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ABSTRACT 

Trustworthy models o f  no r the rn  Basin and 
Range r e s i s t i v i t y  have been l a c k i n g  m i n l y  due t o  
an inadequate regard  for  t h e  e f f e c t s  of upper 
c r u s t a l  three-dimensional  (3D) inhomogeneit ies 
u pon t h e  s u rf ace e l  ec t r oma gnet i c mea s uremen t s 
While geomagnetic deep sounding (GDS) i s  re la -  
t i v e l y  i n s e n s i t i v e  t o  upper c r u s t a l  complexi ty,  
t h e  a b i l i t y  o f  GDS t o  reso lve  s t r u c t u r e  o f  i n t e -  
r e s t  a t  g rea te r  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 r u c t u r e s  near t h e  sur face  has 
been docu~en ted  most thorough ly  f o r  t h e  magneto- 
t e l l u r i c  (MT) technique, a1 though c o n t r o l l e d -  
source e lec t romagnet ics  (CSEM) us ing  e i t h e r  
grounded o r  ungrounded t r a n s m i t t e r s  a l s o  i s  s e r i -  
ous ly  compl icated by inhomogeneit ies. The na tu ra l  
f i e l d  Rethods o f  MT and GDS a r e  p r e f e r r e d  t o  CSEM 
fo r  deep r e s i s t i v i t y  e x p l o r a t i o n  due t o  t h e  plane- 
wave na ture  o f  t he  source as we l l  as t o  t h e  a v a i l -  
a b i l i t y  o f  data a t  ve ry  l ow  frequencies and o f  2D 
and 3D modeling a lgo r i t hms  f o r  t r e a t i n g  upper 
c r u s t a l  s t ruc tu re .  

Magneto te l lu r i c  measurements i n  S.W. Utah 
have detected a l o w - r e s i s t i v i t y  l a y e r  from 35 t o  
65 km depth i n  the  upper mant le  t h a t  i s  proposed 
t o  r e f l e c t  an  accumulat ion o f  b a s a l t i c  me l t  i n  
p e r i d o t i t e .  GDS experiments and var ious  t e c t o n i c  
i n d i c a t o r s  suggest t h a t  t h i s  me l t  i s  c o n t r o l  l e d  by 
ad iaba t i c  upwel l ing  and f u s i o n  a long t h e  eas tern  
margin o f  t h e  no r the rn  Basin and Range. S i m i l a r  
GDS anomalies and ex tens iona l  processes appear 
a c t i v e  i n  t h e  western m r g i n  o f  t h i s  province, 
i f ~ p l y i n g  a s i m i l a r  r e s i s t i v i t y  s t ruc tu re .  Th is  
would leave t h e  no r the rn  Bas in  and Range i n t e r i o r  
of c e n t r a l  Nevada a s  a compara t ive ly  quiescent 
reg ion  w i t h  an upper mant le seismic l ow-ve loc i t y  
zone whose mel t  i n te rconnec t ion ,  and commensurate 
1 ow r e s i  s t  i v i  t y  , r e m  i n f a i r l y  i n t a c t .  

I NTRODUCT I O N  

The gains i n  knowledge o f  e a r t h  processes by 
i n v e s t i g a t i o n s  o f  e l e c t r i c a l  r e s i s t i v i t y  s t r u c t u r e  
t r a d i t i o n a l l y  have been modest compared t o  those 
by  o t h e r  g e o s c i e n t i f i c  methods. A ma jor  reason 
f o r  t h i s  i s  t h a t  t h e  e l e c t r o ~ a g n e t i c  (EM) measure- 
ments a t  t h e  surface, from which one i n f e r s  sub- 
surface r e s i s t i v i t y ,  i n  general a r e  contaminated 
b y  complex i ty  i n  t h e  uppermost c r u s t  t o  a degree 
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t h a t  i s  more extreme than f o r  o the r  geophysical 
techniques . 

Through t h e  course o f  t h i s  paper, I w i l l  ex- 
amine t h e  p i t f a l l s  i n  t h e  i n t e r p r e t a t i o n  o f  EM 
measurements i n  t e c t o n i c a l l y  a c t i v e  environments, 
rev iew prev ious  surveys o f  r e s i s t i v i t y  s t r u c t u r e  
i n  t h e  no r the rn  Basin and Range, and propose a 
model f o r  t h e  La te  Cenozoic evo lu t i on  o f  deep 
r e s i s t i v i t y  s t r u c t u r e  and physiochemical condi- 
t i o n s  th roughout  t h e  no r the rn  Basin and Range. 

R€SISTIVITY SURVEYS I N  THE ~ORTHERN 
B A S I N  AND RANGE 

Several key surveys o f  nor thern  Basin and 
Range r e s i s t i v i t y  s t r u c t u r e  w i l l  be s tud ied  i n  
t h i s  s e c t i o n  (see F igu re  1). Methods u t i l i z i n ~  

SCALE 

F igu re  1. Physiographic provinces o f  t h e  south 
western Un i ted  States,  mod i f i ed  from 
Stewart  (1978). Dashed l i n e  separates 
Great Bas in  from t h e  southern Basin and 
Range (Eaton, 1982). Locat ions  a re  
p l  o t t e d  f o r  r e s i s t i v i t y  surveys d i  s 
cussed i n  t e x t :  A ,  Schr~ucker (1970); R ,  
Pora th  (1971); C, MT survey a t  t h e  
Roosevel t  Hot Springs, t h i s  paper; D, 
Stanley e t  a1 . , 1976; E, K e l l e r ,  1971; 
F, P e t r i c k  e t  a1 ., 1981; G, L i e n e r t  and 
Bennett,  1977; H, L iene r t ,  1979; I ,  
Towle, 1980; J ,  W i l t  e t  ai., 1982. 



Wannamaker 

e i t h e r  na tu ra l  o r  a r t i f i c i a l  sources o f  EM f i e l d s  
have been app l ied .  P r i n c i p l e s  o f  t h e  techniques 
w i l l  not  be  reviewed here; t h e  reader i s  r e f e r r e d  
t o  t h e  l i t e r a t u r e  c i t e d  f o r  t h i s  purpose. I w i l l ,  
however, emphasize t h e  e f f e c t s  on EM observat ions 
o f  t h e  upper c r u s t a l  three-dimensional  (3D) he te r -  
ogene i ty  so preva len t  i n  t h e  nor thern  Basin and 
Range. 

Geomagnetic Deep Sounding 

Geomagnetic deep sounding (GDS), which makes 
use o f  na tu ra l  magnetic f i e l d  temporal v a r i a t i o n s ,  
i s  l e s s  a f f e c t e d  b y  upper c r u s t a l  complex i ty  than 
a r e  t h e  o the r  EM methods I cover.  The a n a l y s i s  o f  
Wannamaker e t  a l .  (1983) can b e  extended e a s i l y  t o  
show t h a t  t h e  secondary magnetic f i e l d  t r a n s f e r  
f unc t i ons  o f  GDS (Schmucker, 1970) a r e  band- 
1 i m i t e d  i n  frequency, w i t h  r e l a t i v e l y  smal 1-scale, 
shal low s t r u c t u r e  l i k e  graben sediments responding 
over a frequency range which i s  h igher  than t h a t  
o f  t h e  deep reg iona l  r e s i s t i v i t y  s t r u c t u r e  o f  
i n t e r e s t  approximately as  t h e  square o f  t h e  
geometric sca le  f a c t o r  d i s t i n g u i s h i n g  t h e  two 
c lasses  of s t ruc tu re .  However, d e t a i l s  o f  t h e  
separa t ion  depend on the  l aye red  host f o r  t he  
s t r u c t u r e s  (Wannama ker  e t  a1 . , 1983). This  
separa t ion  o f  responses i n  frequency enables 
d i s c r i m i n a t i o n  aga ins t  su r face  inhomogenei ty. 
Nevertheless, t h e  response of t h e  deep s t r u c t u r e  
one seeks may i t s e l f  be compl icated; use o f  
r e l a t i v e l y  s imple 1D o r  2D i n t e r p r e t a t i o n  
a l g o r i t h m  l i k e l y  w i l l  y i e l d  models t h a t  a r e  o n l y  
q u a l i t a t i v e l y  c o r r e c t .  

Pioneer ing measurements by  Schmucker (1970) 
estab 1 i shed geoma gnet i c  a noma 1 i es i ndica t i ng con- 
d u c t i v e  upwel l ings  beneath t h e  R io  Grande R i f t  and 
t h e  northwestern Basin and Range. Concerning t h e  
l a t t e r  area, Schmucker places t h e  conduct ive mass 
a t  a depth o f  40 km i n  t h e  upper m n t l e  (F igure  

Much o f  what we know about the  deep e lec-  
t r i c a l  r e s i s t i v i t y  o f  t h e  no r the rn  Basin and Range 
and the  Colorado P la teau i s  t he  r e s u l t  of geomag- 
n e t i c  temporal v a r i a t i o n s  observed by Rei t z e l  e t  
a l .  (1970). Three components o f  magnetic f i e l d  
were recorded a t  per iods from 20 t o  200 minutes 
a long  f o u r  E-W p r o f i l e s  about 150 km apar t ,  w i t h  
s t a t i o n  spacings averaging about 120 km. Porath 
e t  a l .  (1970) and Porath and Gough (1971) showed 
t h a t  anomalies i n  v e r t i c a l  and E-W ho r i zon ta l  
f i e l d s  were o f  i n t e r n a l  o r i g i n  (see F igure  3 ) ,  
w i t h  t h e  ex terna l  f i e l d s  va ry ing  smoothly over t h e  
record ing  ar ray .  Th is  behav io r  o f  the  ex terna l  
f i e l d s  severely l i m i t s  t h e  a b i l i t y  o f  GDS t o  
reso lve  ho r i zon ta l  r e s i s t i v i t y  l a y e r i n g  
(Schniucker, 1970). 

From these est imates o f  normal ized anomalous 
f i e l d s ,  Porath (1971) presented a p re fe r red ,  two- 
dimensional r e s i s t i v i t y  model, a1 so shown i n  
F igu re  3, w i t h  a 2 n-m l a y e r  o f  vary ing  th ickness  
from t h e  no r the rn  Basin and Range t o  the  Great 
P la ins ,  and w i t h  superimposed conduct ive r i dges  
beneath t h e  Wasatch Fau l t  B e l t  and the  Southern 
Rocky Mountains. Th is  model was c o r r e l a t e d  w i t h  

seismic LVZ estimates. Gough (1983) has rea f -  
f i rmed  t h e  model o f  Porath (1971) and proposed 
t h a t  t h e  conduct ive  r i dges  i n  the  upper mantle 
beneath western Utah and t h e  southern Pocky Fcoun- 
t a i n s  r e f l e c t  zones o f  p a r t i a l  me l t i ng .  However, 
t h e  i n t r i n s i c  values of depth and r e s i s t i v i t y  a re  
no t  we l l  resolved ( i b id . ) ,  e s p e c i a l l y  given the  
assumption o f  p u r e l y  2D geometry. The secondary 
f i e l d  ampl i tudes d im in i sh  t o  t h e  south,  and so 
presumably does t h e  anomal ous r e s i s t i v i t y  s t ruc -  
t u re ,  b u t  t h e  fea tures  i n  F igure  3 appear t o  con- 
t i n u e  i n t o  northwesternmost Arizona. 
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F igu re  2. Observed and computed, normal ized, i n -  
phase, v e r t i c a l  magnetic f i e l d  var ia -  
t i o n  a long VSW-ENE p r o f i l e  i n  western 
most Nevada. 
semi -cy l i nd r i ca l  c o n d u c t i v i t y  hump i n  
t h e  upper mant le which f i t s  t h e  obser-  
va t ions .  Urban centers  l o c a t e d  as 
abbrev ia t i ons  P ( P a c i f i c ,  CA), C 
(Carson C i t y )  and F ( F a l l o n ) .  
quency i s  4 cyc les /h r .  
Schmucker (1970) 

Also shown i s  s imple,  

Fre- 
Adapted from 

Magnetotel l  u r i c  Measurements 

The magne to te l l u r i c  (MT) method, which makes 
use o f  b o t h  e l e c t r i c  and magnetic na tu ra l  f i e l d  
temporal va r ia t i ons ,  has been w ide ly  a p p l i e d  i n  
t h e  expl  ora t i on o f  geot herma 1 systems, sedimenta r y  
bas ins  and t h e  deep c r u s t  and upper mant le  ( S w i f t ,  
1967; Word e t  a l . ,  1971; Vozoff,  1972; Larsen, 
1975; Jupp and Vozoff,  1976; Stan ley  e t  al. ,  
1977). While recent advances i n  i ns t rumen ta t i on  
and data processing (Garrble e t  a l . ,  1979; 
Weinstock and Overton, 1981; Stodt,  1983) enable 
accura te  measurements o f  tensor  MT responses, 
models o f  deep r e s i s t i v i t y  de r i ved  from MT 
responses commonly a r e  suspect due t o  an 
u n s a t i s f a c t o r y  t rea tment  o f  upper c r u s t a l  l a t e r a l  
inhomogeneit ies (Wannamaker e t  a1 . , 1983). 

The Trouble with Upper Crustal Structure.  - 
Serious problems w i t h  i n t e r p r e t a t i o n  o f  MT 
soundings near e l e c t r i c a l l y  conduct ive  graben 
sediments were f i r s t  documented by  S w i f t  (1967) i n  
h i s  Arizona and New Mexico s tud ies .  A d e t a i l e d  
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Figure  3. Nomal ized ,  anomalous, in-phase, 
h o r i z o n t a l  E-W (Yia/YD) and v e r t i c a l  
(Zia/Zn) magnetic v a r i a t i o n  f i e l d s  a t  a 
per iod o f  60 minutes i n  t h e  south 
western U n i t e d  States (Pora th  e t  al . ,  
1970) a long w i th  t h e  t w o - d i ~ e n s i o n a l  
r e s i s t i v i t y  c ross-sec t ion  p r e f e r r e d  b y  
Porath (1971b) and Gough (1983) t o  
e x p l a i n  t h e  observat ions.  The E-W 
p r o f i l e  f o r  which t h e  c ross-sec t ion  i s  
de f ined i s  drawn on t h e  maps o f  
observed f i e l d s .  

exarni n a t i o n  of t h e  MT responses assoc ia ted  w i t h  
graben a l l u v i a l  f i l l  has been performed b y  
Wannamaker e t  a l .  (1983) ,  who concluded t h a t  such 
responses a r e  f u n d a ~ e n t a l  l y  three-dimensional i n  
na ture  and t h a t  i n d i s c r i m i n a t e  use o f  1D o r  2D 
modeling a lgor i thms genera l l y  w i l l  i n c u r  ser ious  
e r r o r s  

Wa~namaker e t  a t .  (1983) d e ~ o n s t r a t ~ d  i n  
p a r t i c u l a r  t h a t  two-dimensional t ransverse  
e l e c t r i c  (TE) modeling a lgor i thms a r e  
i n a p p r o p r i a t e  f o r  i n t e r p r e t i  ng apparent 
r e s i s t i v i t i e s ,  impedance phases o r  t i p p e r  i n  t h e  
n o r t h e r n  Basin and Range i d e n t i f i e d  as  TE (Word e t  
al. ,  1971; Vozoff,  1972). The 213 TE mode, 
c o n s i s t i n g  o f  t h e  h o r i z o n t a l  E - f i e l d  para1 le1  t o  
s t r i k e  and t h e  orthogonal H- f ie lds ,  invo lves  no 
boundary charges and hence no cur ren t -ga ther i  ng, 
whereas i n  t h e  nor thern  Basin and Range, a l l  modes 
o f  MT responses due t o  upper c r u s t a l  inhomo- 
g e n e i t i e s  a r e  dominated b y  cur ren t -ga ther ing .  

If MT sounding data i d e n t i f i e d  as TE i n  t h e  
presence o f  a 3D conduct ive inhomogeneity a r e  
i n v e r t e d  assuming a 1 D  model o f  deep r e s i s t i v i t y  
s t r u c t u r e ,  as I perce ive  has been o v e ~ h e l m i n g l y  
t h e  case i n  t h e  l i t e r a t u r e ,  then any such model 
w i l l  s u f f e r  s y s t e m a t i c a l l y  a compression o f  l a y e r  
th icknesses and a downward b i a s  i n  l a y e r  r e s i s t i v -  
i t i e s  r e l a t i v e  t o  the t r u e  10 reg iona l  p r o f i l e  
enc los ing  t h e  i n h o ~ o g e n e i t y .  . Th is  i s  because t h e  
TE mode apparent r e s i s t i v i t y  everywhere over  and 
t o  t h e  e x t e r i o r  o f  a conduct ive 30 body w i l l  b e  
depressed throughout  a1 1 f requencies r e l a t i v e  t o  
t h e  apparent r e s i s t i v i t y  o f  t h e  layered hos t  
c o n t a i n i n g  t h e  s t r u c t u r e  (T ing and Hohmann, 1981; 
~ a n n a ~ a k e r  e t  a1 . , 1983) . 

For tunate ly ,  accura te  r e s i s t i v i t y  cross_- 
sec t ions  through horst-graben morpho1 ogy i n  t h e  
Great Basin can b e  obta ined by  s e l e c t i v e  a p p l i -  
c a t i o n  o f  a 2D t ransverse  magnetic (TM) modeling 
a l g o r i t h m  (Wannamaker e t  a1 ., 1983). The 21, TM 
mode c o n s i s t s  o f  t h e  H - f i e l d  p a r a l l e l  t o  s t r i k e  
and t h e  orthogonal E - f i e l d s .  Boundary charges a r e  
inc luded i n  b o t h  30 and 2D TM formulat ions,  
a l l o w i n g  a proper  t reatment  o f  c u r r e n t - g a t h e r i n g  
e f f e c t s  upon apparent r e s i s t i v i t y  and impedance 
phase. I n  d e f i n i n g  data f o r  t ransverse magnetic 
modeling o f  n o r t h e r n  Basin and Range upper c r u s t a l  
s t r u c t u r e ,  I recommend a uni form coord ina te  system 
based on t i p p e r - s t r i k e  (Vozof f ,  1972).  As w i t h  
GDS t r a n s f e r  func t ions ,  t i p p e r  responses a r e  band- 
l i m i t e d  i n  frequency (Wannamaker e t  al. ,  1983),  so 
t h a t  one may choose an opt imal  frequency range f o r  
d e f i n i n g  t i p p e r - s t r i k e  t o  minimize t h e  c o n t r i -  
b u t i o n s  o f  secondary inhomogeneit ies much smal le r  
than t h e  conduct ive  graben sediments f o r  which one 
i s  p r i m a r i l y  concerned i n  compensating. 

MT Measurements a t  t he  RooseveZt Hot Springs.- 
A thorough account ing o f  upper c r u s t a 1  

he terogene i ty  i n  the course o f  r e s o l v i n g  deep 
r e s i s t i v i t y  has been performed on a c o l l e c t i o n  o f  
t e n s o r  MT data a t  t h e  Roosevelt Hot Springs 
thermal area i n  S.Y. Utah (Ward e t  a l . ,  1978; Ross 
e t  al . ,  1982; see F igure  4). The complexly 3D 
nature  o f  t h e  MT responses d i r e c t l y  over t h e  
thermal anomaly area prevented a r igorous  quant i -  
f i c a t i o n  o f  any r e s i s t i v i t y  s t r u c t u r e  assoc ia ted  
w i t h  an economic hot  b r i n e  r e s e r v o i r  o r  a mid- 
c r u s t a l  magmatic heat source f o r  t h e  g e o t h e r m l  
system ( i b i d . ) -  However, soundings a long l i n e  B- 
B i n  F i g u r e  4 a t  d is tance from t h e  thermal 
anomaly area, c a r e f u l l y  modeled t o  remove t h e  
e f f e c t s  o f  upper c r u s t a l  l a t e r a l  inhomogeneit ies, 
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F igu re  4. Magneto te l lu r i c  s i t e  l o c a t i o n  map f o r  
t h e  Roosevelt Hot Spr ings thermal 
area. Eock ou tc rop  bounding t h e  
M i l f o r d  Va l ley  sediments i s  l i g h t l y  
s t i p p l e d  w h i l e  t h e  s o l i d  curve  i s  t h e  
400 mWm" thermal con tou r  (Ward e t  a l . ,  
1978). 
t e x t  a r e  p r e f i x e d  accord ing  t o  t h e  year  
i n  which they  were occupied. 

S t a t i o n  numbers r e f e r r e d  t o  i n  

have y ie lded  a reg iona l  r e s i s t i v i t y  p r o f i l e  f o r  
S.W. Utah t o  depths of about 100 km. 

The observed q u a n t i t i e s  pyx and $yx o f  l i n e  
B-B', i d e n t i f i e d  as Tlr?, us ing  a un i fo rm coord ina te  
d i r e c t i o n  as recanrnended prev ious ly ,  have been 
assembled i n  F igure  5 i n t o  pseudosections (Vozoff ,  
1972). The measured r e s u l t s  f o r  t h i s  l i n e  e x h i b i t  
a v i  r t u a l  l y  c l a s s i c  horst-graben response f o r  t h e  
TM mode and bear a c l o s e  r e s e h l a n c e  t o  t h e  
computations o f  Wannamaker e t  a l .  (1983). Note 
e s p e c i a l l y  t h e  s t rong  l a t e r a l  g rad ien ts  i n  p and 
$ between s t a t i o n s  78-8 and 78-10, which &e due t8  t h e  abrupt  range f ron t  f a u l t i n g  bounding t h e  
graben sediments on t h e  eas t  s ide.  

To i n t e r p r e t  these MT observat ions,  I have 
r e l i e d  upon t r i a l - a n d - e r r o r  matching o f  r e s u l t s  
c a l c u l a t e d  f r o n  an assumed r e s i s t i v i t y  c ross-  
sec t i on  w i th  t h e  observed WT data o f  F igu re  5 
us ing  a v e r s a t i l e  and accura te  2D f i n i t e  element 
f o r m  r d  program ( R  i j? , 197 7; Stodt , 1978). 
Nonuniqueness i n  mu1 t i d imens iona l  modeling was 
a l l e v i a t e d  by  a h i g h  s t a t i o n  dens i t y  i n  each MT 
p r o f i l e  and b y  a wide spectrum of data a t  each 
s t a t i o n .  I n  p a r t i c u l a r  concerning t h e  l a t t e r  
po in t ,  data a t  each sounding extended t o  
s u f f i c i e n t l y  h i g h  frequencies so t h a t  b o t h  p r i n -  
c i p a l  apparent r e s i s t i v i t i e s  p and p a s  we l l  
as impedance phases $ and $ x! have &%;erged t o  
common values above s88e freq66ncy. For t h i s  h igh  
frequency range, t h e  e a r t h  w i l l  l i k e l y  be e f f e c -  
t i v e l y  one-dimensional , a l l o w i n g  one t o  c o n s t r a i n  
t h e  near-surface model r e s i s t i v i t i e s  c l o s e  t o  
t h e i r  t r u e  values. Such i s o t r o p i c  behav io r  occurs 
f o r  f requencies above 1 Hz f o r  t h e  v a l l e y  s t a t i o n s  
and above 30 Hz f o r  t h e  mountain s i t e s .  

OBSERVED APPARENT RESISTIVITY B-E 
I I I I I 1 I " '  . - 6.&' I 

W E 
STATION 

OBSERVED IMPEDANCE PHASE B-B' 

- I -  L 5 u -  I 

W STAT I ON E 

F igu re  5. Observed pseudosections of p and d,,, 
i d e n t i f i e d  as t ransve rse  magXit ic,  
a long l i n e  B-B '  o f  F i  u r e  4. Contours 
o f  pyx i n  n-m and o f  Jyx i n  degrees. 
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The computed pseudosections o f  p and d, 
f o r  l i n e  B-L3’ appear i n  F igure  6. Not!: t h a t  t?% 
computed and observed pseudosections a r e  v i r t u a l l y  
i d e n t i c a l ;  t h e  observat ions have been f i t  t o  
w i t h i n  data s c a t t e r  almost everywhere. Examples 
o f  data s c a t t e r  t y p i c a l  o f  s i t e s  over t h e  Minera l  
Ffountains w i l l  b e  forthcoming. 

MODELED APPARENT RESISTIVITY B-B’ 

-3- -.- 
I 4 ,  q t  4 9 

n ‘p p; P T B C N  2: f ? c c c i ? ? $ k i ? * c b  m m  f 

W STATION E 

MODELED IMPEDANCE PHASE B- B’ 

W STATION 
E 

Figure  6, B e s t - f i t  pseudosections o f  p and dyx 

Contours o f  

obta ined from t ransverse  m a g ~ e t i c  , 
f i n i t e  element s i m u l a t i o n  o f  t h e  
observat ions o f  F i g u r e  5. 
pyx i n  Sb-m and o f  d,yx i n  degrees. 

The model o f  deep r e s i s t i v i t y  s t r u c t u r e  
produced by a p p l i c a t i o n  o f  t h e  2D TM f i n i t e  
element a l g o r i t h m  t o  t h e  observat ions can be 
d i v i d e d  i n t o  two major  par ts :  f i r s t ,  a sha l low 
p o r t i o n  d e t a i l i n g  j u s t  t h e  extens ive upper c r u s t a l  
l a t e r a l  inhomogeneit ies i n  t h e  upper 2 km; and 
second, a deep, p u r e l y  layered p o r t i o n  extending 
t o  about 100 km which i s  determined b y  t h e  
p h y s i o c h m i c a l  c o n d i t i o n s  o f  t h e  c r u s t  and upper 
mantle below 2 km. 

The upper 3 km o f  t h e  f i n i t e  element c ross-  
sec t ion  we have d e r i v e d  i s  shown i n  F i g u r e  7. 
Wi th in  t h e  M i l f o r d  Va l ley ,  u n i t s  w i t h i n  140 m o f  
t h e  sur face  hav ing r e s i s t i v i t i e s  from 3.5 t o  18 62- 
m correspond t o  s u r f i c i a l  c lays ,  sands and grave ls  

which a r e  p a r t i a l l y  o r  complete ly  water-satu- 
ra ted .  Looking a b i t  deeper here, r e s i s t i v i t i e s  
as  low near ly  a s  1 a-m a r e  caused by  P le is tocene 
Lake Bonnev i l te  c l a y s  (Hintze,  1973, 1980), which 
we show r e s i d i n g  t o  a maximum depth near 700 m 
below s t a t i o n  78-7. Deeper s t i l l  e x i s t s  a poor ly  
reso lved b u t  s u b s t a n t i a l  th ickness (>  1 km) o f  
modest r e s i s t i v i t y  m a t e r i a l  (25 n-m) r e l a t e d  t o  
pre-Bonnevi l le  a l l u v i u ~  and vo lcan ics  (Rowley e t  
al , ,  1979). Note as w e l l  t h e  e s p e c i a l l y  steep d i p  
o f  t h e  eastern boundary f a u l t i n g  o f  t h e  v a l l e y  
a l luv ium, i n f e r r e d  from t h e  abrupt  l a t e r a l  
g rad ien ts  i n  p and d, between s t a t i o n s  78-9 and 
78-10 i n  F i g & &  5 (&? t lern icke and Gurch f ie l ,  
1982). The i n i t i a l  guess i n  t h e  modeling process 
o f  t h i s  upper c r u s t a l  r e s i s t i v i t y  sec t ion  vas 
guided by the  r e f r a c t i o n  seismic model o f  Gertson 
and Smith (1979) and t h e  g r a v i t y  observat ions o f  
Car te r  and Cook (1978), b u t  t h e  f i n a l  sec t ion  i n  
F igure  7 shows i ~ p o r t a n t  d i f fe rences .  

Over the  Minera l  Rountains, our model i n  
F i g u r e  7 shows r e s i s t i v i t i e s  o f  hundreds o f  ohm-m 
increas ing  t o  3000 n-m over t b e  depth i n t e r v a l  of 
2 t o  3 km, Th is  represents  a decrease i n  p o r o s i t y  
o f  t h e  we l l - indura ted  basement rocks t o  we l l  under 
l%, probably due f o r  t h e  grea ter  p a r t  t o  a 
decrease i n  f r a c t u r e  p o r o s i t y  below 2 t o  3 km 
depth . 

The 1400 a-n medium i n  F igure  7 begins t h e  
deep layered r e s i s t i v i t y  p r o f i l e  in t roduced 
p r e v i o u s l y  and shown i n  i t s  e n t i r e t y  i n  F igure 
E. The b e s t - f i t  model shows a max i~~um r e s i s t i v i t y  
o f  3000 a-m over  t h e  depth i n t e r v a l  o f  3 t o  11 
km. Subsequently, r e s i s t i v i t y  f a l l s  t o  200 0-m by 
35 km depth, whereupon an abrupt  drop t o  20 a-m i s  
enc ount ered. This  l o w - r e s i s t i v i t y  m t e r i a l  
d e f i n e s  a deep, t h i c k  l a y e r  bottomed a t  65 km 
depth by  a sudden increase t o  a 200 n-m basal  
half-space. The f a c t  t h a t  t h i s  deeper p a r t  o f  t h e  
model i s  p u r e l y  layered i s  n o t  due t o  poor 
r e s o l u t i o n  on the  p a r t  o f  the  measurements of  
F i g u r e  5; t h e  data q u a l i t y  f o r  a l l  soundings i n  
l i n e  B-B’ i s  good t o  e x c e l l e n t  and y e t  t h e  data 
a r e  f i t  w i t h i n  s c a t t e r  by imposing a p u r e l y  ID 
s e c t i o n  f o r  depths g r e a t e r  than 2 km. Fur ther -  
more, through a p p l i c a t i o n  o f  a 20 TM program, t h e  
data o f  l i n e  C - C ’  i n  F igure  4 a l s o  are  f i t  us ing  
t h e  pre fer red  deep p r o f i l e  o f  F i g u r e  8 (Ross e t  
a l . ,  1982). 

I n  F igure 9 a r e  p l o t t e d  bo th  modes o f  
apparent r e s i s t i v i t y  and impedance phase f o r  
s t a t i o n  76-13 a long w i t h  several computed response 
curves. F i r s t ,  cons ider  t h e  so l  i d  curves passing 
through the observed data p o i n t s  o f  p and byx. 
These curves d i s p l a y  t h e  c a l c u l a t e d  Tesponse o f  
t h e  b e s t - f i t  f i n i t e  element model o f  F igures 7 and 
8 a t  s t a t i o n  76-13, a response which seems very  
agreeable w i t h  t h e  t rends  o f  t h e  observed data 
points ,  I n  a d d i t i o n ,  curves o f  l o n g  dashes l y i n g  
in te rmed ia te  t o  the  p r i n c i p a l  apparent r e s i s t i v i t y  
and impedance phase observat ions a r e  shown i n  
F i g u r e  9, The response o f  t h e  b e s t - f i t  one- 
dimensional deep r e s i s t i v i t y  p r o f i l e  o f  F igure 8 
i n  t h e  absence o f  a l l  upper c r u s t a l  l a t e r a l  
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F igu re  7. B e s t - f i t ,  2D TM f i n i t e  element r e s i s t i v i t y  c ross-sec t ion  f i t t i n g  the  
observat ions o f  l i n e  B-B'  i n  F igu re  4. 

s t r u c t u r e  i s  represented by these l a t t e r  curves. 
The d i f f e r e n c e  between t h e  observa t ions  and t h e  
p u r e l y  1D response i l l u s t r a t e s  aga in  t h e  impor- 
tance o f  t h e  M i l f o r d  Va l l ey  i n  determining t h e  PT 
s ignatures  i n  t h i s  area. The i n c l u s i o n  o f  l a t e r a l  
i nhomogenei t i es i n model s o f  deep r e s i  s t  i v i  t y  
s t r u c t u r e  i s  o f  paramount importance i n  t e c t o n i -  
c a l l y  d i s tu rbed  reg ions  l i k e  t h e  Great Basin, and 
supercedes o the r  cons idera t ions  o f  t h e  appropr i -  
ateness o f  r e s i s t i v i t y  models v i s -a -v i s  cont inuous 
vs. layered  one-dimensional s t ruc tu res  (Larsen, 
1981 ; Pa r k e r  and Whaler, 1981). 

I t u r n  now t o  r e s o l u t i o n  o f  d e t a i l  i n  t he  
deep r e s i s t i v i t y  p r o f i l e  o f  F igure  9. It i s  noted 
a t  t h e  ou tse t  t h a t ,  wh i l e  l a t e r a l  inhomogeneit ies, 
i.e., t h e  M i l f o r d  Val ley,  have induced an iso t ropy  
t o  a h igh  degree over t h e  Mineral  Mountains, bo th  
tensor  and 1D s ignatures  i n  F igu re  9 bear a 
c e r t a i n  mutual resemblance. I n  p a r t i c u l a r ,  t h e  
f a c t o r  o f  t e n  drop i n  model r e s i s t i v i t y  a t  35 km 
depth i s  respons ib le  f o r  t he  p a r t i c u l a r l y  steep 
grad ien ts  i n  t h e  apparent r e s i s t i v i t i e s  and t h e  
va lues  o f  impedance phases about 70" around 0.03 
Hz. Also, w i thout  t h e  abrupt r i s e  i n  model 
r e s i s t i v i t y  a t  65 km depth, t h e  apparent 
r e s i s t i v i t y  data would no t  f l a t t e n  out nor  would 
t h e  impedance phase data f a l l  as s t rong ly  o r  
r a p i d l y  as they  do i n  F igure  9 a t  t h e  lowest 
f requencies,  e s p e c i a l l y  below 0.003 Hz. 

A t  f requencies l ess  than 0.01 Hz i n  F igu re  9, 
b o t h  4 and dYx have converged t o  common values 
w h i l e  p": and p have shapes t h a t  a r e  e s s e n t i a l l y  
i d e n t i c a y  excepgxthat they  a r e  o f f s e t  by a f a c t o r  
o f  ten.  Eventua l l y ,  a convergence o f  t h i s  s o r t  
occurs as frequency f a l l s  f o r  a l l  s t a t i o n s  i n  t h e  
Roosevel t Hot Spr i  ngs area. Th is  frequency 
dependence o f  t he  tensor  sounding curves 

p a r t i c u l a r l y  i l l u s t r a t e s  t h a t  a one-dimensional , 
reg iona l  r e s i s t i v i t y  p r o f i l e  con ta in ing  l o c a l  
l a t e r a l  v a r i a t i o n s  i n  s t ruc tu re ,  c h i e f l y  the  
M i l f o r d  Va l ley  sediments, i s  a v i a b l e  model f o r  
t h e  r e s i s t i v i t y  makeup here i n  S.W. Utah. 

To s t rengthen conf idence i n  t h e  b e s t - f i t  deep 
r e s i s t i v i t y  p r o f i l e ,  I cons ider  th ree  a l t e r n a t e s  
i n  F igure  8. The f i r s t  i s  a p r o f i l e  whose l o g  
r e s i s t i v i t y  decreases l i n e a r l y  w i t h  depth ( p l o t t e d  
w i t h  dots and l a b e l l e d  t h e  "Steady Decrease" model 
i n  F igure  8) .  I a r r i v e  a t  a.  second layered 
sequence drawn w i t h  a l t e r ? F t i n g  do ts  and dashes i n  
F igu re  8 and c a l l e d  t h e  Shallow" reg iona l  model 
by  s h r i n k i n g  t h e  depths and r e s i s t i v i t i e s  o f  
i n d i v i d u a l  l a y e r s  by 30% such t h a t  l a y e r  con t ras ts  
and c o n d u c t i v i t y  th ickness  products remain 
cons tan t  (Madden, 1971). The l a s t  parameter 
r e s o l u t i o n  examination deals s o l e l y  w i t h  t h e  deep 
l o w - r e s i s t i v i t y  l a y e r  from 35 t o  65 km. I 
main ta in  t h a t  t h i s  20 n-m medium i s  no t  a " t h i n "  
l a y e r  (Madden, 1971), and t o  prove so i t  i s  
replaced b y  a u n i t  o f  equ iva len t  c o n d u c t i v i t y -  
th ickness  product o f  10 R-n r e s i s t i v i t y  and 15 km 
th ickness .  

The TM mode computed response curves a t  s i t e  
76-13 fo r  t h e  v a l l e y  c ross -sec t i on  conta ined i n  
each o f  t h e  a l t e r n a t e  model reg iona l  p r o f i l e s  
appear i n  F igu re  9. The computed apparent 
r e s i s t i v i t y  o r  impedance phase o r  bo th  f o r  each of 
t h e  a l t e r n a t e  models do no t  f i t  t h e  observed data 
p o i n t s  over much of t h e  frequency range, causing 
them t o  be  dismissed as candidates f o r  deep 
r e s i s t i v i t y  s t r u c t u r e  i n  t h i s  area. Recal l  t h a t  
a l l  soundings on p r o f i l e s  B-B'  and C - C '  a r e  
exp la ined us ing  t h e  same reg iona l  p r o f i l e ;  several  
o the r  soundings i n  t h e  Mineral  Mountains a r e  
comparable i n  q u a l i t y  t o  s i t e  76-13 and show 
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F i g u r e  8. 0ne-dimensional , deep r e s i s t i v i t y  
p r o f i l e  i n  t h i s  area o f  S.W. Utah 
d e f i n i n g  t h e  lower  p o r t i o n  o f  our 2D 
f i n i t e  element model . A l t e r n a t e  
r e s i s t i v i t y  p r o f i l e s  used i n  parameter 
r e s o l u t i o n  t e s t s  a r e  drawn w i t h  d o t s  
and dashes. 

e q u a l l y  w e l l  t h e  inadequacy o f  t h e  a l t e r n a t e  
reg iona l  p r o f i l e s .  I presume a maxinium depth o f  
s e n s i t i v i t y  o f  t h e  data t o  subsurface s t r u c t u r e  o f  
about 120 km, as impos i t ion  o f  l o w - r e s i s t i v i t y  
m a t e r i a l  here causes computed phases a t  0.002 Hz 
which exeed those o f  t h e  b e s t - f i t  model by about 
f o u r  degrees and which cannot be made t o  agree 
w i t h  t h e  observat ions by  i n c r e a s i n g  t h e  
r e s i s t i v i t y  o f  t h e  200 fi-m m a t e r i a l .  

Before c l o s i n g  t h i s  p a r t i c u l a r  study, t h e r e  
i s  one more demonstrat ion o f  t h e  hazards o f  1D 
i n t e r p r e t a t i o n  o f  MT data i n  reg ions  o f  extens ion 
l i k e  the  nor thern  Basin and Range. I n  F igure  10 
a r e  reproduced t h e  b e s t - f i t  deep p r o f i l e  o f  F igure  
8 as w e l l  as model p r o f i l e s  computed through 
d i r e c t  1D i n v e r s i o n  o f  t h e  tensor  MT observat ions 
of  F igure  9 ( I  used t h e  r o u t i n e  o f  P e t r i c k  e t  a1 ., 
1977). The d i s p l a y  o f  these observat ions w i t h  t h e  
computed 1 D  responses o f  t h e  a f o r e s a i d  model 
p r o f i l e s  i n  F igure  11 shows t h e  goodness o f  f i t  
p o s s i b l e  by a 1 D  i n v e r s i o n  a l g o r i t h m  t o  data taken 
i n  3D environments. The deep r e s i s t i v i t y  models 
d e r i v e d  thereby a r e  unacceptable, however; t h e i r  

F i g u r e  9. Observed data px , p x, b, and b, f o r  
sounding 76-13 o f  l i X e  B- i y .  Sol# 
curve  represents  goodness-of -f i t o f  
computed t o  observed r e s u l t s  us ing t h e  
b e s t - f  i t r e s i  s t  i v i  t y  cross-sect ions o f  
F igures 7 and 8. 
s h o r t e r  dashes re1  a t e  t o  correspon- 
d i n g l y  drawn a l t e r n a t e  r e s i s t i v i t y  
p r o f i l e s  i n  F igure 8 used i n  parameter 
r e s o l u t i o n  t e s t s .  Curves o f  long  
dashes appearing between t h e  two modes 
o f  data p o i n t s  represent  t h e  1 D  forward 
computation us ing t h e  b e s t - f i t  reg ional  
p r o f i l e  i n  F igure  8. 

Curves o f  d o t s  and 

depar ture from the  p r e f e r r e d  deep p r o f i l e  exceeds 
bounds t h a t  were a1 ready r e j e c t e d  i n  t h e  r igorous  
parameter r e s o l u t i o n  s tud ies  o f  F igures 8 and 9. 
Moreover, due t o  l o c a l  l a t e r a l  inhomogeneity, 
computed layered models w i l l  vary  d r a s t i c a l l y  f rom 
s i t e  t o  s i t e  w i t h i n  t h e  mountains, underscoring 
t h e  unre l  i a b i l  i t y  o f  one-dimensional invers ion  i n  
t h i s  e n v i r o n ~ e n t ,  

Mat ters  a r e  even worse f o r  10 i n v e r s i o n  o f  MT 
soundings taken w i t h i n  nor thern  Basin and Range 
graben f i l l ,  F igure  1 2  shows layered ear ths 
computed through 1D i n v e r s i o n  o f  apparent r e s i s -  
t i v i t i e s  p and p and impedance phases 4 and 
(I ident#ed as 'fE and TM (Word e t  a1 ,'1971; 
V@;ff, 1972), f o r  s i t e  78-6 o f  F i g u r e  4. S o l i d  
curves through t h e  data i n  F igure  13 show 
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F igu re  10. B e s t - f i t  reg iona l  r e s i s t i v i t y  p r o f i l e  
f o r  t h e  Roosevelt Hot Springs thermal 
area compared t o  layered models 
obtained through ID i n v e r s i o n  o f  p x  
and 4 
(dash64 l i n e s ) .  

(do t ted  l i n e s )  and pyx and qYx 
t h e  goodness-o f - f i t  obtained b y  t h e  invers ion ,  
w i t h  t h e  nominal ly very conduct ive  basal  h a l f -  
spaces reso lved by t h e  observa t ions  below 0.2 
Hz. However, g iven t h e  b e s t - f i t  model o f  F igu re  8 
der i ved  through a r i go rous  account ing f o r  t he  
e f f e c t s  o f  t h e  v a l l e y  sediments, t h e  layered 
models a t  s i t e  78-6 a r e  obv ious ly  u n r e a l i s t i c .  
Note t h a t  t h e  data o f  F igu re  1 3  bear a c l o s e  
resemblance t o  t h e  t h e o r e t i c a l  computations o f  
Wannamaker e t  a l .  (1983) over t h e i r  model 
v a l l e y .  I b e l i e v e  t h a t  1 D  models o f  r e s i s t i v i t y  
g iven  by  Stanley e t  a l .  (1976) f o r  t h e  S t i l l w a t e r -  
Soda Lakes d i s t r i c t ,  which were computed from 
soundi ngs taken w i t h i n  deep conduct ive  a1 1 uvium o f  
t h e  Carson Sink area, a r e  s i m i l a r l y  a f fec ted .  The 
case fo r  low r e s i s t i v i t i e s  a t  depths as l i t t l e  as  
5 km i n  t h a t  reg ion  remains t o  be subs tan t ia ted .  

Physical S t a t e  a t  Depth i n  S.W. Utah. - I n  
F igu re  14 ,  t h e  b e s t - f i t  reg iona l  p r o f i l e  f o r  t h e  
Roosevelt Hot Springs i s  compared t o  l abo ra to ry  
experiments on t h e  e l e c t r i c a l  p roper t i es  o f  
rocks. A c r u s t a l  th ickness  s l i g h t l y  l e s s  than 30 
km i s  assumed f o r  t h i s  area (Kel l e r  e t  a1 . , 1979; 
Al lmendinger e t  a1 ., 1983). Pet ro log i ca l  s tud ies  
and seismic v e l o c i t i e s  p o i n t  t o  a maf ic 
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F igu re  11. Observed data po in ts  o f  , P X ,  4 
and 4 
goodn?%s o f  f i t  t h a t  can be ob ta ined 
t o  3D data using a 1 D  i nve rse  
rou t i ne .  However, t h e  r e s u l t a n t  
layered model s were d i  smi ssed a s  
unreal  i s t i c  . 
between data po in ts  i s  t h e  1 D  forward 
response o f  the  b e s t - f i t  reg iona l  
p r o f  i 1 e. 

f o r  sounding 76-!4Ysho$~ng {{e 

Sol i d  cu rve  appear ing 

metaigneous composi t ion near gabbro f o r  most o f  
t h e  lower  h a l f  o f  t h e  c r u s t a l  sec t ion ,  w i t h  
r e l a t i v e l y  f e l s i c  rocks above (Smith, 1978; 
Padovani e t  a l . ,  1982; Nash, 1983). A p e r i d o t i t e  
composi t ion i s  taken f o r  t he  upper mant le rocks 
(Wyl l i e ,  1979). 

Adopting a conduct ive  geotherm f o r  a reg ion  1 
heat f l ow  o f  2.4 HFU (1 HFU = 41.6 mWm' ) 
(Lachenbruch and Sass, 1978; Chapman e t  al. ,  
1 9 8 l ) ,  t h e  lower  bound on aqueous e l e c t r o l y t i c  
conduct ion  through rock pores o f  Brace (1971) and 
t h e  mean d r y  gabbro semiconduct iv i t y  r e s u l t s  o f  
Kar iya and Shankland (1983) a r e  combined t o  y i e l d  
t h e  curve  of do ts  i n  F igure  14. Over t h e  depth 
i n t e r v a l  15 t o  30 km, t h e  reg iona l  p r o f i l e  appears 
somewhat l e s s  r e s i s t i v e  than what i s  p red ic ted  by 
d r y  sol i d - s t a t e  measurements. I f  a gabbroic 

h 
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F i g u r e  12. Layered r e s i s t i v i t y  models obtained 
through ID i n v e r s i o n  o f  p 
( d o t t e d  l i n e s )  and p a d Y +  (d izhed 
l i n e s )  f o r  sounding y8-6 o f  f i g u r e  
4. Note sca le  change from F igure  10. 

and d, 

composi t ion i s  r e l e v a n t  then f r e e  w t e r  i n  t h i s  
i n t e r v a l  i s i ~ p r o b a b l  e  u urn ham, 1979a , 1979b). 
However, a r e d u c t i o n  o f  sol  i d - s t a t e  r e s i s t i v i t y  
through a c t i v e  de format ion  and non-zero p a r t i a l  
pressure o f  m t e r  appears p o s s i b l e  (Wink ler ,  1979; 
Duba and Heard, 1980; K i rby ,  1983; Spear and 
S i  1 verstone, 1983). 

The curve o f  dashes i n  F i g u r e  14 p e r t a i n s  t o  
upper mantle rocks and r e s u l t s  from t h e  s o l i d -  
s t a t e  measurements on o l i v i n e  by Duba e t  a l .  
(1974) and t h e  conduct ive  geotherm. O f  g rea tes t  
importance, t h e  shape o f  t h e  s o l i d - s t a t e  curve  i s  
very d i f f e r e n t  from t h e  r e g i o n a l  p r o f i l e .  I n  an 
e a r t h  where temperature increases s t e a d i l y  w i t h  
depth, such as i s  t h e  case w i t h  our  conduct ive 
geothenn or  even w i t h  any o f  t h e  temperature 
p r o f i l e s  of Lachenbruch and Sass (1978) which 
incorpora te  c o n v e c t i v e  components, t h e  Arrhenius 
sol i d - s t a t e  temperature dependence f o r  a rock 
r e s u l t s  i n  b u l k  r e s i s t i v i t y  which decreases mono- 
t o n i c a l l y  w i t h  depth. Dur ing  t h e  d iscuss ion  o f  
parameter r e s o l u t i o n ,  a deep r e s i s t i v i t y  p r o f i l e  
t h a t  decreased s t e a d i l y  w i t h  depth was r e j e c t e d  a s  
a candidate t o  e x p l a i n  t h e  low-frequency WT 
observat ions i n  S.W. Utah; t h e  order-of-magnitude 
r i s e  o f  r e s i s t i v i t y  i n  t h e  upper mant le  i n  our  

O px, 

l r  i I I I I 1  
- 3  - 2  - 1  0 +1 + 2  

log f (Hz) 

I I 

90 

I I 

- 3  -2 -1 0 + I  +2  
log f (Hz) 

Figure  13. Observed data p o i n t s  o f  pXy, p x ,  ox 
and $yx f o r  sounding 78-6. Cuvves o f  
do ts  and dashes show responses o f  
layered  e a r t h  models o f  F igure  12. 

b e s t - f i t  deep model i s  a s t r i c t  requirement. 

I t h e r e f o r e  look  t o  p a r t i a l  m e l t i n g  i n  t h e  
upper mant le  as t h e  cause of t h e  20 62-m deep 
layer .  Again imposing t h e  conduct ive  geotherm, 
t h e  curve  o f  do ts  and dashes i n  F igure  14 a r i s e s  
us ing a d r y  p e r i d o t i t e  m e l t i n g  curve  (Bysen and 
Kushiro, 1977; W y l l i e ,  1979; Best e t  al . ,  1980), 
t h e  measurements o f  a1 k a l i - o l i v i n e  b a s a l t  
c o n d u c t i v i t y  o f  Rai and ~ n g h n a n i  (1978) and t h e  
mel t  phase i n t e r c o n n e c t i o n  model of Waff and Bulau 
(1979). The l a r g e  l i q u i d  f r a c t i o n s  imp l ied  by 
t h i s  m e l t i n g  curve a r e  o f  course u n r e a l i s t i c  and 
r e s u l t  from use o f  a conduct ive temperature 
p r o f i l e .  Given t h a t  me l t  c o n d u c t i v i t i e s  a r e  
s t r o n g l y  temperature dependent , and t h a t  t h e  
i n t e r c o n n e c t i o n  model i s  s t r i c t l y  an a b s t r a c t i o n ,  
I s imply  conclude t h a t  t h e  mel t  f r a c t i o n  i n  t h e  
deep, l o w - r e s i s t i v i t y  l a y e r  i s  r a t h e r  small ,  l e s s  
than 5%. I n  r e a l i t y ,  t h e  dry  p e r i d o t i t e  so l idus  
i s  advocated as a r e p r e s e n t a t i v e  pressure- 
temperature t r a j e c t o r y  f o r  t h e  depth i n t e r v a l  o f  
t h e  20 n-m l a y e r  (Yysen and Kushiro, 1977; Wy l l ie ,  
1979; Best e t  a1 ., 1980). I t  i s  argued s h o r t l y  
t h a t  t h i s  t r a j e c t o r y  may be  v a l i d  t o  much greater  
depths i n  t h e  region. 

35 3 



Wan n ama ke r 

model was enclosed simply i n  a 400 n-m h a l f -  
space. The frequency of e x c i t a t i o n  was 0.03 Hz. 
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F igu re  14. B e s t - f i t ,  c r u s t  and upper mant le 
r e s i  s t  i v i  t y  p r o f  i 1 e f o r  southwestern 
Utah compared t o  phys ica l  model 
i nco rpo ra t i ng  aqueous e l e c t r o l y t i c  
conduct ion i n  rock pores, s o l i d - s t a t e  
semiconduction i n  m ine ra l s  and i o n i c  
conduct ion i n  p a r t i a l  me l ts .  De f in i -  
t i o n  of curves explained i n  t e x t .  

Cont ro l  led-Source EM Techniques 

I n  cont ro l led-source  electromagnet ics (CSEM), 
EM f i e l d s  a r e  impressed b y  a t r a n s m i t t e r ,  e i t h e r  
f i x e d - s i t e  o r  roving, and monitored as  a f u n c t i o n  
o f  p o s i t i o n  and/or frequency a t  a r e c e i v e r  (Grant 
and West, 1965; Ward, 1967). The cu r ren t  
t r a n s m i t t e r  can be a grounded b ipo le ,  an 
ungrounded loop, o r  a very long, e s s e n t i a l l y  
ungrounded l i n e  source. 

(1983) has i nves t i ga ted  t h e o r e t i c a l l y  t h e  behav io r  
o f  EM f i e l d s  about t y p i c a l  no r the rn  Basin and 
Range a l l u v i a l  f i l l  f o r  grounded b i p o l e s  and an  
ungrounded loop. The bas in  model he has chosen 
has a r e s i s t i v i t y  and dimensions s i m i l a r  t o  t h a t  
o f  Wannamaker e t  a l .  (1983), except t h a t  Ward's 

E f f e c t s  of Upper CmstaZ S truc ture .  - Ward 

The d i f f e r e n c e  between the  t o t a l  f i e l d  i n  t h e  
presence o f  t h e  v a l l e y  and t h e  half-space host 
f i e l d  i s  a measure o f  t he  e r r o r  i n  models o f  deep 
r e s i s t i v i t y  p r o f i l e s  der ived  from simple  1P 
i nvers ion .  For the  grounded b i p o l e  source o f  Ward 
(1983) t h e  ampl i tude o f  t h e  ho r i zon ta l  magnetic 
f i e l d  over t h e  body rose t o  more than 3 t imes t h e  
pr imary f i e l d .  It asymptotes t o  609: of t h e  
pr imary  f i e l d  a t  l a r g e  d is tances  from the  body. 
Channeling o f  t h e  b i p o l e  r e t u r n  cu r ren t  th rough 
t h e  v a l l e y  f i l l  can exp la in  t h i s  r e s u l t .  D i s t o r -  
t i o n s  o f  t h e  ho r i zon ta l  H - f i e l d  were as severe f o r  
t h e  square l oop  a s  f o r  t h e  grounded b i p o l e .  The 
importance o f  t h i s  l a t t e r  behav io r  cannot be  
overemphasized; t o t a l  and pr imary f i e l d s  d i f f e r  t o  
extremely l a r g e  distances and t o  1 ow frequencies 
even f o r  ungrounded sources. 

NodeZs o f  Deep R e s i s t i v i t y  from CSEM. - 
Experiments u s i  ng galvanic r e s i s t i v i t y  met hods i n  
t h e  no r the rn  Basin and Range and the  Colorado 
Plateau by  t h e  U.S. Geological  Survey have been 
summarized by K e l l e r  (1971). As K e l l e r  s ta ted ,  
t h e  techniques used a t  t h e  t ime  were l a r g e l y  
experimental and developmental , and were s e n s i t i v e  
o n l y  t o  conduct ive  graben sediments o v e r l y i n g  a 
r e s i s t i v e  rock basement. 

I n  1977, mu1 t i f r equency  d ipo le -d ipo le  (3  and 
6 km d ipo les ,  separat ions t o  n = 6 )  ga lvan ic  
r e s i s t i v i t y  measurements were made i n  southwestern 
Utah b y  t h e  Department o f  Geology and Geophysics, 
U n i v e r s i t y  o f  Utah, i n  an at tempt t o  descr ibe  any 
r e s i s t i v i t y  s t r u c t u r e  assoc ia ted  w i t h  t h e  Pioche- 
Marysvale t r e n d  (Rowley e t  a l . ,  1979; P e t r i c k  e t  
a l . ,  1981). The data, from a p r o f i l e  ex tend ing  33 
krn northward from the  Roosevelt Hot Spr ings, were 
dominated t o  an unexpectedly severe degree by 
upper c r u s t a l ,  3D l a t e r a l  inhomogeneit ies, 
especial  l y  graben sedimentary f ill. These 
inhomogeneit ies lead t o  a l ack  o f  f i t  o f  layered 
inve rse  c a l c u l a t i o n s  t o  observed data, as we l l  a s  
dubious 1 D  and 2D e a r t h  models (W.R. P e t r i c k  and 
A.C. T r ipp ,  unpuh.). A 3D i n v e r s i o n  of these 
r e s u l t s  ( P e t r i c k  e t  a1 ., 1981) presents a 
c onc en t  r a  t i on o f  1 ow -res i s t  i v i  t y  s t ruc t ure w i  t h i  n 
2 km o f  t h e  surface, evidence aga in  o f  v a r i a b l e  
b a s i n  f i l l  dominat ing t h e  observat ions.  

Towle (1980), u t i l i z i n g  an i n t e r s t a t e  power 
t ransmiss ion  l i n e  as  a l ong  grounded b i p o l e ,  has 
s tud ied  deep r e s i s t i v i t y  i n  eas tern  C a l i f o r n i a  
w i t h  d i r e c t  c u r r e n t  magnetic f i e l d  va r ia t i ons .  A 
w a i t i n g  pe r iod  o f  10 minutes was necessary t o  
a l l o w  t r a n s i e n t s  i n  t h e  c u r r e n t  t o  decay t o  
n e g l i g i b l e  l e v e l s .  Towle's data i s  cons i s ten t  
w i t h  a sha l low r e t u r n  c u r r e n t  concen t ra t i on  l y i n g  
eas t  o f  t h e  S ie r ran  Front i n  f r a c t u r e d  rocks and 
sedinients i n  t h e  uppermost c r u s t  o f  t h e  Bas in  and 
Ra nge. 

Assuming t h e  same i n t e r s t a t e  power system as 
Towle t o  be an e s s e n t i a l l y  ungrounded AC l i n e  
source o f  cu r ren t ,  L i e n e r t  and Bennett (1977) and 
L i e n e r t  (1979) advanced 10 model s o f  r e s i  s t  i v i  t y  

354 



W a n n ~ a k e r  

i n  eastern C a l i f o r n i a  and western Nevada t o  depths 
o f  40 t o  50 km. Inc luded i n  t h e i r  i n t e r p r e t a t i o n  
was 10-15 km t h i c k  l a y e r  o f  low r e s i s t i v i t y  (10-30 
a-m) whose depth t o  t o p  var ied from 20 t o  30 km 
(F igure  15) .  However, i n  l i g h t  o f  Towle's 
experience, i t  appears t h a t  grounding t e r n s  were 
very impor tan t  over t h e  frequency range employed 
i n  t h e  survey areas o f  L i e n e r t  and Bennett (1977) 
and L i e n e r t  (1979) (6-42 cyc les /hr )  , Moreover, 
these au thors  d i d  n o t  evaluate q u a n t i t a t i v e l y  t h e  
e f f e c t s  o f  t h e  3D sedimentary bas ins  common i n  
t h e i r  areas. It was shown by Ward (1983) t h a t  
these s t r u c t u r e s  can cause widespread d i s t o r t i o n s  
o f  EM f i e l d s  t o  low f requencies even f o r  unground- 
ed sources. Given these points ,  1 do n o t  b e l i e v e  
t h e i r  r e s u l t s  demonstrated w i th  c e r t a i n t y  t h a t  a 
r e s i s t i v i t y  minimum e x i s t s  i n  t h e  lower  c r u s t .  
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Cross-sect ion o f  model c o n d u c t i v i t y  
s t r u c t u r e  beneath t h e  Walker Lake, 
Nevada, d i s t r i c t .  P r o f i l e  l o c a t i o n  
a l s o  shown on F igure 1. 
L i e n e r t  and Bennett (1977). 

Modi f ied  from 

W i l t  e t  a l .  (1982) have descr ibed low- 
frequency CSEM soundings i n  t h e  Buena V is ta  v a l l e y  
o f  N.W. Nevada. Through 1 D  i n v e r s i o n  o f  t h e  data, 
these au thors  advocate low r e s i s t i v i t y  (2-7 n-m) 
a t  depths o f  4-7 km i n  basement rocks beneath t h e  
va l ley .  A 1 D  i n v e r s i o n  o f  a nearby MT sounding i n  
t h e  v a l l e y  a l s o  showed r e l a t i v e l y  low r e s i s -  
t i v i t i e s  (I. 25 n-m) a t  r a t h e r  sha l low depths (-L 11 
kin). However, W i l t  e t  a l .  admit t h a t  p r e l i m i n a r y  
20 modeling suggests t h a t  I D  i n v e r s i o n  o f  t h e i r  
CSEM data i n  the presence o f  t h e  v a l l e y  under- 
est imated depth t o  conduct ive  basement, Given t h e  
30 model s imu la t ions  o f  v a l l e y  f i l l  by  Ward (1983) 
and Wannamaker e t  a t .  (1983) and t h e  experience a t  
t h e  Roosevelt Hot Spr ings discussed prev ious ly ,  I 
take t h e  a p p r o x i ~ t e  agreement between t h e  1 D  MT 
and 1D CSEM models a t  Buena Vis ta v a l l e y  a s  
f u r t h e r  evidence t h a t  graben sediments s e r i o u s l y  
d i s r u p t  t h e  CSEM observat ions.  Again, I b e l i e v e  
t h e  case fo r  widespread low r e s i s t i v i t i e s  a t  
shal low depths i n  basement rocks o f  t h e  Great 
Basin remains q u i t e  uncer ta in .  

T E ~ T O ~ I C  S I G N I F I C A ~ C E  OF ~ORTHERN 
BASIN AND RANGE RESISTIVITY 

The i n t e r p r e t a  t i on o f  deep r e s i s t i v i t y  a t  t h e  
Roosevelt Hot Springs has provided a p o i n t  
sampl i n g  o f  physiochemical c o n d i t i o n s  a t  depth i n  
S.W. Utah. However, comprehension o f  these 
c o n d i t i o n s  w i l l  r e q u i r e  c o n s i d e r a t i o n  o f  t h e  
t e c t o n i c  e v o l u t i o n  o f  t h e  nor theas tern  Basin and 
Range d u r i n g  La te  Cenozoic time. The model o f  
r e s i s t i v i t y  and i t s  i m p l i c a t i o n s  f i n a l l y  a r e  
extended t o  the n o r t h e r n  Basin and Range as a 
who1 e. 

E v o l u t i o n  o f  R e s i s t i v i t y  i n  the  Nor theastern Basin 
and Range 

It i s  noted a t  t h e  ou tse t  t h a t  t h e  depth 
i n t e r v a l  of in terconnected b a s a l t i c  me1 t 
correspond in^ t o  t h e  20 R-in l a y e r  i n  F igure  14 i s  
s i g n i f i c a n t l y  shal lower  than t h e  seismic low-  
v e l o c i t y  zones o f  e i t h e r  t h e  nor thern  Basin and 
Range i n t e r i o r  o r  t h e  Colorado Plateau ( P r i e s t l e y  
and Brune, 1978; Thompson and Zoback, 1979) ,  which 
a r e  a l s o  i n t e r p r e t e d  t o  r e f l e c t  p a r t i a l  me l t ing  i n  
t h e  upper mant le  ( ~ ! y ~ l i e ,  1979). These apparent ly  
d ispara te  geo log ica l  env i ronren ts  can b e  
reconci led,  w i t h  h e l p  from geomagnetic deep 
sounding anomalies and concepts o f  reg iona l  
t e c t o n i c  s e t t i n g .  

Diupirism and Me Zting. - O f  paramount 
importance i n  f i t t i n g  t h e  deep phys ica l  s t a t e  
i n f e r r e d  i n  SOW. Utah t o  those o f  neighbouring 
reg ions i s  t h e  well-documented, progress ive 
concent ra t ion  of extens iona l  tecton ism throughout 
t h e  nor theas tern  Basin and Range d u r i n g  t h e  l a s t  
8-9 m.y. (e.g. Chr is t iansen and McKee, 1978; 
Smith, 1978; Stewart, 1978; Rowley e t  al. ,  1979; 
Thompson and Zoback, 1979) This  concent ra t ion  
has r e s u l t e d  i n  c r u s t a l  t h i n n i n g ,  low upper mantle 
v e l o c i t i e s ,  bimodal volcanism and heat f l o w  which 
a r e  anomalous compared t o  t h e  n o r t h e r n  Basin and 
Range i n t e r i o r  o f  c e n t r a l  Nevada (F igures 16-19). 

blhi le much l i t h o s p h e r i c  extens ion throughout 
t h e  nor thern  Basin and Range p r i o r  t o  Mid-Miocene 
t ime may have been due t o  i n t r u s i o n  o f  c a l c -  
a l k a l i n e  magmas der ived  u l t i m a t e l y  from mel t ing  i n  
t h e  upper mantle assoc ia ted  w i t h  F a r a l l o n  p l a t e  
subduction (Zoback e t  a1 ., 1981), such i n t r u s i o n  
alone probably does not  t h i n  t h e  c r u s t  ( G a s t i l ,  
1979; Eaton, 1983). The Late  Miocene t o  present 
extens ion d e f i n i n g  today 's  h o r s t  graben mor- 
phology, however, i s  b road ly  d i s t r i b u t e d  and 
i n d i c a t e s  s t r e t c h i n g  and upwel l ing  o f  b o t h  t h e  
c r u s t  and t h e  upper mantle. Crus ta l  thicknesses 
determined s e i s m i c a l l y  hence can be used as a 
gu ide t o  average ex tens ion  r a t e s  s ince  t h e  L a t e  
Miocene (see F igure  16) .  

If a va lue o f  44 km f o r  the  th ickness  o f  t h e  
Colorado Plateau c r u s t  ( K e l l e r  e t  a l . ,  1979) can 
be  used as a guide, then c r u s t a l  th icknesses imp ly  
an average r a t e  o f  extens ion o f  n e a r l y  2% per m.y, 
f o r  the  nor thern  Basin and Range i n t e r i o r  o f  east -  
c e n t r a l  Nevada i n  t h e  l a s t  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) , Kel l e r  e t  a1 . (1979) a n d  
Priestly e t  a l .  (1980). 

a b o u t  5% per m.y. i s  implied for much of the 
northeastern Basin and Range during the l a s t  8-9 
m.y. If so, then a 1 D  estimate of upward velocity 
v of material a t  depth (related linearly t o  
extension rate  s a n d  depth z through v = sz;  
Lachenbruch a n d  Sass, 1978) ranges from a b o u t  1 

km/m.y. a t  35 km through 5 km/m.y. a t  100 km t o  
over 7 km/m.y. a t  160 km. 

I -0 L'6 2' 

1.8 - -  

Figure 17. Uppermost mantle compressional ( P  ) 
velocities. Contour values in km?s. 
From Smith (1978) a n d  Keller e t  a l .  
(1979).  

While contributing a great deal t o  surface 
h e a t  flow and  temperatures within the lithosphere 
(Lachenbruch and Sass, 1978), extension rates t e l l  
something a b o u t  the thermal s ta te  a t  greater 
depths as  well. Consider for simplicity a 
spherical diapir  in the upper mantle of radius 50 
kin,  a representative E-W length scale for the 
region of enhanced tectonism defining the 
northeastern Basin a n d  Range. For the thermal 
s ta te  of a r ising diapir t o  b e  largely adiabatic 
(Oxburgh, 1980), i t s  ascent time must be less t h a n  
i t s  thermal 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 durin the las t  8 m.y., then 
a distance o f  roughly 4t? km would have been 
covered. In  covering th i s  distance, the diapir 
ascent rate merely must exceed about 0.40 km/m.y. 
(Spera, 1980), much less t h a n  v ,  fo r  the aforesaid 
thermal ineaualitv t o  be met. One may conclude 
t h a t  large dolunies rising here in t h  
t e n d  t o  retain much of the i r  sensib 
transport. 

I upper mantle 
e heat during 

I ___- --. 

Figure 18. Distribution of volcanics less t h a n  5 
m.y. old. 
(1978), Ward e t  a1 . (1978) and  Luedke 
a n d  Smith (1978a, 19781, 1981). 

From Christiansen a n d  McKee 

Figure 19. Surface heat flow contours in heat 
flow units. From Sass e t  a l .  (1981) a n d  Bodell 
a n d  Chapman (1982). 

As a mass a t  depth rises adiabatically,  i t s  
temperature trajectory may intersect the 
peridotite solidus so t h a t  melting will proceed 
(Yoder, 1976). Upon crossing the solidus, the 
temperature within the ascending diapir i s  
buffered by the melting behavior of peridotite 
(Oxburgh, 1980). In  particular,  the great size of 
the latent heat of fusion relat ive t o  the heat 
capacity of peridotite along with the nearly 
invariant nature of b a s a l t  production serve t o  
keep the temperature gradient within the diapir 
well within 1 O C / k m  of the solidus during 
adiabatic ascent (Yoder, 1976; Mysen a n d  Kushiro, 
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1977; Oxburgh, 1980; Turco t te ,  1982). The degree 
o f  m e l t i n g  i s  i n e v i t a b l y  subdued through heat  l o s s  
t o  t h e  e a r t h ' s  sur face  from the  top o f  t h e  d i a p i r  
(Spera , 1980). 
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Figure  20. Schematic, h i g h l y  simp1 i f i e d ,  th ree-  
stage model of e v o l u t i o n  o f  
r e s i s t i v i t y  s t r u c t u r e  i n  t h e  eas tern  
Great Basin. The r e g i o n  o f  cont inuous 
i n t e r c o n n e c t i o n  o f  m e l t  i n  the  upper 
mantle i s  de f ined by  s t i p p l i n g  and t h e  
pred ic ted  deep r e s i s t i v i t y  p r o f i l e  
beneath t h e  eas tern  Great Basin a t  
each s tage i s  drawn a t  t h e  r i g h t  s i d e  
o f  diagram. 

With t h i s  b r i e f  d iscuss ion  o f  d iap i r i sm,  I 
advance a schematic and h i g h l y  s i m p l i f i e d  model 
f o r  t h e  Late Cenozoic e v o l u t i o n  o f  deep 
r e s i s t i v i t y  i n  t h e   ort the astern Basin and Range. 
The model i s  dep ic ted  i n  F igure  20 i n  th ree  
stages: I ,  by about  10 m.y. ago, extens ional  
a c t i v i t y  respons ib le  f o r  t h e  present horst-graben 
morpho1 ogy had s,pread throughout  t h e  nor thern  
Basin and Range. A t tendant  upwel l ing  o f  mant le  
p e r i d o t i t e  had r e s u l t e d  i n  w ide ly  d i s t r i b u t e d ,  
fundamental l y  basal t i c  volcanism, presumably 
i n v o l  v i  ng t h e  mechanism o f  decompression j u s t  
described, along w i t h  a l a y e r  o f  p a r t i a l  me l t  of 
low mel t  f r a c t i o n  ( %  5%) which d i d  no t  d i f f e r  
g r e a t l y  from t h a t  d e f i n i n g  t h e  present seismic 
l o w - v e l o c i t y  zone o f  c e n t r a l  Nevada; 11, by  8 m.y. 
ago, t h e  well-documented concent ra t ion  of 
extens ion i n  t h e  nor theas tern  Basin and Range was 

~ n ~ ~ ~ ~ ~ ~ .  
Accelerated d i a p i r i c  u p r i s e .  o f  mantle 

leads t o  a f u r t h e r  a m p l i f i c a t i o n  o f  t h e  
th ickness  and degree o f  m e l t i n g  o f  the  LVZ. The 
extent  o f  t h e  a m p l i f i c a t i o n  i s  d i f f i c u l t  t o  gauge, 
as  i t  depends on t h e  degree t o  which t h e  geotherm 
j u s t  above and j u s t  below t h e  former LVZ was 
superadiabat ic  (Oxburgh, 1980); 111, t h e  m e l t  
f r a c t i o n  i n  t h e  magni f ied zone o f  f u s i o n  can b u i l d  
up on ly  t o  a p o i n t ,  a f t e r  which much o f  i t  dra ins  
buoyant ly  upward. Th is  convect ion o f  basa l ts ,  
which i n  e f f e c t  a r e  superheated w i t h  respect t o  
t h e  environment i n t o  which they  r i s e ,  advances t h e  
f r o n t  o f  m e l t i n g  t o  35 km depth and helps 
e s t a b l i s h  t h e  rea lm o f  in terconnected m e l t  cor res-  
ponding t o  t h e  20 a-m l a y e r  o f  F igure  14 by  
warming t h e  host p e r i d o t i t e  dur ing  passage. 

The model o f  present  d i s t r i b u t i o n  o f  p a r t i a l  
m e l t i n g  i n  the  upper mant le  of t h e  nor thern  Basin 
and Range and western Colorado Plateau i n  F igure 
20 i s  s i m i l a r  t o  t h a t  o f  Thompson and Zoback 
(1979). The l a t t e r  authors u t i l i z e  t h e  
r e s i s t i v i t y  model o f  Porath (1971), however, t o  
suggest t h a t  in te rconnected  mel t  e x i s t s  t o  a depth 
o f  about 160 kin beneath t h e  nor theas tern  Basin and 
Range. Nevertheless, t h e  magnetote l l  u r i c  data 
preclude such an i n t e r c o n n e c t i o n  below about 65 km 
and t h e  r e s o l u t i o n  by geomagnetic deep sounding o f  
such d e t a i l s  i s  d o u b t f u l  (Gough, 1983). Given t h e  
chemis t ry  o f  c e r t a i n  b a s a l t i c  lavas i n  t h e  
nor theas tern  Bas in  and Range (Wyl l i e ,  1979; Best 
e t  al. ,  1980) and our model o f  d i a p i r i c  upwell ing, 
some m e l t i n g  events a r e  probable a t  depths wel l  
below 65 km - they  j u s t  don ' t  r e s u l t  i n  a broad 
zone of in te rconnected  l i q u i d .  On t h e  o ther  hand, 
t h e  uniqueness o f  the  model o f  Thompson and Zoback 
beneath t h e  nor theas tern  Basin and Range must b e  
questioned. 

I suggest t h a t  t h e  zone of i n t e r ~ o n n e c t e d  
mel t  below S.W. Utah l i e s  where i t  i s  because t h e  
very much reduced r i g i d i t y  of t h e  c r y s t a l l i n e  
p e r i d o t i t e  m a t r i x  a t  g rea ter  depths ( f farot  and 
Gueguen, 1981) promotes b o t h  t h e  format ion o f  
v e r t i c a l  f i s s u r e s  under t e n s i l e  s t r e s s  (Spera, 
1980) and the d u c t i l e  c o l l a p s e  o f  t h e  c r y s t a l l i n e  
m a t r i x  as t h e  m e l t  leaves t o  en ter  t h e  f i s s u r e s  
( S t o l p e r  e t  at., 1981; Turcot te ,  1982). I n  
a d d i t i o n ,  any m e l t  p e r c o l a t i n g  up from great  depth 
a long i n t e r g r a n u l a r  passageways (Turcot te ,  1982) 
would be  impeded from r i s i n g  beyond t h e  zone o f  
our low r e s i s t i v i t y  l a y e r  by the  inc reas ing ly  
s t i f f  rheology o f  p e r i d o t i t e .  

Thermal S ta t e  a t  Depth in the Eastern Great 
Basin. - Prev ious ly ,  I assigned a temperature 
t r a j e c t o r y  through t h e  deep 1 ow-resi s t  i v i  t y  l a y e r  
t h a t  was c o i n c i d e n t  w i t h  the  dry  p e r i d o t i t e  
s o l i d u s  (nomina l l y  t h a t  o f  Wy l l ie ,  1979). Based 
upon composi t ions o f  b a s a l t s  i n  S.W. Utah, such a 
thermal p r o f i l e  seems appropr ia te  t o  depths near 
100 km (op. c i t . ) .  I n  f a c t ,  i f  t h e  a b s t r a c t i o n  of 
a d i a b a t i c  d i a p i r i c  u p r i s e  i n  t h e  nor theastern 
Basin and Range i s  favored, a d r y  so l idus  
t r a j e c t o r y  may be  d e f i n i t i v e  t o  a depth exceeding 
160 km. 

In Figure  14, a conduct ive geotherm based 
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upon a reg iona l  heat f l o w  o f  2.4 HFU f o r  S.W. Utah 
p red ic ted  f u s i o n  o f  d r y  p e r i d o t i t e  a t  e s s e n t i a l l y  
t h e  same depth as t h e  top  o f  t h e  model low- 
r e s i s t i v i t y  layer .  However, w i t h  t h e  h i g h  
ex tens ion  r a t e s  proposed f o r  t h e  nor theas tern  
Basin and Range, t h e  foregoing co inc idence should 
no t  b e  (Lachenbruch and Sass, 1978). As a s imple 
example, p u r e l y  sol  i d - s t a t e  s t r e t c h i n g  a t  a r a t e  
o f  5% per  m.y. i s  cons i s ten t  w i t h  a depth of 
m e l t i n g  o f  n e a r l y  40 km, b u t  a su r face  heat f l u x  
reaching 3 HFU i s  t o  b e  expected ( i b id . ) .  

One would conclude on t h i s  b a s i s  t h a t  t h e  
c r u s t  and upper mant le o f  nor theas tern  Basin and 
Range has no t  reached a steady thermal s ta te .  The 
onset o f  ex tens ion  i s  fundamental ly an  inc rease o f  
heat f l u x  i n t o  t h e  l i thosphere ,  and adjustment o f  
su r face  heat f l o w  t o  t h i s  form o f  thermal d i s t u r -  
bance may take  l onger  than t h e  8 m.y. i n f e r r e d  as  
t h e  i n t e r v a l  o f  concentrated ex tens ion  i n  the  
nor theas tern  Basin and Range (Lachenbruch and 
Sass, 1978; Rowley e t  a l . ,  1979). By coincidence, 
a conduct ive  geotherm based on present sur face  
heat  f l  ow and a non-equil  i b r i u m  convec t ive  
geotherm cons ide r ing  t h e  concen t ra t i on  o f  
ex tens ion  i n  t h e  nor theas tern  Basin and Range do 
no t  d i f f e r  g rea t l y .  

A p p l i c a t i o n  o f  I n t e r p r e t a t i o n  t o  Other Areas 

Attenuated c rus ta  1 th icknesses i n  
northwestern Nevada (F igure  16a), t h e  pronounced 
ex tens ion  near Yer r ing ton  i n t e r p r e t e d  by P r o f f e t t  
(1977) and t h e  concen t ra t i on  o f  r i f t i n g ,  heat f l o w  
and volcanism i n  western Nevada and southeastern 
C a l i f o r n i a  (F igure  16b-d) i n d i c a t e  t h a t  t h e  
western margin o f  t h e  nor thern  Basin and Range 
experiences an enhanced degree o f  extension 
r e l a t i v e  t o  t h e  nor thern  Basin and Range 
i n t e r i o r .  The s i m i l a r i t y  i n  t e c t o n i c  s t y l e s  
between the  eas tern  and western margins of t he  
nor thern  Basin and Range suggests t h a t  a deep 
e l e c t r i c a l  s t r u c t u r e  correspondi  ng t o  Stage I I I o f  
F igu re  17 i s  l i k e l i e s t  f o r  t h e  northwestern Basin 
and Range. The deep r e s i s t i v i t y  i n v e s t i g a t i o n  by 
Schmucker (1970) permi ts  t h i s  conc lus ion ,  b u t  does 
no t  un ique ly  favo r  i t  g iven the  l i m i t e d  
r e s o l  u t i  on. 

Another t e c t o n i c  environment which probably 
f i t s  i n t o  t h e  framework o f  F igu re  17 i s  t h e  Rio 
Grande R i f t  and nearby regions. O f  p a r t i c u l a r  
i n t e r e s t  i s  t h e  con t inua t ion  of t h i s  rift zone 
northward i n t o  Colorado. As descr ibed by W i  1 1 iams 
(1982), extensional  d e f o m t i o n  and vo lcan i  sm 
d imin ishes  i n  t h i s  d i r e c t i o n  a l though some La te  
T e r t i a r y  maf ic volcani  sm p e r s i s t s  i n t o  Wyomi ng. 
I n  l i g h t  o f  t h e  modest degree o f  extension, I 
propose t h a t  t h e  con t inua t ion  o f  t h e  R io  Grande 
R i f t  i n t o  Colorado may b e  a good place t o  search 
f o r  deep e l e c t r i c a l  s t r u c t u r e  rep resen t ing  Stage 
I 1  i n  F igu re  17. The northward inc rease i n  
geomagnetic deep sounding anomalies i n  t h i s  area 
(F igu re  3)  i s  fur thermore suggest ive o f  t h i s  
no t ion ,  b u t  magneto te l lu r i c  p r o f i l i n g  w i t h  a 
p roper  mu1 t id imens iona l  i n t e r p r e t a t i o n  i s  needed 
t o  assess accu ra te l y  t h e  deep r e s i s t i v i t y  s e c t i o n  
here. 

CONCLUSIONS 

I n  a c t i v e  extensional  environments, 
s i g n i f i c a n t  temperature pe r tu rba t i ons  may e x i s t ,  
poss ib l y  w i th  in te rconnected  mel t  phases, c r e a t i n g  
l a t e r a l  and v e r t i c a l  con t ras ts  i n  r e s i s t i v i t y  of 
an order-of-magnitude o r  greater.  Un luck i l y ,  such 
environments a l s o  a r e  at tended t o  a l a r g e  degree 
by  upper c r u s t a l  l a t e r a l  inhomogeneit ies, 
especial  l y  graben sedimentary f i l l ,  whose 
r e s i s t i v i t y  c o n t r a s t  w i t h  t h e  surrounding rock 
host i s  a t  l e a s t  as h igh  as t h a t  o f  t h e  s t ruc tu res  
of i n t e r e s t  a t  depth, and whose p rox im i t y  t o  t h e  
sur face  obscures t h e  i n t e r p r e t a t i o n  o f  deep 
t a  rge t  s us i ng e l  ec t roma gnet i c  mea s urement s . 

However, t h e r e  i s  genera l l y  a s t rong 
p re fe r red  o r i e n t a t i o n  o f  1 i t  hospheric deformat ion 
and upper mant le processes, and thus  o f  t h e  

r e s i  s t  i v i  t y  o f  l a t e r a l  d i s t r i b u t i o n  
inhomogeneit ies, i n  rift environments t h a t  i s  
perpend icu la r  t o  t h e  d i r e c t i o n  of spreading. For 
t h e  magne to te l l u r i c  method, a 20 t ransverse  
magnetic mode a lgo r i t hm i s  most s u i t a b l e  f o r  
removing the  d i s t o r t i o n  o f  MT soundings by such 
upper c r u s t a l  s t r u c t u r e s  and hence f o r  assessing 
t h e  r e s i s t i v i t y  o f  t h e  deeper c r u s t  and upper 
mant le i n  extensiona' l  regimes. Equ iva len t  20 
a lgo r i t hms  a r e  not a v a i l a b l e  f o r  most c o n t r o l l e d  
sources, a l though they  a r e  sore ly  needed. 

An a p p r o p r i a t e l y  r i go rous  model i n g  techno1 ogy 
has been app l i ed  t o  a c o l l e c t i o n  o f  MT soundings 
i n  S.W. Utah and y i e l d e d  an accurate p r o f i l e  o f  
deep r e s i s t i v i t y  t o  depths exceeding 100 km. A 
f ea tu re  requ i red  by t h e  data i s  a l o w - r e s i s t i v i t y  
(nomina l l y  20 n-m) l a y e r  r e s i d i n g  from about 35 t o  
65 km i n  the  upper mant le  beneath t h e  Roosevelt 
Hot Springs. No l o w - r e s i s t i v i t y  l a y e r  i n  t h e  
midd le  t o  lower c r u s t  has been detected, however, 
nor do I t h i n k  t h e  case has y e t  been Fade on t h e  
b a s i s  o f  EM observat ions f o r  such a l a y e r  t o  be 
widespread i n  t h e  no r the rn  Basin and Range ( c f .  
Eaton, 1982; J i racek  e t  al., 1983). 

The present-day deep r e s i  s t  i v i  t y  s t r u c t u r e  o f  
southwestern Utah de r i ves  from the  e v o l u t i o n  o f  
t h e  nor theas tern  Basin and Range th rough La te  
Cenozoic time. The 1 ow-resi s t i  v i  t y  l a y e r  
i n t e r p r e t e d  i n  t h e  upper mantle here i s  a 
man i fes ta t i on  o f  d i a p i r i c  up r i se  and me l t i ng  
events occu r r i ng  over an i n t e r v a l  t h a t  extends t o  
much g rea te r  depths than does t h e  l a y e r  i t s e l f ,  
perhaps i n  excess o f  160 km. Both t h e  r e s i s t i v i t y  
s t r u c t u r e  and the  t i m i n g  and ampl i tude o f  exten- 
s iona l  a c t i v i t y  suggest t h a t  temperatures i n  t h e  
deep c r u s t  and uppermost mant le here exceed those 
which would be i n f e r r e d  fran sur face  heat f low.  
S i m i l a r  processes appear t o  be  occu r r i ng  i n  the  
northwestern Basin and Range, l eav ing  c e n t r a l  
Nevada as  a f a i r l y  quiescent reg ion  whose low- 
r e s i s t i v i t y  l a y e r i n g  i n  t h e  upper mantle, 
i r o n i c a l l y ,  m y  b e  r e l a t i v e l y  pronounced. 
Unfor tunate ly ,  deep r e s i s t i v i t y  surveys a r e  
l a c k i n g  i n  t h e  no r the rn  Basin and Range i n t e r i o r .  
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