming, 
In l igh t of the modest degree of extension, I 
propose that the continuation of the Rio Grande 
Ri f t into Colorado may be a good place to search 
for deep electr ical structure represeriting Stage 
I I in Figure ZO. The northward increase in 
geomagnetic deep sounding anomalies In th is area 
(Figure '3) 1s furthermore suggestive of th is 
notion, but magnetotelluric prof i l ing with a 
proper multidimensional interpretation is needed 
to assess accurately the deep res is t i v i t y section 
here,; 

CONCLUSIONS 

In -active extensional environments, 
s igni f icant temperature perturbations may ex is t , 
possibly with Interconnected melt phases, creating 
lateral and vert ical contrasts in res is t i v i t y of 
an order-of-magnltude or greater. Unluckily, such 
environments also are attended to a large degree 
by upper crustal lateral inhomogeneities, 
especially gr'aben sedimentary f i l l , whose 
res i s t i v i t y contrast with the surrounding rock 
host is at least'as high as that of the structures 
of interest at depths and whose proximity to the 
surface obscures the interpretation of deep 
targets using electromagnetic measurements. 

However, there is generally a strong 
preferred orientation of lithospheric deformation 
and upper mantle processes, and thus of the 
dist r ibut ion of lateral res i s t i v i t y 
Inhomogeneities, In r i f t environments that is 
perpendicular to the direction of spreading. For 
the magnetotelluric method, a 20 transverse 
magnetic mode .algorithm Is riiost suitable for 
ranoving the distort ion of HT soundings by such 
upper crustal structures and hence for assessing 
the* res is t i v i t y of the deeper crust and upper 
mantle in extensional regimes. Equivalent 20 
algorithms are not available for most controlled 
sources, although they are sorely needed. 

An appropriately rigorous modeling technology 
has been applied to a col lect ion of MT soundings 
in S.W. Utah arid yielded an .accurate prof i le of 
deep res i s t i v i t y to depths exceeding 100 km. A 
feature required by the data is a low-res1stiv1ty 
(nominally 20 n-m) layer residing from about 35 to 
65 km in the upper mantle beneath the Roosevelt 
Hot Springs. No low-resist iv i ty layer in the 
middle tO; lower crust has been detected, however, 
nor do I think the case has yet been made on the 
basis of EM observations for such a layer to be 
widespread in the northern Basin and Range (c f . 
Eaton, 1982; Jiraeek et a U , 1983). 

The present-day deep res is t i v i t y structure of 
southwestern Utah derives from the evolution of 
the northeastern Basin and Range through Late 
Cenozoic time. The low-res1stivity layer 
interpreted in the upper mantle here 1s a 
manifestation of diapir ic uprise and melting 
events occurring over an interval that extends to 
much greater- depths than does the layer I t se l f , 
perhaps in excess of J60 km. Both the res is t i v i t y 
structure and the timing and amplitude of exten
sional ac t i v i t y suggest that temperatures in the 
deep crust and uppermost mantle here exceed those 
which would be Inferred from surface heat flow., 
Similar processes appear to be occurring in the 
northwestern Basin and Range, leaving central 
Nevada as a f a i r i y quiescent region whose low-
resist i v i t y layering in the upper- mantle, 
iT'ohlcally, may be re lat ively pronounced, 
Unfortunately, deep res is t i v i t y surveys are 
lacking in the northern Basin and Range in te r io r . 
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June 9, 1987 
MEMO TO: 

All parties interested in ESL/UofU MT system development 

FROM: 

John A. Stodt 

RE: 

Comparison of Electromagnetic Instruments, Inc. (EMI) portable MT 
system with current ESL/UofU MT system and planned upgrades. 
Status of the upgrade project. Directions for future upgrades. 

Stan has recently received a description of the new EMI MT-1 
portable MT system which he has made available to me for assess
ment and comparison with our current system and its planned 
upgrades. The purpose of this memo is twofold, first to compare 
the EMI system with our own system and planned upgrades, second 
to appraise everyone of the nature of the upgrades currently 
under way and to indicate desirable follow on work for which 
additional funding must be secured. 

EMI MT-1 System Description 

The EMI MT-1 system is configured as four modules; the B-Field 
sensors/preamps and Power Supply (BF-4B or Bf-5 or BF-6, and 
BFPS-1), the E-Field Signal Conditioner (EFSC-1) and electrodes, 
an Acquisition and Processing Unit (APU-12 or APU-16), and a 
suitable IBM PC compatible system computer. Analog signals are 
brought into the APU, which consists of: 

a) CIM 800 CMOS computer, 160K RAM, RS-232 interface 
b) multiplexer and 12 or 16 bit A/D (APU-12 or APU-16) 
c) digital interface board 
d) analog interface board 
e) Signal Acquisition Boards (SAB), one for each channel. 

The APU can accomodate up to 10 channels of analog inputs and 
presents an RS-232 interface for connection to the external 
system computer which, for example, can be an IBM PC compatible 
portable laptop such as the Toshiba Model 1100+, 

The CIM 800 computer controls low level data acquisition func
tions and buffers sampled data for transmission to the system 
computer. Its operation is in turn controlled by the system com
puter. The system computer provides control for the APU, 
acquires data from the APU, and can display or process data to 
obtain MT parameters. 



The MT-1 system has low and high frequency modes of operation. In 
the low frequency mode (.001 Hz - 40 Hz), input signals are 
conditioned by the SAB, multiplexed, and converted to digital 512 
point time series which are buffered in the APU before being sent 
to the system computer for processing. In the high frequency 
mode (2 Hz - 20 KHz) a 12 bit dynamic heterodyne conversion 
scheme is used wherein input data is multiplied in the SAB by 
sine and cosine waveforms of preselected frequencies to give 
running estimates of the Fourier coefficients. "The Q of the data 
window selected for processing can range from 1 to 2000. An 
automatic system calibration of the APU can be run in high fre
quency mode just prior to collection of data. Time series can be 
stored in low frequency mode with the addition of a suitable 
storage device to the basic MT-1 system at the expense of greater 
power consumption. Only Fourier coefficients are available in 
high frequency mode. 

Power consumption is stated as less than 20 Watts for the APU and 
sensors when configured for 10 channel operation. Power consump
tion of the system computer must be added to this figure. 

The MT-1 APU is delivered with battery packs suitable for up to 8 
hours of continuous operation. The EFSC-1 signal conditioner can 
sustain up to 3 days continuous operation. 

ESL/UofU MT System Description 

Current system configuration. 

Our MT system is currently based on an in house computer system 
built with a DEC PDP-11/23 processor and an 8 Mbyte Winchester 
disk. Seven channels of data can be acquired simultaneously, al
lowing remote reference operation. A recording truck houses the 
computer system and an eight channel chart recorder. Preamplif-
ied analog signals are brought to the recording truck over ap
proximately 100 m of cable. This allows approximately 200 m of 
separation between the reference and local data sites. We cur
rently use an H-field reference. At the truck, the analog 
signals pass through line receivers to Programmable Filter (PF) 
cards (one per channel) for final signal conditioning prior to 
digitization with a 14 bit A/D converter. The PF cards, 
sampling, and A/D conversion are controlled by the computer. The 
E-field measurements are conditioned and preamplified at the 
measurement site with a programmable signal conditioner with dif
ferential inputs. Line drivers send the conditioned signals to 
the recording truck. Power for the E-field signal conditioner 
and line drivers is currently supplied from the recording truck 
over the same cable used to send the signals back to the truck. 
Configuration information is sent form the recording truck to the 
E-field signal conditioner over the same cable, allowing remotely 
controlled setup. 



The H-field measurements are currently obtained with Geotronics 
coils donated to us by Mobil Oil Co. The local site coils con
tain preamplifiers and signal conditioning at the coil heads; the 
amplified signals are delivered over a short cable to a box con
taining line drivers, which in turn deliver the signals to the 
recording truck. The coils at the reference site do not have 
preamplifiers and signal conditioning at the coil heads; instead, 
the raw signals from the coils are delivered over a short cable 
to a box containing preamplifiers and signal conditioning. Line 
drivers in the box deliver the conditioned signals to the record
ing truck. Both sets of H-field sensors have a High and a Low 
gain setting which is switch selectable from the recording truck. 
Both sets of H-field sensors are currently battery powered, with 
several days of operation possible before recharging is neces
sary. 

Power for the recording truck (and, consequently, the E-field 
signal conditioner) is supplied by a trailer mounted motor-
generator. A large amount of effort has been expended 
(translate: money, time, lost opportunity to collect data) to 
isolate this power source from the measurements. With the 
exception of the H-field sensors, power requirements for the 
current system are large because no attempt was made in the 
original design to address battery powered operation. The E-field 
signal conditioner requires about 40 watts, and the recording 
truck equipment, including the chart recorder, requires several 
hundred watts. Air conditioning is required in the recording 
truck on hot days to maintain the equipment at reasonable 
operating temperatures at this level of power dissipation. Data 
below 2 Hz is acquired, processed, and archived in real time by 
an algorithm based on decimation processing. Up to ten levels of 
decimation can be handled in the current program. This allows 
data to be collected over a nine octave band in a single run. In 
practice, data are normally acquired in two bands, a mid-band (2 
Hz - 0.1 Hz) and a low band (0.25 Hz - 0.0005 Hz), These bands 
are currently acquired in separate runs due to different signal 
conditioning requirements. Data is acquired continuously in the 
selected band until the operator is satisfied with data quality 
and terminates a run. 

A separate program and strategy are used to collect data above 2 
Hz because the current system can no longer process all incoming 
data in real time above 2 Hz, and because the character of the 
data becomes Impulsive at the higher frequencies. Data are ac
quired a pair o£ frequencies at a time starting at the knee of 
the anti-alias filter, using 12th and 16th harmonic sine and 
cosine correlations. The operator switches the anti-alias filter 
knee (and consequently the sampling rate) under program control 
to acquire data at a different pair of frequences. Data can 
usually be acquired over a two to three octave bandwidth before 
it is necessary to readjust the gain settings for further data 



collection. We are presently limited to an upper frequency of 
125 Hz due to the speed of our current A/D converter. 

Both the low and high frequency data collection algorithms incor
porate initial data quality assessment based on amplitudes of the 
incoming signals, followed by sorting procedures based on 
multiple coherence function evaluations applied to subsets of the 
incoming data to exploit nonstationary behavior of the field 
measurements. The data quality assessment and multiple coherence 
sorting are performed in real time as the data are collected. 

Current upgrading program. 

A remote H-field reference capability was successfully added to 
the system last year and is part of the current upgrade program. 
Our reference is made from equipment donated by Mobil Oil Co. and 
modified for integration into the system, as discussed above. 

We also replaced our motor-generator and reworked the power 
delivery to the recording truck, using one five wire cable in 
place of two separate three wire cables for delivery of generator 
and Uninterruptible Power Supply (UPS) backed power. Additional 
transformer isolation of the generator power was incorporated to 
reduce noise. We now have a much more reliable motor-generator 
system, and the use of one power cable instead of two has reduced 
setup time and the potential for creation of additional noise 
sources due to an inappropriate placement of separate power 
cables. 

Unfortunately, we have had to spend time trying to work around 
the poor design of the donated Mobil Oil Co. equipment. Dale has 
spent several weeks reworking the reference field amplifiers and 
power distribution in an attempt to reduce crosstalk between the 
channels arising from poor design. Additional field tests were 
also required to verify correct operation after modifications 
were made. 

The items discused in the previous two paragraphs were not 
budgeted in the current upgrade program but were necessary to 
support ongoing operations. Consequently, our ability to 
complete the planned upgrade program within the original budget 
has been jeopardized, primarily in the area of salary support for 
Dale. 

Although we have a functioning MT system, it suffers from a 
number of deficiencies which I am trying to correct with Dale's 
help. Within our current budget we will not be able to remake the 
system completely into the state of the art instrument I would 
like to build, but we will improve the system substantially with 
the following changes: 



1) Convert to battery powered operation at the measurement sites 
and incorporate digital data communications from both the local 
and reference measurement sites to the recording truck. We had 
initially planned to do this with fiber optic links but have 
abandoned this approach in favor of a new transceiver/modem prod
uct (ESTeem wireless modem) which will provide error checked 
packetized radio communications and networking over ranges up to 
30 miles under favorable conditions (manufacturer's claim). Note 
that this is a major change, requiring ALL analog processing and 
A/D conversion to be done at the measurement sites. This will 
require low power diskless computer subsystems to be built to 
control the hardware for data collection. This hardware must be 
controlled remotely from the recording truck via the digital com
munications links. 

2) Shift from DEC PDP-11 technology to IBM PC technology. This 
is a move from a high cost, high power requirement hardware en
vironment to a low cost, low power requirement hardware environ
ment. The appropriate hardware and software products to provide 
a CONVENIENT and CHEAP development environment to produce stand 
alone low power diskless subsystems with PC-based technology 
became available about the 3rd quarter of last year. 

3) Design and build low power 16 bit A/D converters and 
Sample/Hold cards. Currently available commercial "16 bit" A/D 
cards have high power requirements and do not typically give full 
16 bit resolution. 

4) Abandon the use of Winchester disks in the field, and use 
static RAM disks instead. 

5) Abandon the eight channel mechanical strip chart in favor of 
an electronic strip chart device compatible with the IBM PC. 

6) Modify the E-field signal conditioner for battery operation 
and for control from the PC based computer subsystem. Modify our 
H-field sensor/preamp subsystems for operation and control from 
the PC based computer subsystem. 

7) Incorporate notch filters on the PF cards. This is the only 
reasonable location within our current system to provide notch 
filters for the H-field measurements. We currently have no 
notches available for the H-field measurements. 

8) Modify the E-field signal conditioner analog cards and the PF 
cards to simplify their operation and calibration. Remove the Q-
Bus interface from the PF cards and substitute static I/O line 
controls to manipulate programmable hardware. 

9) Develop a simplified calibration scheme for the modified 
hardware. 



10) Construct an appropriate battery charging system to service 
the instrument batteries. 

When these changes are completed our system will be configured as 
follows. Equipment at the recording truck will consist of an IBM 
PC AT computer and appropriate expansion cards to provide serial 
ports for communications, a static RAM disk, and the electronic 
strip chart capability mentioned above. The system will have 
floppy disks and a battery backed static RAM disk (no Winchester 
disk). One or two ESTeem wireless modems will provide communica
tions to the local and reference measurement sites. The record
ing truck will still be powered by a motor generator, which will 
also be used to drive a battery charging system to service spare 
sets of instrument batteries while data is being collected. Note 
that the instrumentation at the measurement sites will not be 
physically connected to the recording truck and its power source. 
We will have the potential to operate the local and reference 
sites with separ-ations of as much as 60 miles under favorable 
conditions (if manufacturer's claims for the ESTeem wireless 
modems are accurate). 

Instrumentation at the measuring sites will consist of an ESTeem 
wireless modem (with battery power source) connected via RS-232 
link to a signal conditioning and processing box. This box will 
contain a diskless computer subsystem to control data collection, 
PF cards from our current system modified to operate in the new 
environment, the Sample/Hold and 16 bit A/D cards described 
above, and separate power supplies to operate the digital and 
analog hardware in the processing box, and the sensors connected 
to it. The signal conditioning and processing box is being 
designed to handle a maximum of seven channels of data because 
this number is convenient given our current packaging. The box 
is also being designed with a sensor interface flexible enough to 
handle any of our sensors, to provide interchangability and 
minimize the problem of back up in case of hardware failure. 
Although each signal conditioning and processor box will handle 
up to seven channels of data individually, we will only have the 
capability to process a total of seven channels of data from all 
measurement sites at the conclusion of the current upgrading 
program because we only have seven PF cards available to modify. 

Our current E and H field sensor/preamp combinations will be 
modified to integrate with and be controlled from the processor 
box. The E-field signal conditioner must be modified additionally 
for battery powered operation. 

I anticipate at least initially providing essentially the same 
operating modes for data collection in the new system as is 
available in the current system. This is not because I don't 
have any more ideas for improvements, but rather because remaking 
the current system control, processing, and calibration software 



for the new environment will occupy the bulk of my time on this 
upgrade. 

Major Differences Between the EMI and ESL/UofU(upgraded) Systems: 

1) The EMI system has a high frequency mode which uses heterodyne 
detection to collect data in the range from 2 Hz to 20 kHz. This 
has proved to be a very good way to collect AMT data and gives 
the EMI system the potential to be used as an active source EM 
receiver, if appropriate synchronization and transmitter control 
can be provided. A new instrument project would be required for 
us to develop a similar capability, either in a separate instru
ment or as an option to be integrated with our current MT system. 

2) For data collection below 40 Hz, the EMI system uses FFT pro
cessing with 512 point data sequences. This provides estimates 
over a 4 to 5 octave bandwidth from an individual run. Our 
system uses decimation processing and can produce estimates over 
a 9 octave bandwidth in a single run. In addition to allowing 
data collection over a wider bandwidth, I believe decimation 
processing allows better exploitation of nonstationary behavior 
of the field measurements. I speculate that even the rudimentary 
quality assessment and sorting schemes I have implimented in our 
present systera are at least as sophisticated, if not more so, 
than any other schemes currently in use for data assessment and 
selection. These schemes have proven to be a major advantage of 
our system over others currently in use. 

3) The EMI APU box is designed to acquire ten channels of data 
from analog inputs. The system is supplied with 50 m cables 
which implies a station separation of 100 m maximum. The EMI 
brochure states that longer cables could be supplied but the 
maximum usable length has not been determined. Line drivers at 
the sensors are mentioned as a possibility to increase station 
spacing using direct analog connections, at the expense of 
greater power consumption. The disadvantages of this standard 
configuration for remote reference operation with wide station 
spacings are obvious. The EMI brochure refers to analog or 
digital telemetry, or clocks, as other possibilities for remote 
reference operation. Analog telemetry limits dynamic range to 
about 50 dB (equivalent to between 8 and 9 bits of resolution), 
while operation with clocks, or with digital telemetry using 
either radios or a fiber optic link, would require two APUs. in 
addition, operation with clocks would sacrifice the ability to 
process, reduce, and assess the data in real time. 

Our upgraded system is being designed for remote reference opera
tion using digital radio telemetry. Two primary advantages of 
this approach are that the measurement sites are disconnected 
from the recording truck and its power source, and it is possible 
to work with much larger separations between base and reference 
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stations than is feasible with wire- or fiber optic links. One 
disadvantage of radio telemetry is that of potential licensing 
problems for work outside the USA. Our system could be recon
figured to operate with fiber optic links in this case, with some 
additional work. 

4) The EMI E-field signal conditioner is designed with two single 
ended inputs sharing a common ground. Low and high pass 
filtering is performed prior to amplification of up to 40 dB, 
whereupon the analog signal is optically isolated from subsequent 
system hardware. We (Dale, Steve, and I) are very suspicious of 
this type of design for the front end processing of E-field 
measurements and offer the following discussion: 

a) The use of single ended inputs allows signal conditioning to 
be performed prior to amplification at the expense of sacrificing 
the common mode rejection available by using differential 
amplifiers at the inputs. Conversely, a differential input 
configuration can provide 80-100 dB attenuation of common mode 
noise, but allows only minimal signal conditioning (e.g., a low 
pass filter integrated with the differential amplifier) prior to 
amplification to retain a high level of common mode rejection. 
In our opinion, the advantages of high common mode rejection far 
outweigh the advantages of substantial signal conditioning prior 
to amplification. 
b) The single ended input configuration is more susceptible to 
introducing noises which are correlated between channels into the 
measurements. Examples are the electrode noise of the common 
electrode, and the noise generated due to bias current noise from 
the amplifiers of either channel passing back through non-zero 
electrode impedances. Note that thermal effects in either amplif
ier can cause fluctuations in bias current noise which could 
introduce additional correlated noise into both channels. 
c) The optical isolation of the analog signal is apparently an 
attempt to avoid common mode system noise. However, it is dif
ficult to design optical isolation to operate linearly over a 
wide dynamic range. Steve estimates 40 to 60 dB maximum dynamic 
range (7 to 10 bits) for linear operation, and Dale was skeptical 
even of these figures. Another potential problem is that of 
capacitive coupling across the optical isolation. Note that the 
EMI brochure shows that the APU system ground is brought out to 
the signal conditioner and represents a potential RF noise source 
which could couple capacitively across the optical isolation. 
Another potential problem which optical isolation does not solve 
is that of common mode noises other than those produced from 
ground loops in the system; see item b) above. 

5) The EMI MT system APU uses a CIM 800 computer as a controller. 
The CIM 800 is based on a Z80 microprocessor and has a maximum of 
160 K of RAM memory. In contrast, our upgraded system processing 
boxes will be controlled with CMOS IBM PC-XT compatible computers 



running MS-DOS from a static RAM disk. This configuration gives 
us a number of advantages, including: 

a) Compatibility with a wide variety of readily available 
expansion board hardware products designed for the IBM PC. 
b) Greater memory capacity, 640K for the IBM vs 160K for the CIM. 
c) Faster, more powerful microprocessor. 
d) Compatibility with high level language development tools 
(e.g., FORTRAN and C compilers, debuggers, real time multitasking 
libraries, communications libraries, etc.) to create or modify 
applications. 

These advantages allow greater flexibility and speed in applica
tions development and modification. 

6) Finally, I address the issue of portability. The EMI system 
has been designed for maximum portability of the entire system, 
using battery power throughout. Our upgraded system will not be 
portable in its entirety, but is designed with a different view 
toward portability. Specifically, Dale and I are making the 
measurement site instrumentation as portable and as flexible as 
the current budget will allow while working within the con
straints imposed by our existing hardware, but have retained the 
use of a mobile motor-generator power source and a recording 
truck from which an operator coordinates data acquisition, for 
our standard system configuration. This configuration offers a 
number of advantages, namely: 

a) The operator and recording truck equipment are protected 
effectivly from sudden changes in the weather. A comfortable 
operating environment (i.e., air conditioning in hot weather and 
heat in cold weather) can be provided for the field crew, which I 
believe is important during extended field operations to reduce 
fatigue and the mistakes it induces. 
b) The motor-generator provides a power source for recharging 
batteries to allow continuous field operations. 
c) Greater in field processing and analysis capabilities can be 
provided because the requirements of low power and portability 
are less stringent for the equipment at the recording truck. 
d) Simultaneous data acquisition from multiple measurement sitels 
can be coordinated continuously from the recording truck. 
e) The advantages provided by the recording truck/motor-generator 
combination are realized while retaining most of the advantages 
of a truly portable system, if the measurement site equipment is 
made as portable as possible and digital radio links are used for 
communications. 

At the completion of our current upgrading program, a complete 
five channel measurement at a given site will require the 
following hardware: 
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a) Hx, Hy, and Hz sensors and primary signal conditioning 
(Geotronics coils/preamps + junction box, or coils + 
preamp/junction box). 
b) Ex and Ey sensors and primary signal conditioning (Five PbCl 
pots and connecting wire, and an E-field signal conditioning 
box) . 
c) Signal conditioning and processing box. Contains signal con
ditioning cards, sample/hold and sequencing card, computer 
subsystem with 16 bit A/D converter, and power supplies/bat
teries. 
d) ESTeem wireless modem, power source (e.g., 20 AH 12V battery), 
and antenna. 
e) Miscellaneous cabling. 

The most unwieldy components in this list are the Geotronics 
coils, and our current E-field connecting wire and set of five 
PbCl pots. The other components will be similar in size and 
weight to the EMI system's APU, EFSC-1, and BFPS-1 components, 
with the exception of the greater battery reserves required to 
operate the ESTeem modem and to meet the power requirements of 
our other hardware. Although we are working to minimize the 
power requirements while modifying our current hardware for the 
upgrade, the original designs were not made with battery powered 
operation as a primary consideration. Complete redesign of our 
analog hardware would be benificial, but is not possible within 
our current budget. 

Note that our signal conditioning and processing box is designed 
with a serial interface, which could just as well be connected to 
a portable computer for control. This configuration would 
provide a mode of operation essentially identical to that of the 
EMI system, except that our data processing is different and our 
signal conditioning and processing box will handle seven channels 
maximum. Seven channels is sufficient to provide a reference, but 
not two simultaneous stations, using one signal conditioning and 
processing box. It should be apparent from this discussion that 
we will be close to having developed a portable MT system at the 
conclusion of our current upgrade program. Portability could be 
enhanced further as follows: 

a) Replace our current E-field and H-field sensor systems with 
more portable components. 
b) Redesign our analog hardware with low power operation a 
primary consideration. 
c) Repackage the system professionally, rather than using odd 
sized army surplus boxes and donated Mobil Oil Co. packaging as a 
cost saving measure, as we are currently doing. 

Future Upgrades of the ESL/UofU MT System: 
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Although we will have a substantially improved MT system at the 
conclusion of our current upgrade program, there are a number of 
items left unaddressed which would improve the system further. 
Efforts at improvement can be divided into three general 
categories; a) designs to increase the signal to noise ratio of 
the system, b) designs to improve operational efficiency, 
including portability, and c) improvements in processing al
gorithms to produce more accurate estimates of the transfer 
functions from available data. 

We are, of course, always looking for lower noise components and 
better designs to improve the system's signal to noise ratio. A 
new amplifier has become available which could potentially 
improve our system and we will evaluate its use in future up
grades. However, our most pressing problems in this area appear 
to be with our H-field measurements at the reference site. 
Recall from previous discussions that the preamplifiers for our 
local H-field measurements are packaged with the coils, while the 
preamplifiers for our reference H-field measurements are packaged 
in a separate box and are each connected to a coil with ap
proximately 30 feet of cable. Experience with this configuration 
indicates that the reference H-field measurements are far more 
susceptible to electromagnetic interference than are the local H-
field measurements. One solution is to redesign the H-field 
preamplifier and package the new design with the reference coils. 
In addition, the local site preamps should be replaced with the 
new design. The current local site H-field preamplifiers should 
be redesigned, rather than copied, to correct deficiencies in the 
old Mobil Oil Co. design. This approach will require a sig
nificant outlay of time and money. Before such an expenditure 
is made, it is worthwhile to consider replacement options for 
both the local and reference site H-field sensors to improve 
portability as well as operational characteristics. At least 
four replacement options should be explored: a) EMI coils, b) 
Phoenix Geophysics coils, c) AET (Geotronics) coils, and d) ring 
core fluxgate magnetometers. Other possibilities include any new 
SQUID sensors developed based on the new high temperature 
superconducting materials recently discovered, and any new 
sensors based on fiber optic technology. I don't know of any 
commercial sensors developed and currently available which use 
these two technologies, however. 

Operational efficiency and portability of our upgraded system 
could be enhanced substantially through redesign of the analog 
hardware. The changes in hardware described below are primarily 
aimed at improving operational efficiency in the field in order 
to boost production. 

Our current system allows an MT sounding over the frequency range 
from 125 Hz to .0005Hz to be acquired in approximately 1.5 days 
under the best circumstances. However, it is not uncommon to 
spend between 2 and 3 days acquiring data at a single site. 
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There are two primary factors which impede more efficient data 
collection with our system: 

a) The setup time required with our current system is large. 
This time will be reduced substantially at the completion of the 
current upgrade program. In particular, we will trade the time 
required to establish wire links to the local and reference sites 
for the time required to erect simple dipole antennas for radio 
communications. In addition, the recording truck and reference 
locations can potentially be chosen to allow communications bet
ween a number of MT station locations so that only one set of 
measurement site hardware need be moved to collect data at a new 
site. Although these developments should improve our ability to 
collect data expeditiously, further developments to improve setup 
time are possible. 
b) Data in separate bands must be acquired sequentially with our 
system. This mode of operation is a particular handicap to the 
efficient acquisition of high quality data in both the mid and 
low bands because of the nonstationary behavior of the MT 
signals. I believe the time spent acquiring high quality data at 
a site would be reduced substantially if data could be acquired 
simultaneously in both the mid and low bands, thus maximizing the 
chances of recording data at times of high signal activity in 
each band. 

Setup time could be further reduced if more manageable E-field 
and H-field sensor combinations could be identified and incor
porated with the system, if all analog hardware were redesigned 
with low power operation and simplified operation as primary 
considerations, and if better (i.e. lighter, more compact) 
pack'aging was implimented. The capability to record data simul
taneously in the mid and low bands could be implimented in our 
upgraded system by redesigning the PF cards to provide two separ
ate signal paths for conditioning appropriate to the mid and low 
bands. Two sets of sample and hold amplifiers could be used to 
acquire the data in the separate bands. The timing for sampling 
and subsequent sequencing of the A/D converter would also require 
redesign to multiplex the measurements. Operating software would 
obviously have to be reworked to provide for simultaneous data 
reduction. 

I believe better processing algorithms can be developed to 
improve estimation of impedances from the measured data. In 
particular, I believe that decimation and FFT processing can be 
combined advantageously to provide more flexible processing. In 
addition, the complete set of recommendations I outlined in the 
1982 DOE reports and in my dissertation have not been implimented 
fully in our current system due to space limitations in the RT-11 
environment. These recommendations included weighted averaging at 
the spectral level, and separate processing for "XY" mode, "YX" 
mode, and Tipper based on analysis of three separate dual input 
single output linear system models, each with Hx and Hy inputs. 
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and with Ex, Ey, or Hz as the output. We currently apply lower 
and upper amplitude cutoff criteria to incoming daita, and subse
quently sort the screened data according to multiple coherence 
criteria developed for sensitivity to the "XY" and "YX" modes, 
but weighted averaging and separate treatment d£ the Tipper 
functions have not been implimented. 

It Is becoming increasingly apparent that a very serious and 
sometimes nearly ubiquitous problem exists in the processing of 
MT data with regard to the recognition and rejection of data con
taminated by source effects, introduced by proximity to cultural 
or natural sources.. The methods reported recently by Chave, et 
al.i, (1987) appeair to provide some discrimination. I believe 
further progress can be made in this area with proper application 
of matrix norm theory to the linear equation sets which are 
generated to solve for the transfer functions. The idea behind 
this approach is to identify and use only those data sets which 
are consistent with a linear model having time invariant transfer 
functions. 

Finally, I mention the possibility of developing a separate long 
period instrument for low frequency MT measurements, and of de
veloping instrumentation to improve our collection of AMT data. 
It may be worthwhile to consider a separate very portable AMT 
system rather than trying to integrate these measurements with 
our MT system. A separate system would provide additional 
flexibility. For example, it could be designed to work as a CSAMT 
receiver and transmitter controller as well as a passive AMT 
system. It could provide the ability to make AMT measurements as 
part bf site selection and preparation for subsequent MT measure
ments. 

I am currently developing proposals to address future hardware 
development based on the InfQrmation provided in this memo. 
Discussion and comments are welcome. 


