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4d 
Introduction 

i n  1974 i n  Green Valley, Nevada, as part of the Lawrence Berkeley 
Laboratory’s major study of techniques for geothermal exploration i n  
north central Nevada. The magnetotelluric program had three main 
goals; the determination of res is t ivi ty  d i s t r i b u t i o n  a t  depths greater 
than that convenie t l y  measured w i t h  other techniques; a comparison 
of the interpreted esis t ivi ty  a t  shallow depth w i t h  the results of 
the other techniqu ; and the evaluation of the SQUID or Josephson 
effect magnetometer i n  practical f ie ld  surveys. In addition, new 
numerical models were developed so that  interpretation could be carried 

wo-dimensi onal models. 

4 
A program of detail etotelluric soundings was init jated 
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The Leach Hot Spr gs area is located in Grass Valley, Nevada u 
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south of the hot springs by the Goldbanks Hills, locus of earlier 
mercury mining. Grass Valley is bounded on the west by the basalt- 
capped East Range. The distribution of major lithologic units 
i n  the region is illustrated on the geologic map, Fig.  1. The 
intricate fau l t  and lineament pattern, based strongly on photo 
interpretation, (Noble 1975) is shown on a separate map, Fig. 2. 
Paleozoic siliceous clast ic  rocks and greenstones are the 
oldest bedrock types i n  the region. In places i n  the Sonoma 
and Tobin Ranges, the Paleozoics are i n  thrust-fault contact 
w i t h  Triassic siliceous clastic and carbonate rocks. The Paleozoic 
and Triassic rocks have been intruded by granitic rocks o f  probable 
Triassic age i n  the Goldbanks Hills; elsewhere the granitics 
are probably of Cretaceous age. Though not exposed i n  the Leach 
Hot Springs area, Oligocene-Miocene rhyolitic tuffaceous rocks are 
probably present i n  the subsurface. They are overlain by a sequence 
of interbedded sandstone, fresh water 1 imestone and a1 tered tuffs, 
which are i n  t u r n  overlain by coarser conglomeratic sediments 
(fanglomerates derived from mountain range fronts steepened by 
the onset of basin and range faulting. The fanglomerates are 
opal ized i n  places by s i  1 iceous hydrothermal activity associated 
w i t h  faul t  zones; occasionally the locus o f  mercury mineralization. 
Opalization of mercury deposits i n  the Goldbanks Hills and East 
Range closely resembles the opalized sinter ,at  Leach Hot Springs. 
The Tertiary sedimentary sequence is overcapped by predominantly 
basaltic volcanic rocks whose ages, dated by the potassium argon 
method, range from 14.5 t o  11.5 million years. 

Characteristic of the hot springs systems observed i n  northern 
Nevada, Leach Hot Springs is located on a fault ,  strongly expressed 
by a 10 t o  15 m h i g h  scarp t rending  NE. Normal faulting since 
mid-Tertiary has offset rock u n i t s  vertically several tens t o  
several hundred meters. As shown on the faul t  and lineament 
map (Fig. 2) the present-day hot springs occur a t  the zone of 
intersection of the N E  trending faul t  and the NNW-SSE trending 
1 ineaments. 

Total surface flow from the Leach Hot Springs system has 
been measured a t  130 R min-1 (Olmsted e t  a1 . , 1975). 
temperatures of the springs reach 94OC, b o i l i n g  a t  their  altitude, 
and water temperatures a t  depth are estimated t o  be 155OC t o  170OC, 
based on s i l i ca  and alkali-element geothermometers (Mariner e t  
al. , 1974). Application of mixing-model equations (Fournier, 
e t  al., 1974), based on s i l i ca  contents and temperatures of warm 
and cold spr ing  waters, indicates thatothe temperature of hot  
water a t  depth w i t h i n  the Leach Hot Springs system may exceed 
20OoC. Material deposited by Leach Hot Springs, presently and 
i n  the past is predominantly 902.  

Subsurface 

b 
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I, 
Magnetotellurics 

magnetotelluric f ie ld  and data processing techniques for practical , 
t ion  of magnetotellurics i n  petroleum exploration b u t  most other studies 
have been concerned w i t h  deep crustal or upper mantle structure. 
More recently magnetotelluric surveys have been used i n  geothermal 
exploration by Stanley e t  al., (1977), Hermance and Pedersen (1976), 
Jiracek e t  al., (1977) and onsiderable contract work has been carried 
out by several geophysical urvey companies (Geotronics, Geonomics, 
Terraphysics, and Senturio 
has not been published. 
a few stations are occupied, and the measurement interval has t o  be 
many days eks long t o  obtain the long periods required for deep 
penetratio ozoff (1972) has shown that for the depths of exploration 
required i n  petroleum exploration a station may only need t o  be occupied 
fo r  one or two days if easily ovable equipment is available. The 
traditional sensors for low f 
induction coils. These have a sensitivity o f  approximately 10-3 gama 
(y) a t  1 Hz and are large and heavy (-90 kg per coi l )  T h i s  sensitivity 
is achieved only w i t h  considerable ntion to  detail i n  the coil 
construction and i n  t h  l i f ie rs .  The res is t ivi ty  
d is t r ibu t ion  that  is s exploration may be expected t o  
be less complicated t h a n  t h a  ermal exploration. The resis t ivi ty  
variations may also be expect be more subtle i n  the former; gentle 
anticlinal structures, layer displacements across faults a t  great 
depth, or gradual facie i t h i n  a layer. Thus, 
i n  petroleum exploratio 
often satisfactory, b u t  

e Geot hermal expl o has provided i ncreased incentive t o  develop 

L or commerical applications. Vozoff (1972) has described the applica- 
c 

to  mention a few) but  this l a t t  
In the case of deep crustal studies 

uency magnetic fields are m u l t i t u r n  

ered interpretation is 
t o  be very good t o  permit 
edimentary sections the 

ir 

I the data can be taken and processed quickly the cost o f  the survey 
may become unreasonable. On the other hand, since a depth of explora- 
t i o n  of only 3-5 km is required t o  probe the valleys, which rarely 
exceed 2 t o  3 km i n  sediment thickness, the longer period variations 
may not be required and adequate data can be obtained i n  only a few 
hours a t  a site. u 
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The development of SQUID magnetometers (e.g., C1 ark, 1974; Zimerman 
and Campbell, 1975) has solved one of the most important f ie ld  
problems for magnetotellurics. Useful sensit ivit ies a t  least an order 
of magnitude greater t h a n  for induction coils from dc t o  1 Hz are 
readily achievable. Three components of magnetic field are measured 
by means of a single small, lightweight package, and the electronics 
are simple and require a minimum of adjustment i n  the field. The 
frequency response is f la t .  While ideally suited for the lowest 
frequencies ElO-2 Hz) the increased sensit ivity allows field measure- 
ment dur ing  periods of relative quiet when the s ignals  are of the . 

same order as the instrument noise i n  the induction coil systems. 
Most importantly, the sensor package weighs only 15-20 kg, and is  
easily deployed on the ground surface. Wind noise is eliminated by 
placing a l i g h t  tent or frame around the sensor (Fig.  3). The instrment 
noise in SQUID systems is easily measured; a superconducting shield, 
or can, is placed around the sensors so t ha t  no external magnetic 
field can be detected. The output is then a true measure of sensor 
plus  electronics noise. A comparable measurement is very difficult  
t o  make wi th  induction coils as they cannot be shielded from external 
fields. Consequently internal noise sources (such as thermal noise 
i n  the mu-metal cores) cannot be evaluated. 

In the s m e r  of 1974 preliminary tes ts  of a magnetotelluric 
system using a SQUID magnetometer were conducted i n  Grass Valley, 
Nevada. The instrument was calibrated on-site us ing  a small loop 
current source. Several operational problems (overheating of 
electronics, sensor overloading by h i  h amp1 i t u d e  transients (sferics), 
and inadequate wind motion protection B were encountered t h a t  prevented 
the completion of a full survey of the area. By August 1975 these problems 
had been corrected and 17 stations were occupied i n  a two week period 
i n  the general vicinity of Leach Hot Springs. The stations were located 
along two of the main geophysical traverse lines, A-A' and E-E' (Fig. 4 ) .  
These lines were also used for other survey techniques, such as resist ivity 
and tellurics (Beyer, 1977). Five of these stations were reoccupied 
i n  the s m e r  of 1976. The stations were reoccupied for an empirical 
t es t  of repeatibil i ty and a modified shield was used a t  one of the 
stations t o  obtain data t o  10-3 Hz. 

b 
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Fig. 4. Magnetotelluric recording sites in Grass Valley, Nevada. 
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Instrumentation and Data Processing 

The sensors, sensor electronics and recorders used for the Grass 
Valley experiment are shown schematically i n  Fig. 5.. Two SQUID magneto- 
meters were used at  different times. A comnerically available ac 
SQUID manufactured by DEVELCO Inc. (Model 8230) was used for most 
of the data and a new dc  SQUID magnetometer developed by Professor 
John Clarke, University of California, was used a t  several si tes.  
I t  was also used simultaneously w i t h  the Develco u n i t  for ,comparative 
performance studies. The results w i t h  the new magnetometer are reported 

tely (Clarke et 

fundamental asp 
the sensor can respond 
applications the senso 
loop. Therefore the f 
are determined by the 
is available and desirable, bu t  a dynamic range of 100's of gammas 

Not all these characteristics can be met w i t h  existing electronics, 
and so, for  example, most commercial SQUID magnetometers cannot track 
a 100 Y change a t  100 Hz er way of stating the problem is that 
SQUID magnetometers are e limited, the limit defined as the 
number of ' Y I s per second ansient signal that  the device can 
f 01 1 ow . 

T h i s  slew rate limi oses a problem whenever strong sfer ic  
signals are present. These sients are generated by l i g h t n i n g ,  
and may easi ly produce f ie1 of change is i n  excess of 
the slew ra te  of the mag tronic f i l ter ing cannot help, 
as i t  does w i t h  the ause the sensor i tself  is 
driven by the incid edback electronics cannot 
keep up, magnetic 
again Ehlocks in"  a 
occur each time t h  
i n  the filters whi 

SQUID magnetometer is that  whereas 
rge magnetic field changes, i n  practical 
s a n u l l  detector i n  a feed-back 
sponse, dynamic range and slew r t e  
ctronics. A sensitivity of 10-8 Y 

I and a bandwidth of 100 Hz is needed i n  a practical magnetometer. 

The solution t o  this 

cond shield i n  uminum can (30 an diameter, 
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walled external aluminum can was used which provided a corner frequency 
of approximately 1.0 Hz. The external shields are easily removed 
or exchanged so this prefil tering technique poses no operational 
difficult ies i n  the field. 

500 m i n  length, and arrayed i n  an "L", w i t h  one common electrode. 
Copper-copper sulfate porous pot  electrodes were used. 

w i t h  a Princeton Applied Research (PAR) model 113 preamplifier. The 
three components of magnetic f ie ld  and two of e lectr ic  f ie ld  were 
then bandpassed w i t h  Ithaco model 4211 electronic f i l t e rs .  These 
f i l t e r s  were chosen because of the h igh  uniformity of phase and amplitude 
response for a particular f i l t e r  setting. Thus,  each f i l t e r  would 
be w i t h i n  1.00 and 2%, absolute, w i t h i n  the selected pass band. T h i s  
i s  a very desirable characteristic for i t  eliminates the need t o  compensate 
for f i l t e r  responses i n  impedance calculations; a l l  channels are affected 
i n  exactly the same way. Two pass bands were used so t ha t  the signals 
could be recorded on an FM recorder despite its restricted dynamic 
range. The low frequency band covered -01 Hz t o  5 Hz and the h i g h  
frequency band covered 1 Hz t o  40 Hz. A t  one of the s i tes  a specially 
constructed long-period f i l t e r  was used t o  cover the band from 0.001 
Hz t o  0.1 Hz. 

Electric f ie lds  were measured w i t h  orthogonal e lectr ic  dipoles, 

The voltages detected on the receiving electrode pairs  were amplified 

The f i l tered signals were then recorded a t  1 7/8 ips on a 0.5 
inch, 7- channel FM tape recorder (Honeywell 5600) . A read-af ter-wr i t e  
head on the tape deck permitted the recorded signals t o  be monitored 
via paper chart recorders i n  the field.  

A right-hand-coordinate convention was used, the z-axis positive 
down. A l l  the electrode arrays were oriented i n  the same direction: 
Ex a t  N590 W and E a t  N310 E. The magnetometer axes were aligned 
t o  correspond t o  e .y ectric dipole directions. 

The tape recorded data and chart records were returned t o  Berkeley 
for processing and analysis. Segnents containing good data (free 
from steps, gain changes or periods of very low activity) were selected 
from the monitor chart records, and the corresponding tape segnents 
were then played back through a Varian 620/L - 100 minicomputer w i t h  
a multichannel digitizer t o  produce a five channel multiplexed digital 
tape compatible w i t h  a CDC 7600 computer. To decrease the time spent 
i n  laboratory tape processing, the f ie ld  tapes were played back into 
the digitizer a t  300 ips. Simultaneously, a five-channel paper record 
was produced directly from the tape w i t h  event marks on the margin 
supplied from the computer or digitizers. These marks indicate the 
beginning of each record of 300 digitized data points  (60 from each 
of  the f ive channels) on the digital  tape. T h i s  allows precise 
correlation between the analog traces and the digitized version. 
A further selection is then made t o  f i n d  usable contiguous records 

6 
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t o  form data segments ontaining 512, 1024, or 2048 points per channel. 
As many of these data locks as possible are made for each site. 
Table 1 presents the ers of data blocks obtained i n  the two pass 
bands for each s i te .  

Table 1. GRASS VALLEY MT DATA 1975-1976 

No. of Points 
No. of Data Sets Per Data Sets 

STATION 100-1 Sec. 1-40 Hz 100-1 Sec. 1-40 Hz 

1975 DATA 

3.5 KM E EE' 10 45 2048 1024 
2.0 KM E EE 6 46 2048 1024 
1.0 KM E EE 12 37 2048 1024 
0.0 KM E EE' 7 29 2048 1024 
1.0 KM E EE' 12 33 2048 1024 
2.5 KM kl €E' 14 27 2048 1024 
4.0 KM M EE' 7 33 2048 1024 

0.0 KM AA' 
1.5 KM S AA' 
4.0 KM S AA' 
6.0 KM S AA' 
8.0 KM S AA' 
1.0 KM E BB' 
2.0 KM N MM' 

1.0 KM W EE' 

Note: Nyquist frequency for  100 - 1 sec. band i s  2 Hz. 
Nyquist frequency for 1-40 Hz band is 78 Hz. 
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Fig. 5. Schematic o f  magnetotelluric measurement system. 
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Impedance Calculations 

techniques described by Sims e t  al., (1971) and Vozoff, (1972). The 
digitized data were Fourier transformed and a l l  possible auto- and 
cross-spectra were calculated. The spectra were obtained by averaging 
over constant Q frequency intervals and then by ensemble averaging 
over the available data blocks. For frequencies between -01 Hz and 
1 Hz the ensemble averages typically contained 10 segnents of 500 
seconds. For the 1-40 Hz band ensemble averages contained 30 segments 
of 8 seconds length (Table 1). 

frequency window using the expressions given by Vozoff (1972), and 
Sims e t  al. (1971). 

The data presented i n  this report were analyzed using power spectral 

The two dimensional impedance tensor is then calculated for each 

The impedance estimates are rotated i n  50 steps (clockwise) u n t i l  
tge fiagona] terms are maximized. The diagonal terms then define 
Ex/H and Ey/Hx i n  the principal directions. These valyes 
are {hen used t o  calculate the apparent res i s t iv i t ies  pX and P; 
respectively. The magnitude of the skew, a measure of the three 
dimensionality o f  the ground, is also calculated as is the tipper, 
following Vozoff (1972). We have devoted considerable effort t o  
analyzing the tipper because of its importance i n  resolving the strike 
direction, assisting i n  2-D model f i t t i n g  and indicating the degree 
of three dimensionality through its skew and its variation of 
direction w i t h  frequency. The tipper used i n  this report is s l igh t ly  
different from that defined by Vozoff. If the relationship between 
Hz and Hx and Hy is written 

the tipper is defined here as the magnitude of A after A has been 
maximized by rotation. A tipper skew has been defined i n  this report 
as the rat io  of lB I /  1A I after A has been rotated t o  a maximum. 

?- 

c 

The tipper can also be assigned a direction. If the magnitude 
of A is maximized by rotation t o  A' then the maximizing an le, 61, 

The ambiguity is resolved by choosing the direction such that the 
phase of A' is i n  the range of f900. Thus, a maximized tipper is 

is outside+9'O0 _ -  then the direction is reversed. 

There are two k i n d s  of errors which can affect the impedance 
estimates. Noise i n  ei ther e lectr ic  or magnetic fields alone can 
produce a bias error i n  the impedance estimate depending on which 
combination of auto- and cross-spectra are w e d  i n  the calculation. 
Th i s  uncorrelated noise are signals i n  E or H which are not correlated 
w i t h  counterparts i n  H and E respectively. Thus, local sources of 
magnetic noise (a vehicle rocking i n  the wind) would not have an 

can be defined as the tipper direction w i t h  an ambiguity o 4 1800. 

to be w i t h i n  f900 this is the direction o ? .the tipper. If the phase 
found by mathematical rotation t o  angle . If the phase is found 5 
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associated electric f ie ld  
The magnetic f ie ld  would, 
Bias errors are d i f  
enough data t o  
without bias. 
is not biased by* u 

More specific 
of compl ex coef f i ci en ts for two-i nput  one-output 1 i near systems , where 
the horizontal magnetic 
and each of t onents is, i n  turn, considered the 
system o u t p u t  
estimates will be biased downwards, T h i s  choice is not entirely arbitrary 
and has been influenced by analysis recently performed by Gamble, 
Goubau and Clarke (1977) which has shown that, i n  fact ,  there i s  
uncorrelated noise i n  the el f ie ld  a t  the Grass Valley sit 

rmined by the plan 
, be uncorrelated w i t h  the electric field. 
orrect although there is theoretically 
edance over a two-dimensional earth 
we have used an impedance formul 

mulae are based on least-squares fits 

e assumed t o  be noise-free i n p u t s  

ave impedance re1 a t  i on . 

related magnetic noise is present the impedance 

uality, indicated by the 95% 
confidence limits on the apparent resistivities, i s  poor i n  the band 
from .16 seconds t o  10 seconds. T h i s  is simply a result of l i t t l e  
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natural field energy i n  this band, and despite the long recording 
intervals not enough signal activity was recorded t o  provide good 
estimates. The formula for calculating apparent resistivities is 
subject t o  bias from uncorrelated magnetic field noise. I t  is, there- 
fore, possible that the low apparent res i s t iv i t ies  observed i n  this 
low signal level band are the result of bias errors rather than a 
res is t ivi ty  low i n  the geologic section. However, i t  was la ter  deter- 
mined that the resistivity low is real. Data for several stations 
were processed us ing  estimators subject t o  bias from uncorrelated electric 
field noise and the results were substantially the same. Finally, Gamble, 
Goubau and C1 arke (1977). succeeded i n  developing several impedance 
estimators which are unbiased, and they verify the low apparent resistivity. 

A t  al l  sites the quality of the tipper estimates proved t o  be 
significantly worse t h a n  the associated impedance estimates. T h i s  
resulted i n  a larger degree of scatter i n  tipper directions than is 
present i n  the impedance tensor orientations. 

One of the most s t r i k i n g  results i s  that  the principal values 
of apparent resist ivity,  obtained from the rotated impedances, 1 ie 
w i t h i n  00 t o  200 of the measurement axes a t  the majority of stations 
on the east side of the valley. The maximum resis t ivi ty  is i n  the 
x-direction (sub-parallel t o  line E E ' )  and the minimum i n  the y-direction. 
Except for station 2.5 West on EE' and 1.5 North on AA',  a l l  eastern 
stations have approximately the same principal resistivity axes for 
the entire frequency range analyzed. No error bars have been calculated 
for these impedance rotations b u t  i n  general, reliable rotation angles 
are obtained when the error bars on the corresponding resis t ivi ty  
estimates are small. If a mean rotation of +150 is selected, the 
strike would be interpreted as N450W. The geological strike taken 
from the faul t  map (Fig.  2)  or from the surface geology (Fig.  1) is 
complex. The set of faults passing through station 4.061 on Line EE' 
strike a t  about N 22Obf. The main range front faul ts  and also the 
t o  ographic demarcation of the edge of the valleys are closer t o  N 
10%. The axis of the valley defined by gravity is close t o  N 40oW 
south of Leach Hot Springs and approximately N 20% north o f  the 
springs. The maximum apparent res is t ivi ty  axis, t h u s ,  appears t o  
be rotated about 200 t o  the west of the other measures of regional 
strike. 

For almost a l l  stations the pX apparent res is t ivi t ies  reveal 
a four-layer structure. Since Px is subparallel t o  the regional strike 
of the contact separating the valley sediments from the Paleozoic 
rocks of the ranges, we can associate it  w i t h  the TE mode of incident 
field. In a later section i t  will be shown that  for  a layered earth 
interrupted by horizontal discontinuities the TE mode apparent res i s t iv i t ies  
are the least  affected, and an approximate interpretation can be obtained 
from a one-dimensional (multilayer) analysis. Thus, we use the Px 
values of most of the stations t o  obtain a f irst  estimate of the layered 
structure . 

U 

r 

h 
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The first layer has a res is t ivi ty  of between 10 and 20 ohm meters. 
The curves then drop, indicating a more conductive second layer i n  
the valley sediments. The curves r i s e  again, presumably for the more 
resist ive basement and upper crust. Finally, a t  depth, there is a 
conductive roll-over, indicating the presence of a conductive layer 
or half space, possibly at  the base of the crust. 

The tipper data, sumnarized i n  Fig.  29, indicate the same general 
structure except that, unlike the impedance data, there are different 
tipper directions for the high  frequency (1-20 Hz) band and for the 
low frequency (25 t o  80 second period) band. A t  several stations 
these directions differ by more than 400, suggesting a pronounced 
change i n  the s t r ike direction w i t h  depth; i.e., or a three-dimensional 
effect. The absence of impedance orientation changes of a similar 
magnitude points t o  the sig icant conclusion that tippers may be 
substantially more sensitiv o local structure than are impedances. 
T h i s  has recently been conf ed i n  3-D model studies by Jones and 
Vozoff (Vozoff, 1977, personal comnunication) . 
between principal axes of the impedance tensor and tipper direction 
(especially as a function of frequency) the effects must be due t o  
the f ac t  that  the valley i s  not well represented by two-dimensional 
models. Some indications of the three-dimensional nature of the valley 
can be seen directly i n  the tipper data. A t  stations 6.0 km and 
8.0 km south, Line AA',  the tippers poin t  northwest - suggesting a more 
resist ive terrain t o  the northwest. Station 4.0 km south, Line AA',  
has unusually h igh  values of near surface resist ivity,  30-35 o h  meters 
and shows only a suggestion of a more conductive layer between surface 
and resist ive basement. 
sediments have thinned appreciably a t  4.0 km south and then thicken 
again t o  the south, T h i s  i s  confirmed very well by the gravity data 
(Goldstein and Pauls 
i n  fact, close off i 

In the center o 
on Line EE', the tippers v 
period vectors p o i n t  
of the proximity of 
trends NW-SE. 

is somewhat d i s tu  
i ce tensors are t o  
t o  the gross structure of 
The gravity interpre 
small transverse feature 
a broad elongated va 
telluric data, even 
to  m i  nor res i s t i  v i  t 
for  the obvious strike of the valley f i l l .  

Inasmuch as two-dimensional models cannot explain the discrepancies 

I t  could, therefore, be presmed that the valley 
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b Figs. 7-28. Data for each station includes: rotated apparent resistivities, 
impedance rotation angle, impedance skew, tipper magnitude, 
tipper rotation and tipper skew. 
to Fig. 4. 
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Lr 
Detailed Interpretation 

The interpretation of magnetotelluric data in other than horizontally 

of simple models. We have developed 
or obtaining the principle impedances 

r group by Ryu (1971) and later modified 

layered media involves curve matching the observed results to computer 
generated data for col lectio 
a fast f inite-element progr 
for TE and TM excitation ov wo-dimensional models. The program 
is based on one developed i 
by K. Lee. A catalogue of apparent resistivity psuedo section for 
simple two-dimensional models has been issued in an LBL report (Lee, 
et al., 1978). 

with a collection of simple models, the vertical contact, simple valley, 
etc., to get a rough relevant model Successiv 
of the model are tri ith increasing complexity, 

apparent resistivities is 

The interpretati s iterative. The interpreter begins 

hown in the index of 
Fig. 1-1 of Appendix 1 and the TE and TM appprent resistivities for 
various positions ven on the pages following this 
index. Important f el are discussed in t 

oniy very gen ut the resistivity di 
in Grass Valley ca odels in t h e  Appendix. A,valley 
contact with the resistive r 
revealed by the ch 
period (e.g. station 1.0 km , Fig. 13) and i s  similar to 
results of Model 4 he progression of the curve 
shapes for TE and ay from the inferred edge of 
the vallev is increased is verv similar to the model results for a 

of the ranges of the east is clearly 
the TE and TM curves at long 

to follow the TE v 

data are repeated in these 
curve for the best fit mode 

es, the theoretical apparent resistivity 
superimposed on the data, and the W 
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layer parameters are listed below the plot. A composite cross section 
for  Line EE'  is given i n  Fig. 36. 

The gross features of the section are evident from Fig. 36. A 
t h i n  resist ive surface layer, a thicker conductive section lying on 
resistive basement and finally deep i n  the crust a conductive layer. 
Because TE apparent resistivity interpretations on the conductive side 
of such a contact underestimate the thicknesses involved, a series 
of models were then tried incorporating the resis t ivi t ies  indicated 
but  w i t h  greater layer thicknesses. 

of the Appendix. 
well interpreted w i t h  these models. The details of the curves for 
periods less than 1 sec. are not accounted for a t  a l l ;  this is, pre- 
sumably, because surficial layers thinner than 250 meters are strongly 
perturbing the data a t  these periods. I t  has been shown that dis- 
continuities i n  such t h i n  layers unfortunately also perturb the response 
at  long periods. 
resistivities at  short periods suggests that caution must be exercised 
i n  the interpretation a t  greater periods. 

The models used for this interpretation are Models 6-1, 6-2, 6-3, 
Only the general features of the data on Line E are 

The strong separation of the TE and TM mode apparent 

In an average sense Model 6-2 has the best f i t  t o  the data, a t  
least t o  the TE data t o  the left of the inferred contact. The results 
are actually quite sensitive t o  the resis t ive surface layer thickness 
and t o  the thickness of the conductive layer beneath it.  The 1 km 
layer of 1 o h  meter material i n  Model 6-3 depresses the apparent 
res is t ivi t ies  too  much and displaces the observed minimum value t o  
longer periods than can be reconciled w i t h  the observed data. The 
bounds on the model are quite good b u t  the true thickness of the conductive 
layer may l i e  between .3 and .7 km and may of course vary between 
these limits all along the line. 

A serious problem for  interpretation is that the data from stations 
only 1 km apart display such large variations that  there is no possibility 
of matching the subtle changes i n  the model results t o  the f ie ld  data. 
Another serious problem is that  the TM data are not well f i t t e d  by the 
model. The error bars on the TM data are large, however, that  i t  is not 
reasonable t o  carry out more exhaustive model1 i n g  t o  accomnodate the 
data. 

Station 3.5 E seem t o  indicate that the boundary contact between the 
conductive valley and resistive range has been crossed. The apparent 
res is t ivi ty  values a t  short periods have jumped by a factor of 10 
bu t  the relative values for TE and TM mode have not reversed. The 
curve shapes are excellent; for example the data for station +0.5 
and +1.0 of Model 6-2 would f i t  the data very well if TE and TM were 
interchanged. The entire data processing scheme was carefully reviewed 
to  determine if this result  was an ar t i fac t  of the processing. Unless 
some field error resulted i n  an exchange of E and H recording channels 
for t h i s  station there i s  no evidence of a processing error. 

A f inal  and rather perplexing observation is that  the data for 



Least-squares f ive-layer model resu l ts  f i t t e d  t o  the 
TE apparent r e s i s t i v i t y  data o f  that  stat ion. 
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Fig. 30. Stat ion 2.5 km West, l i n e  EE'. 
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Conclusi ons 

The attempt t o  carry out a detailed interpretation of a magnetotelluric 
survey has demonstrated some fundamental problems that  must be addressed 
i n  future surveys and i n  future research. 

ral  features of Gras Valley could have been obtained 
from data from three or four magnetotelluric stations. Greater station 
density revealed variations over distances of one or two kilometers 
that could not be modkled w i t h  existing two-dimensional techniques 
( a t  least  not w i t h i n  reasonabl 

t i c  effect of discontinuities i n  t h i n  surface layers 
has been aptly demonstrated both i n  the models and i n  the data. TE I 

interpretations of layered models yielded valley thicknesses that 
were 50% too low. Perhaps more importantly, i t  can be deduced that  
if a contact some 10 kilometers away can strongly distort a sounding 
curve i n  a two-dimensional model, a three-dimensional feature ( a  s t r ike 
closure for the assumed 2-D valley, for example) a similar distance 
away could similarly d i s to r t  the impedance. 'Strike directions inferred 
from impedance rotation would t h u s  be affected and this may be the 
cause o f  the discrepancy between interpreted s t r ike  and observed geological 
s t r ike i n  Grass Valley. 

Near-surface discontinuities probably have a more serious effect 
on sounding curves t h a n  previous investigators had acknowledged. 
Two major effects are noted. First, the fields are strongly dependent 
on the l eng th  of the electric ole. T h i s  is seen i n  the model results 
from stations close t o  contac a good example being the data for 
Model 1-1 a t  0 km where the fields are shown for 500 m electrodes 
which straddle the contact. field is distorted over a 
wide period range and over 
The results for  the shallow 
4-2, demonstrate this effec 
the whole frequency range. ame type of results would 
if the station were i n  a mu llower conductive zone, 1 
meters thick, lying w i t h i n  ger valley structure. H 
there is no guarantee that t h  
at  a l l ,  will be parallel t o  ructure. Thus the strong 
distortion produced i n  elect erpendicular t o  a shallow 
conductor will persist t o  d i  elds which are parallel t o  
a larger structure underneat 

the large errors a 
modelling. The gross featu seen through the error bars, 
but  subtle features such as t i p p e r  magnitude as a function of lateral 
position, or details of the TE - TM apparent res is t ivi ty  curves are 
masked i n  this data set. The phase data for the principal impedances 
have not been DreSented i n  this analysis because of the very large 

time and computer costs). 

extents for  s ha1 1 ow bodies. 
esented by Model 4-1 and Model 
a are strongly affected over 

llower features, if two dimensional 

Even if the ab not exist, i t  is evident t 
e f ie ld  data preclude detailed 

scatter observed. T h i s  is a serious omission since i t  representi 
essential additional information that has been simply discarded. 

h) 
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There may be several reasons for the poor data quality and these probably 
apply t o  most magnetotelluric soundings taken i n  geothermal exploration, 

> Exploration surveys are typically constrained by economics, which 
imposes a 1imit.on the length of recording time. Brief recording 
times p l u s  the low f ie ld  activity i n  certain bands, particularly -1 
Hz t o  1.0 Hz, result  i n  inadequate data t o  obtain well-determined 
impedance estimates. A hitherto unsuspected fac t  that  has emerged 
i n  a parallel MT study by Clarke e t  al,,  (1977) is that there is a 
significant amount of electromagnetic noise uncorrelated w i t h  the 
desired incident magnetotelluric field, T h i s  introduces bias errors 
i n  tfie estimates dur ing  periods of low amplitude magnetotelluric fields. 
The bias errors can be as great as the spatial changes observed a t  
stations only a kilometer apart. I t  is obviously futi le t o  attempt 
model refinements a t  this level u n t i l  the data can be obtained without 
bias errors. The method developed by Clarke e t  al., us ing  a remote 
reference magnetometer promises t o  provide data of the required quality. 

. 
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APPEND I X 

Two-Dimensional Model for Interpretation of Magnetotel luric Data 

data from Grass Valley, Nevada, a suite of models was chosen t o  represent 
the general features of the known geology and morphology of the valley. 
Representative dimensions were also chosen on this basis although 
scaling laws would permit these data t o  be used i n  other geologic 
settings of different dimensions. 

The data are presented i n  both the familiar, apparent res is t ivi ty  
vs square root of period plots, and as pseudo sections, In the la t te r  
case the horizontal axis is station spacing on the ground surface, 
the vertical axis is square root of period, and contours of equal 
apparent resistivity form the resulting plot. The TE (electric field 
parallel t o  strike) and TM (magnetic field parallel t o  strike) apparent 
resistivities are plotted on the same raph i n  the standard Pa vs 6 
sections. The tipper values and tipper phases are included w i t h  these 
plots. Each model is presented w i t h  a figure showing the model number, 
a scale drawing of the model and a legend identifying the plotting 

'symobls used for the TE, TM, and tipper values. Following this are 
the Pa vs f l p l o t s  and the tipper values for  a succession of station 
locations across the model. For each station, where the section imnediately 
below is 1 ayered, the apparent resistivities for  an infinite one-dimensional 
model of the same resis t ivi ty  and layer thicknesses are shown by means 
of a dotted curve. Finally, the pseudo sections summarizing the individual 
Pa vs mplots are presented. We have found the pseudo sections very 
diff icul t  t o  use for interpretation. They require considerable practice 
on the part of the user, and i n  most cases i t  is diff icul t  t o  obtain 
the f ie ld  data along continuous profiles; i t  is, therefore, rare  that  
a good f ie ld  data pseudo section can be obtained t o  match w i t h  the 
model pseudo section. Furthermore, important relationships between TE 
and TM apparent resistivities vs frequency are diff icul t  t o  recognize 
i n  the separated pseudo sections. 

Because a model study was undertaken t o  analyze the magnetotelluric 

figures, bu t  separate p lo ts  are given 9 or each mode i n  the pseudo 

I t  should be noted that there are nunerical errors at  the highest 
frequencies that  are introduced by the modeling program and which 
are not always eliminated by the p l o t t i n g  programs. These errors 
occur when the mesh spacing becomes too small t o  represent the fields 
i n  the surface layer. In a l l  cases r u n  the apparent res i s t iv i t ies  have, 
i n  fact ,  become asymptotic t o  the near-surface value of resist ivity.  
Also, the tipper phase a t  low values of the tipper are meaningless 
and should be ignored i n  the analysis. 

For completeness the model se t  begins w i t h  the well known case 
of a single vertical discontinuity, separating regions of different 
resist ivity,  Models 1-1, 1-2, and 1-3. T h i s  model has already been 
discussed previously by d'Erceville and Kunetz (1962) and by Vozoff 
(1972); the la t te r  presented the tipper results for such a model. 
I t  should be noted that  the fields recover to  their  half space values Ld 
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a t  roughly 1.5 skin depths away from the contact and that  the tipper 
direction is always towards the resistive side, or i n  the plus x- 
direction. The tipper reaches a maximum on the resist ive side of the 
contact. On the resist ive side of the contact the TM apparent resis- 
t i v i t i e s  are relatively much closer to  the true resis t ivi ty  than the 
TE apparent res is t ivi t ies  for all frequencies. On the conductive 
side both modes are about equa 

In Model 2 a vertical con 
of 1 and 10 ohm meter resistivity overlying a resist ive basement of 
300 o h  meters. Th i s  model of a t h i n ,  discontinuous, surface layer 
i l lustrates  one of the major difficult ies i n  interpreting magnetotelluric 
results. For a station located 3 km from the single vertical 
contact of Model 1-2 both TE and apparent resistivities are w i t h i n  
10% of their  half space asymptot alue for  values of 0 less than 
5.0. For the corresponding s i t e  ode1 2 TE apparent res is t ivi ty  
is  almost 2 times the uniform t er value and the TM apparent 
res is t ivi ty  is about 30% less e two-layer value. Even a t  10 
km from the contact the value ue t o  be strongly affected by 
the discontinuity.' For example, it is only a t  periods less than 10 
seconds (a s k i n  depth of approximately 1.5 km i n  the surface layer) 
that the apparent res i s t iv i t ies  for TE nd TM l ie  w i t h i n  10% of the 
layered half space results. The fields are thus distorted by the 
contact a t  distances up t o  6 s k i n  depth , compared t o  only 1.5 

i n  depths i n  the case o 

can be explai 

uenced by the contact. 

he case of the lon 
se for an infinite conductive layer over a resistive half space. 

The e lectr ic  field will be essenti uniform across the surface 
layer and will be the value obtain 
the underlying half space. 
will t h u s  be higher than that 
of a uniform half space 

distances from the barrier. 
t o  this barrier by flowing i 

om the surface impedance of 
flowing i n  the surface layer 

Id flow i n  the same thickness 
ivi ty  of the surface layer. 

the surface layer t h i  
ect  may persist t o  ver 
nce the current must a 
r half space i t  m i g h t  be expected 

t be occupied t o  identify 
i l e s  whose lengths are up 

t o  20 times the thickness of the conductive section being investigated. 

d i  s 
of 

Somi features of t Par results over the t h i n  
irst, as i n  the case 
gher t h a n  those for the 

continuous layer' are worth s 
the vertical contact, the TE 
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one-dimensional model on i v e  side o f  the contact and lower 
on the r e s i s t i v e  side. The TM values behave i n  the opposite sense; 
lower on the conductive side and higher on the r e s i s t i v e  side. The 
t ipper  magnitude i ncreases gradually from each s i  de and peaks 
close to, but  on the r e s i s t i  

are a good approximation t o  the equivalent one-dimensional 1 ayered 
models a t  some distance from the fau l t .  This i s  not always the case, 
as discussed above, and 
r e s i s t i v i t y  curve i s  su t ha t  an in terpretat ion using a one-dimensional 
inversion rou t ine  would underestimate the thickness o f  the surface 
layer. The estimate o f  t h e  basement r e s i s t i v i t y  would, however, be 
bet ter  w i th  the  TE mode t h  i t h  the TM mode. For example, a t  -1.0 km 
i n  Model 2 the TE invers io  u ld  y i e l d  a basement r e s i s t i v i t y  o f  . 
150-300 ohm meters, whi le the TM estimate would be only 30 t o  50 ohm 
meters. The TM in terpretat ion would, f o r  a l l  s i t es  on the conductive 
s i  de, overest imate the surfa 

A f i n a l  po in t  about Mod 

side o f  the contact. 

It i s  o f ten assumed tha t  the observed TE apparent r e s i s t i v i t i e s  

f a c t  the d i s to r t i on  o f  the TE apparent 

f o r  t h i s  discontinuous 
can be made once 
The t ipper  always poin 
of the contact. Thus, 
data a t  an a r b i t r  

for a two dimensio 
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Closer t o  the contact the curves spli t  just as they do approaching 
a simple vertical contact. In this case, however, the values do not 
reverse over the contact as they do i n  the simple contact case; instead 
the reversal is very subtle and takes place a t  a poin t  some 3 km t o  
the l e f t  of the contact. The TM values remain higher than the TE 
and, i n  fact, the TM curve is very close t o  the equivalent two-layer 
case even w i t h i n  0.5 km of the fault. The tipper varies very slowly 
across the section, never exceeds 0.30, and points t o  the r i g h t  (i.e. 
still  i n  the direction from low t o  h i g h  res is t ivi ty  i n  the basement). 

In Model 3-2, the overburden layer is assigned a value of 10 
ohm meters so the model becomes that  of a buried 100 ohm meter quarter 
space. Approaching the contact from the left ,  or conductive side, 
the TE and TM apparent resistivities behave as they do approaching 
the simple vertical contact of Model 1-3. However, closer t h a n  about 
3.0 km the separation between the curves does not increase as it  does 
on the simple contact, b u t  begins t o  decrease u n t i l  a t  about -1.5 
km the curves merge. Beyond this point, t o  the r i g h t ,  the TM values 
again closely approximate the two layer model. Far t o  the r i g h t  the 
curves are close together a t  short  periods b u t  diverge a t  long  periods 
just as they do i n  vertical contact model. The tipper behavior is 
similar t o  that  of Model 3-1. A similar development of apparent 
res is t ivi ty  curves occurs far Model 3-3, a buried conductive quarter 
space. 

For a l l  of these cases the general d i s t r i b u t i o n  of res is t ivi ty  
can be deduced from several stations spaced across the section. Care 
must be exercised i n  interpreting a single station value. I t  would, 
for example, be diff icul t  t o  tell Model 3-3 from Model 1-2 a t  a station 
4 km t o  the r i g h t  of the contact i n  each case. However, there is 
no ambiguity i n  differentiating the results of Models 1 or 3 from 
the t h i n  layer contact case represented by Model 2. 

In a step towards models more representative of the conductive 
valleys of Nevada a collection of simple rectangular troughs is presented 
i n  Model 4-1, 4-2, and 4-3. The valley is i n  a l l  cases 1.0 km thick, 
has a resistivity of 10 o h  meters and has widths  of 5, 10, and 16 
km. The surrounding half space resistivity is 150 ohm meters. 

The results are quite distinctive i n  that they possess features 
which allow a clear differentiation from any of the previous models 
studied. In Model 4-1 the TE apparent res is t ivi t ies  w i t h i n  the valley 
show a characteristic two-layer shape, the high and low frequency 
asymptotes o f  which are correct, Le. 10 and 150 ohm meters respectively. 
The curve is distorted i n  such a way, however, that  a one dimensional 
interpretation would seriously underestimate the valley thickness. In 
this respect, the results are similar t o  that  o f  the t h i n  discontinuous 
layer i n  Model 2. The TM apparent resistivities, however, are almost 
constant as a function of period w i t h i n  the valley, and i n  the center 

the constant value is depressed t o  4 t o  6 ohm meters. 
are below the resis t ivi ty  of the valley. A t  the edges, e.g., 
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The t ipper  i s  zero he center of the valley, pos i t ive values 
t o  the r i g h t  and negative t o  the l e f t .  This i s  again consistent with 
the conclusion t h a t  the t ipper  points t 6  the higher r e s i s t i v i t y .  
The t ipper  reaches a maximum of about 0.5 j u s t  outside the valley. 
The t ipper  peaks a t  a frequency o f  about 1 Hz, whereas i n  Model 1 
it increased monotonically w i th  increasing period a t  a l l  si tes. Outsi 

ey the apparent r e s i s t i v  ies appear t o  approximate the values 
n f i n i t e  ve r t i ca l  contact see Model 1-2 a t  + L O  km) 
n 1 second but w i th  i n c r  sing period the  TE values 

r i s i n g  t o  the appropriate 150 o h  meter asymptote. The TM values 
j u s t  outside are high (400 ohm meters f o r  a l l  frequencies below 1 
Hz. As the distance away from the contact increases the TE and TM 
curves come togeth t 8 km a l l  evidence o f  the va l ley 
i s  gone. This l a t t e  assuring since it implies that  
near sur f  ace conduc 
s i t e  do not exert any i n  

the va l ley  i s  widene 

o layer asymptotes but  even 
i n  the center of  the  16 km val ley the  thickness i s  underestimated. 
The TM values i n  the c 
than 1 sec i n  Model 4-2 an econds i n  Model 4-3. 
The reason f o r  the behavio 
evident. A t  a 4" o f  
15 km. Thus, i n  both 
t o  or less than a sk in  
close t o  the uniform f 

distance from a magnetotelluric 
t long pe r i  ods . 

These general d i n  Models 4-2 and 4-3 as . 

The TE values 

bn, respectively. 

only a t  periods greater 

f o r  the progression 

r model consider e, which was also discussed by Vozoff 
a wide conductiv below a conductive surface layer 
ickness, Model 5- he conductive dike has v i r t u a l l y  no 

e f fec t  on the  TM apparent r v i t ies .  The TE values are predictably 
lower over the dike, and even a t  10 km distance the long period TE 

i s t i v i t i e s  are lowered by it. The effect on TE a t  long 
awed by the i n f i n i t e  ve r t i ca l  extent o f  the dike. A 

surface feature, such as the va l ley o f  Model 4-1, does not exert t h i s  
influence. There i s  l i t t l e  p o s s i b i l i t y  o f  confusing t h i s  dike model 
with any of the other models t h a t  have been discussed. 
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A f inal  case which addresses the problem of the effect  o f  surface 
discontinuities on the response of a deep crustal conductor is analyzed 
w i t h  Model 2-2. T h i s  is Model 2 but  w i t h  the addition of a conductive 
basement 16 km beneath the surface. In general the TE response is 
similar t o  that  of Model 2. I t s  shape and asymptotes are approximately 
those for the equivalent uniformly layered model. Like the discontinuous 
single layer model (Model 2), however, an inverse layer f i t t i n g  for 
Model 2-2 for all  the stations t o  the l e f t  of the contact would greatly 
underestimate the thickness of the surface layer, b u t  the depth estimate 
t o  the basal conductor would be q u i t e  accurate. 

The TM fields appear t o  "senseii the deep conductor a t  almost an order 
of magnitude higher frequency than do the TE f ields.  T h i s  lowers TM 
values considerably even a t  10 kilometers away from the contact. On 
the resist ive side of the contact neither TE or TM is close t o  the 
equivalent layered model except at  large distances from the faul t  
where the TE data is approximately correct. 

Model 2-2 from the response of the buried resist ive quarter space of 
Model 3-2. A t  stations over the resist ive quarter space the apparent 
res is t ivi ty  curves have the same general shape as those over the l e f t  
hand side of Model 2-2. However the relative values of the TE and TM 
apparent res i s t iv i t ies  are reversed so t h a t  i n  a practical situation 
there would be no confusion if t h  e TE and TM modes could be correctly 
identified. 

The effect  of the basal conductor on the TM data is very dramatic. 

Some care m u s t  be exercised i n  d i s t i n g u i s h i n g  the response of 

T h i s  small collection o f  simple models can not begin t o  
resolve the question of uniqueness for a two dimensional res is t ivi ty  
d i s t r ibu t ion .  I t  does indicate, however, that if multiple stations 
are available, there is no difficulty i n  d i s t i n g u i s h i n g  between the 
models of this se t ,  especially if the tipper and its direction are 
avai 1 ab1 e . 
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