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I. INTRODUCTION 

W 
A geothemal area i s  of ten characterized by the  anoma- 

lous behavior of severa l  geophysical parameters a t  depth: 
such as dens i ty ,  seismic ve loc i ty  , electrical conductivity 
and porosi ty .  Thus, the  goal of an ideal geothermal explora- 
t i o n  method is t o  determine a l l  of the re levant  subsurface 
parameters based on an in tegra ted  in te rpre ta t ion  of severa l  
geophysical data sets measured a t  the earth 's  surface. As a.  
s t e p  toward t h i s  goal, several staff  members a t  Systems, 
Science and Software (S3) have been involved during the pas t  
severa l  years i n  the development of a j o i n t  inversion modeling 
program that incorporates .mult iple  geophysical data sets i n  
order  t o  produce 2 unif ied in t e rp re t a t ion  of the three- 
dimensional subsurface s t ruc ture .  Such a combined in te rpre ta -  
t i o n  is an extremely cost-effect ive approach t o  geothermal 
expioration. 

Our earliest  j o i n t  inversion pro jec ts  were funded by 
a combination of ex terna l  (i.e.,  government and commercial) 
and i n t e r n a l  (S3) sources. The i n i t i a l  step taken w a s  an S3 

* funded i n t e r n a l  research e f f o r t  wherein Jordan (197s) formu- 
lated t h e  generalized l i n e a r  inverse problem and defined the 
inversion algorithms necessary for fu tu re  modeling pro jec ts .  
Subsequently, under three externa l ly  funded pro jec ts  w e  fu r the r  
developed t h e  inversion modeling procedure, including the 
r equ i s i t e  forward modeling algorithms, and applied it t o  j o i n t  
in te rpre ta t ions  of teleseismic travel-time and Bouguer grav i ty  
data from three areas i n  the  western United States: t he  
Imperial Valley, Cal i fornia ,  i n  a Department of Energy (DOE) 
sponsored study (Savino, & G , ,  1977) ;  Yellowstone National 
Park,  i n  a study supported by t h e  University of Utah (Evoy, 
1978); and the Columbia Floo6 Basalts i n  eas te rn  Washington, 
under a project supported by the Washington P u b l i c  Power 
Supply System (WPPSS), reported by Savino, -- e t  a l . ,  1979a and 

b, 

1 
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1979b. 

j o i n t l y  in te rpre ted ,  were observed t o  be good indica tors  of 
deep seated s t r u c t u r a l  features .  

evidenced from the f i n a l  inversion models obtained 
61 f o r  each of these three study areas,  both data sets, when 

These early appl icat ions of the  j o i n t  inversion model- 
ing technique w e r e  for del ineat ion of r e l a t i v e l y  l a rge  scale 
subsurface features .  I n  each case, this w a s  dictated by t h e  
inherent; reso lu t ion  of the  pa r t i cu la r  data sets used r a the r .  
than the  modeling procedure i t e s e l f .  I n  order t o  increase . 

the modeling resolut ion,  w e  next directed our e f f o r t s  t o  
developing the capabi l i ty  (i.e. forward modeling algorithms) 
f o r  incorporating travel-time data from loca l  seismic events 
i n  the j o i n t  inversion procedure. This e f f o r t  was simulta- 
neously performed under this DOE sponsored study and a p r o j e c t  
funded by WPPSS. 
l oca l  seismic travel-t imes (i.e., first a r r i v a l  P waves) and 
Bouguer grav i ty  da ta  were obtained f o r  the Columbia Flood 
Basalts region i n  eastern Washington (Rodi, et g., 1980a and 
1980b) . 

Our first r e s u l t s  from a j o i n t  inversion of 

In  the following sec t ion  of this report ,  Section 11, w e  
describe the theo re t i ca l  basis f o r  modeling the a r r i v a l  times 
of l o c a l  earthquake P waves a t  a network of seismic s t a t ions .  
O f  particular importance is a description of a technique for 
separating the dependence of network a r r i v a l  times on ve loc i ty  
s t ruc tu re  from the dependence on the earthquake locat ion 
parameters. Commented computer l i s t i n g s  of the forward model- 
ing algorithms developed i n  p a r t  under DOE support are given 
i n  Appendix A. 

I n  Section 111 we describe the loca l  earthquake a r r i v a l  
time and Bouguer grav i ty  data sets t h a t  w e  acquired f o r  the  
Roosevelt and Leach Hot Springs areas.  
t i on ,  the seismic data fr 

As noted i n  this sec- 
Leach Hot Springs, Nevada were 

found t o  be inadequate (i.e.,  i n  terms of numbers of events, w .  
2 

SYSTEMS. SCIENCE A N 0  SOFTWARE 



s t a t i o n s  and ray paths) f o r  inversion modeling. Thus, the 
emphasis i n  Section 1 x 1  is on the  ed i t i ng  and processing of 
the Roosevelt Hot Springs d a t a ’ s e t s  p r io r  t o  inversion. 

F ina l lyr  i n  Section I V  we describe the inversion model 
for the Roosevelt Hot Springs area obtained from a j o i n t  in- 
version of seismic and gravi ty  data. The more robust fea tures  
of the f i n a l  model are discussed i n  l i g h t  of the known geology 
and geophysics of the area and are compared t o  r e s u l t s  obtained 
from related s tudies  (e-g.? Robinson and Iye r ,  1981). 

3 
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11. THEORETICAL DEVELOPMENT FOR LOCAL EARTHQUAKE 
ARRIVAL-TIME INVERSION W 

2 .1  INTRODUCTION 

I n  t h i s  sec t ion  w e  describe the theo re t i ca l  basis f o r  
the modeling qf the a r r i v a l  times of local earthquake P waves 
a t  a network of seismic s t a t ions .  Using geometrical ray theory 
w e  establish the re la t ionship  among the P wave a r r i v a l  t h e  a t  
a s t a t i o n ,  the o r ig in  time and loca t ion  of the earthquake, and 
the P veloc i ty  d i s t r ibu t ion  within the  earth.  
ship def ines  the a r r i v a l  t h e  "data functional." The l i nea r i -  
za t ion  of th i s  funct ional ,  required f o r  the appl icat ion o f  
l i n e a r  inversion, is then described and the  re levant  formulae 
for a one-dimensional i n i t i a l  model w i t h  constant gradient  
layers  are presented. 
linear inverse theory t o  the  inversion of l oca l  earthquake 

T h i s  re la t ion-  

Final ly ,  w e  describe the appl icat ion of 

.' a r r i v a l  times.. The j o i n t  inversion of a r r i v a l  time and gravi ty  
data is described i n  a DOE &port  by Savino, -- e t  ai .  (1977). 

2.2 ARRIVAL-TICME DATA FUNCTIONALS 

According t o  geometrical ray theory, a seismic wave 
travels along a path - the  geometrical raypath - which mini- 
mizes the source-receiver t r a v e l  t h e .  
a raypath i s  defined as the in t eg ra l  of the medium slowness 
( rec iproca l  ve loc i ty)  along the path. T h i s  i s  the high fre- 
quency approximation i n  which the raypath is taken t o  have 
in f in i tes imal  w i d t h .  Geometrical ray theory thus pred ic t s  

The travel time along 

that the a r r i v a l  time ta of a seismic wave t rave l ing  from an 
earthquake to  a s t a t i o n  is  the following funct ional  of the 
medium slowness u and earthquake o r ig in  t i m e  to: 

ta = t3 +l ds u (1) 

SYSTEM&. scmvcc AND SOCTWARC: 



where s is dis tance along the raypath, dnd I' symbolizes in te -  
gra t ion  along t h e  raypath t r a j ec to ry  (see Figure 1). 

W e  gain mathematical precis ion la ter  i f  we  parameterize 
t h e  raypath i n  terms of a nondimensional dummy var iab le  q 
defined on the u n i t  in te rva l .  
0 < rl - c 1, w e  can rewri te  Equation (1) as 

Denoting the raypath as :(TI) , 

ta = to +il dq 

We have used 

The earthquake locat ion (hypocenter) is g(0) and the s t a t i o n  
locat ion is (1) Therefore , Equation ( 2 )  implic%tly def ines  
the dependence of arrival timeaon the endpoints of the raypath. 

The geometrical ray ? obeys the  d i f f e r e n t i a l  equation 

d d? 
drl 
- [Ut] = vu . 

Here d is the =it vector tangent to the ray: 

( 4 )  

Equation ( 4 )  is equivalent t o  

1 + 
dq 1g1 u(?) = minimum w . r . t .  r ( q )  , 

given t h a t  the endpoints of t he  ray are fixed. T h i s  i s  Fermat 's  
pr inciple .  

5 
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The geometrical  r a y p t h  through e medium of constant  
ve loc i ty  grad ien t  describes an 2rc or' a circle .  L e t  us write 

where e is the observational e r r o r  and 6 t o  i s  the e r r o r  i n  
the i n i t i a l  o r ig in  time ( 6 t  = t - to) 0 0 0 

2.4 RAY TRACING IN GRADIENT LAYER MODELS 

We restrict  the  i n i t i c l  ve loc i ty  model t o  be a one- 
dimensional model. w i t h  depth dependent ve loc i ty  but no. l a t e r z l  
va r i a t ions .  We lack s u f f i c i e n t  p r i o r  knowledge of the l c t e r a l  
ve loc i ty  v a r i a t i o n s  i n  our study region t o  j u s t i f y  the  
development and production cos t s  of two- o r  three-dinensional 
ray t rac ing .  

Our ray t r ac ing  algorithm is designed f o r  a r a t h e r  
general  one-dimensional ve loc i ty  model. The ve loc i ty  funct ion 
is assumed continuous w i t h  depth and cons i s t s  of L segments or 
l a y e r s 0  each 'hav'ing a constant  ve loc i ty  qrzd ien t  with depth. 

* The g rad ien t  may be negative,  zeror' o r  pos i t ive .  Thus, the 
model is spec i f i ed  by L C l  values of ve loc i ty  and depth,  va r  

deepest po in t  i n  the  moOel (see F i g w e  2 ) .  
t o  be a " f l a t  earth" model i n  which the eerth's curvature is 
ignored. This is adequate for the  source-receiver d i s tznces  
of concern (< S O 0  km). 

L = l..L+10 where z1 = 0 ( t he  surfece)  and 2, &+i is the ZR 
The model i s  taken 

the velocity-depth funct ion a s  

b 

v = va + g ( z  - 2,) (12) 

This makes the ve loc i ty  at a depth za equal t o  va end makes 
dv/dz r: g. 
With l i t t l e  loss of e n e r e l i t y ,  w e  cssume t h e  ray is confined 
t o  the plane y = 0. L e t  (XzOZa)  be i t s  stsrtins point  and 8 ,  

W e  will consider t h e  raypath f o r  t h e  case g $ 0, 

t 
W 
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i ts  s t a r t i n g  d i rec t ion ,  measured as the angle from v e r t i c a l l y  
Then the t r a j ec to ry  of the ray (x,z)  is  given by bJ down. 

sin 'a s i n  o s- 
V va 

P "  (13) 

x = xa - (pg)'l (cos e - cos ea)  

z = za + (pg)'' ( s in  e - s i n  e,) . (14) 

Here v and 0 a re  the veloci ty  and tangent angle a t  any point  
The constant p is the ray parameter and is  the 

x component of the slowness vector used e a r l i e r .  
t h a t  Equations (13) and (14) are a solut ion of Equation ( 4 ) .  

. . on the ray. 
W e  note 

* T h i s  can be v e r i f i e d  af ter  making the subs t i tu t ion  q = 8 sgn (9) .  

Figure 3 i l l u s t r a t e s  the geometry of the raypath implied 
by Equation ( 1 4 ) .  
concave downward. for g 0. (For 9 = 0 ,  the pa th  degeneretes 
t o  a s t r a i g h t  l i n e . )  
(plgl)". For the case g 
at the depth where v = p . 

The raypath is ancave upward for 5 > 0 and 

The radius of the c i r c u l a r  pa th  is 
0, the path "bottoms" o r  tu rns  

-1 

From Equations (12) throuqh ( 1 4 )  one can dsrive t he  
following formulae for the horizontal  d i s tance  t z ivc l ed  
travel time ( A t ) ,  and length ( A s )  of a ray traveling frcn the  

11 SYSTEMS. SCIENCE A N 0  SOFTWARE 
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Figure 3.  Circular raypaths through a medium of 
constant ve loc i ty  gradient g .  
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known event-s ta t ion distance.  The estimate o r  estimates are 
E i t h e r  

a s ing le  emerging ray o r  a poss ib le  mul t ip l ic i ty  of diving 
rays a r r i v e  a t  a given distance.  The mul t ip l i c i ty  r e s u l t s  
from t r i p l i c a t i o n s  caused by la rge  ve loc i ty  grad ien ts  i n  the 
model. I n  t h i s  case, w e  dhoose the f i r s t - a r r i v a l  ray param- 

ki then re f ined  by an i t e r a t i v e  root-finding procedure. 

~ eter; i.e., the ray w i t h  the earliest travel time. - .  - . .  

2 . 5 .  LINEAR INVERSE FORMULATION 

Given travel-time res idua ls  ( a t )  from several s ta t rons  
and events, and a three-dimensional block model representat ion 
of the slowness per turbat ion G u ( x , Y , z ) ,  w e  can express Equation 
(11) as a discrete l i n e a r  inverse problem of the form (E de- 
notes expectation and V a r  denotes variance) 

E [ d ]  = Am + Bn 

Var[d] = C (17) 

where d is the data vector containing the observed travel-time 
res idua ls ,  m a model parameter vector containing the block 
values of 6u, and n a "nuisance" parameter vector containing 
the  hypocenter mislocations (8h) and o r ig in  t i m e  errors (st') 
of the events. The Matrix i s  the  covariance matrix of the 
observational e r r o r s  (e), which are assumed t o  have zero mean. 

The separat ion of the unknown parameters i n t o  two 
vectors  is done t o  d is t inguish  the parameters of primary 
i n t e r e s t  (slowness per turbat ions)  from those of anc i l l a ry  
i n t e r e s t  (event loca t ion  parameters]. The Matrices A and B, 
respect ively,  contain the pa r t i a l  der iva t ives  of the travel- 
time res idua ls  w i t h  respect t o  t h e  block slownesses and event 

. parameters. From Equation (11) w e  see t h a t  the  der iva t ive  of 
b, a res idua l  w i t h  respec t  t o  the  slowness of a block i s  the  

'14  
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length of the raypath segment in te rsec t ing  the block. 
Q given raypath i n t e r s e c t s  very f e w  of t he  blocks so most ele- 

ments i n  A are zero. Also from Equation (ll), w e  see that  
B contains  ones, zeroes and the slowness vectors from the 
various i n i t i a l  raypaths. A given res idua l  depends on the 
parameters of only one event, so w i t h  a proper ordering of 
the data . i n  d, B has a block diagonal s t ruc ture .  

A 

W e  should mention tha t  i n  s e t t i n g  up the prqblem i n  
this f ~ m ,  there is no requirement t h a t  the data set be com- 
p le te ;  i * e * ,  tha t  a res idua l  e x i s t  f o r  every event-station 
pa i r .  Nonetheless, the system represented by Equation (17) 
is q u i t e  l a rge  i n  the present  study. 
data set cons is t s  of 601 res idua ls  observed from 93 events. 
The model g r i d  we, designed (Section IV) contains 1050 blocks. 
Therefore, the system contains 601  equations and 1422 unknowns 
(1050 i n  m and 372 i n  n ) .  The 372 event locat ions parameters, 
however, are n o t  of i n t e r e s  t. 

A f t e r  data cu l l ing  the  

Instead of applying generalized l i n e a r  inverse tech- 
niques d i r ec t ly  t o  a system t h i s  large, w e  f i rs t  employed a 
technique tha t  reduces the system t o  a simpler and smaller 
one; i.e.0 a "denuisancing" technique, which el iminates  the 
nuisance vector n f r o m  the  system by construct ing an equiva- 
l e n t  inverse problem involving only m. Before describing 
this technique and the inversion algorithm i t se l f ,  let us 
define the opt imal i ty  c r i t e r i o n  w e  use t o  obtain a so lu t ion  
t o  Equation (17) 

W e  def ine a so lu t ion  t o  Equation (17) as estimates % 
and 5 which s a t i s f y  the damped least  squares c r i t e r i o n ,  

UT -1- -T -1ij (d-Aiir-Bii)* (d-A%-Bfi) + 8 m W m e 9 n 2 

is minimum 
* 
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where 8 and Cp are scalar trade-off parameters and W and 2 are 
specified parameter weighting matrices , both assumed pos i t i ve  

cri teria defined by Backus and Gilber t  (1970) and Jordan (1973), 
bu t  w e  have expressed it i n  terms of t w o  parameter vectors  in- 
stead of the usual one. 

I def in i t e .  T h i s  c r i t e r i o n  is equivalent t o  the opt imal i ty  

The f irst  term i n  Equation (18) is  a measure of .the 
“misfit” between the observed data, d, and the  data predicted 
by the  so lu t ion  (%,E). The second and third terms are norms 
of %‘and 5 ,  respect ively.  These terms s t ab i l i ze  the  so lu t ion  
by damping components of 6 and 6 tha t  do no t  contr ibute  much 
t o  f i t t i n g  the data, but  which may cause the so lu t ion  t o  be- 
come physical ly  implausible. 

I n  the travel-time problem, it is useful  t o  i n t e r p r e t  
the product $012 as a p r i o r  variance assigned t o  n: 

, ~ a r t n ]  = 4 - 5  , . 
Thus, $ and 2 assign an uncertainty t o  the i n i t i a l  o r ig in  
times and e r r o r  e l l i p so ids  t o  t h e  i n i t i a l  hypocenters. 
the p r i o r  variance su f f i c i en t ly  large allows 5 t o  ad jus t  
f r e e l y  t o  f i t  the data. 

Making 

I n  se l ec t ing  9 and W f o r  the damping of 6, the p r i o r  
variance in t e rp re t a t ion  is not  very useful. Instead, w e  set 
up the model norm t o  be a measure of the roughness of the 
ve loc i ty  s t ruc tu re .  
diagonal matrix such t h a t  the model n o m  is a discrete 

That is, w e  construct  Wol as a non- 

approximation t o  the following in tegra l :  

m W  uT -1- m f  /&y/dz [ ( a x 6 W  + (aysO) * + xo2 (6 

2 where 6C is  the  ve loc i ty  per turbat ion (63 = -u,, 6G). 

?I2] . (201 

With 
V -T -1- b, t h i s  de f in i t i on ,  m W m is  sens i t i ve  t o  la te ra l  gradients  i n  

I 
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S? of a scale smaller than A ,  which we set to a large value 
(200 km) . In this way, 9 allows us to control a trade-off 
between the smoothness of the velocity model and the fit L4 
it provides to the data. 
determined in advance. Rather, it must be selected on the 
basis of examining models and their predicted data computed 
with several values of 8. 

The best value of 8 cannot be 

In the following developments, we will use some abbre- 
viations to simplify expressions. We will use a circumflex ' 

above symbols to denote that quantities have been normalized 
by the factor z-*. Thus, 

2 
6 = z  B 2 

We will also apply this notation to quantities defined later, 
without further explanation. 

2.6 DENUISANCING 

An example'of denuisancing is the zero-meaning of tele- 
seismic travel-time residuals and their partial derivatives, 
derived by A k i ,  et al. (1977) as a way to eliminate the effects 
of baseline errors from the inverse probLem. This basic de- 
nuisancing technique has be 
Savino, et &. (1977), Pavlis and Booker (1980), Spencer and 
Gubbins (1980) and Minster, ct g. (1981) Here we summarize 
the algorithm of Minster, -- et al. (1981) in the context of 
solving Equations (17) and (18). 

extended and generalized by 

I 
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Equation (28) is the noma1 equation that results from 
u t h e  minimization condition 

(d,-A,6)T z-1 (dv-Aviii) + 65% -1- m is minimum . 

Comparing to Equations (17) and (18), we see that 6 is a 
solution to an equivalent inverse problem that does not 
involve the nuisance vector 6; namely, - ---. I-- 

Var(dv] = I: . 

( 2 9 )  

~ Equations (29) and (30) are a standard linear inverse problem 
and we discuss its solution in Section 2.7. 

d 
2 ’  

We call the operator QB in Equation (27) a denuisancing 
operator, and dv and Ay denuisanced data and partial derivatives, 
respectively. It is convenient for computation to evaluate QZ, 
and the damped generalized inverse go, in terms of the singular 
value decomposition ( W D )  of $ (Lanczos, 1961; Wiggins, 1972). 

I 

Let 

(31) 

and 
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Then we have 

2 2  -1 ST Q, = I - sr ( r  + $1) 

When $ << y:, which is the case for the value of $ we 
L 

selected for the Roosevelt Hot Springs inversion, Qi approxi- 
mates an orthogonal projection operator: 

Denuisancing then'removes the projections of d and A onto the 
raiige space of B. * 

\ 

In the local travel-time residual problem, B has a block 
1. diagonal structure. The denuisancing operator Q: then reduces 

to a block diagonal matrix, and the denuisancing algorithm be- 
comes particularly efficient. 

2.7 LINEAR INVERSE ALGORITHM 

have reduced the teleseismic residual problem to a 
standard linear inverse problem of the form: 

E[a] = % rn I 

(35 )  

where m represents the slowness perturbation 6u and 8 repre- 
sents the (denuisanced) travel-time residuals . A solution 6 
to Equation (35) has been defined by 

W 
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-1- (2 - hT (2 - i m )  + e 5% m = minimum . 
es1 

This defines % as a linear estimator of the form 

where is the damped generalized inverse of i. 
The algorithm we use to obtain go is very similar to the 

algorithm described in Section 2.6 for obtaining E-. 
case, we factor the weighting matrix as 

In this 

where is a square nonsingular matrix. (We actually specify 
H instead o f  W-'*) Then we obtain the SVD 

Hol = UAVT , (39) 

where 

uTu = vTv = I 

. A = diag (AL, X z 8  ...# A,) > 0 . ( 4 0 )  

Even after denuisancing, is a very large matrix (601 by 1050) 
so the SVD requires a core-to-disk computer algorithm. 
inverse is  then obtained as 

The 

(411  -1 UT go = B - ~  V A ( A ~  + ex )  

Since A is diagonal this expression is readily evaluated for 
varying 8 .  

21 
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Equations (35) and (37) imply 
b d  

E[iii] = a m  

where 

@ is the resolut ion matrix and "Y the  covariance matrix of the 
model 6. These matrices provide a means f o r  assessing the 
uniqueness of 5. Equation (43) states t h a t  5 is an estimate of 
m "filtered" by a, and not of m i tself .  With 6 a s  a three- 
dimensional block model of the ear th ,  each component ai esti-  
mates a s p a t i a l  average of t he  t rue  s t ruc ture :  the i ' t h  row of 
8 is a discrete three-dimensional function which shows the 
spatial  ex ten t  of the averaging o r  f i l t e r i n g .  I n  addition t o  
the f i l t e r i n g ,  51 is a l so  contaminated by a random error whose 
variance is V. 

The quan t i t i e s  &? and 'Yaid i n  se lec t ing  a "best" s ing le  
model among the family of models & ( e )  defined over 0 < 9 < Q), 

Backus and Gilber t  (1970) showed tha t  as  8 increases (I-&?) 
increases (resolut ion degrades) and 'Ydecreases,  thus giving 
a trade-off between resolut ion and variance. One should 
attempt t o  choose 8 such that (I-a) and 'V are  both acceptably 
small. 

The parameter 8 a l s o  controls  a trade-off between model 
roughness and data m i s f i t ,  as one can see from the minimization 
c r i t e r i o n ,  Equation (36). The quantity e, given by 

I 
bid 
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6d 
where N is the number of data,  i s  the r.m.6.  misfit between 
the observed (denuisamced) data and the data predicted by 
6, A 5. m, measures the t o t a l  

As a function of increasing 8 ,  E 

increases and the model norm decreases. While these scalar 
quan t i t i e s  are useful,  it is desirable t o  v isua l ly  examine the 
smoothness of the e n t i r e  model and t o  compare the f u l l  observed 
and predicted data sets, i n  se lec t ing  and assessing a f i n a l  
model. . 

4T -1- The squared model norm, m W  
. “roughnesst’ of the model. 

It is convenient t o  convert the trade-off parameter t o  a 
dimensionless quant i ty  which is the e f f ec t ive  number of degrees 
of freedom , (NDF) i n  the model s( 0 )  . NDF is defined as 

and equals the rank‘of 8. 
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111. SEISMIC AND GRAVITY DATA 

3.1 LOCAL SEISMIC DATA-ROOSEVELT HOT SPRINGS 

The local seismic data set f o r  the  Roosevelt Hot Springs 
( R € S )  area w a s  obtained from Dr. kobert S m i t h  a t  the University 
of Utah.\ T h i s  data set consisted of 870 a r r i v a l  time estimates 
of P-waves recorded at a network of up t o  20 seismographs from. 
163 events. Figure 4 shows the locat ions of the seismograph 
s t a t i o n s  and Figure 5 the  seismic events recorded during sur- 
veys conducted i n  1974 and 1975 by Olson and S m i t h  (1976). 
Table 1 w e  list the loca t ions  of the 20 seismograph s t a t ions  
depicted i n  Figure 4 .  The l a s t  column i n  this table gives 
estimates of the average ve loc i ty  of intervening material 
beneath the  s t a t i o n  and the common datum plane, which i n  t h i s  
study was taken a t  2 km above sea level .  These estimates are 
based on s t a t i o n  elevation-correction ve loc i t i e s  determined by 
Robinson and Iyer  (1981) f o r  a set of s t a t i o n s  located through- 
out  the region of i n t e r e s t  i n  t h i s  study. Hypocentral informa- 
t i o n  f o r  the 163 events p lo t ted  i n  Figure 5 is given i n  Table 2. 

b 

I n  

Some general  comments based on Figures 4 and 5 a r e  the 
following: 

1. The ac tua l  number of seismograph s’tations 
operat ing during any one t i m e  period, and 
thus fo r  a par t i cu la r  event, i s  less than  
20. 

2. The d i s t r ibu t ion  of s t a t i o n s  is q u i t e  
inhomogeneous w i t h  a concentration of 
s i tes  i n  the Cove For t  area. 

The s p a t i a l  d i s t r ibu t ion  of seismic events 
is a l so  inhomogeneous w i t h  concentrations 
of a c t i v i t y  i n  a f e w  areas of the study 
region. 

3.  

W 



I 

bi 
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Figure 5 .  Epicenter map o f  the Roosevelt Hot Springs- - 
Cove Fort, Utah area from earthquake surveys 
i n  1974 and 1975 .  

W 
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TABLE 1 

w STATION LOCATIONS 

Elevation 
Correction 

Elevation Velocf ty 
Sta t ion  Name (Code) fangitude Latitude (meters) ( h / S  1 

Antelope Valley (ANT) 

Beaver Lake Mountains (BVR) 

Cinder Crater (GIN) 

Dog Valley (M>G) 

Dry Wash (DRY) 
Lincoln Gulch (LIN) 

Linoln 11 (LI2) 

Mine (MINI 

Mud Springs (MUD) 

.Nary's Nipple (NIP) 

North Mineral (NOM) 

North Mineral I1 (NM2) 

Pole Canyon (POL) 
Ranch Canyon (RAN) 
Sandstone (SND) 
Sevier Lgke (LAK) 

Sulphur Creek ( S U I  

Thenno (TMO) 

Twinpeaks (TWN) 

Twin Peaks X I  (rrW2) 

JJ.2'38. 36' 

ll3O04.66 ' 
112O 38.27' 

112'33.36' 

i i202a.06'  

112'52.22' 

112'51.62 ' 
112'41.27' 

112'28.58' 

112'25.69' 

112'49.71' 

ll2'50.23' 

112'32.54' 

112'50.85' 

112'31.72' 

113@02.44' 

112'33.85' 

113'17.62 ' 
112'44.35' 

112'44.63' 

38'39.12' 

38'31.89' 

38'34.39' 

38'38.43' ' 

38'45 -16' 

38'16.57' 

38'16.59 ' 
38'29.75' 

38'32.08' 

38'40.45' 

38' 37.91' 

38'37.64' 

38' 25.03' 

38025 . 65 

38052 . 90' 

38'40.75' 

38'32.69' 

38'15.27' 

3QQ46. 89' 

38'44.96' 

1871.9 * 3.0 

1658.5 2.0 

1973.2 3.0 

1964 . 0 3.0 

1707.8 3 .0  

2098.2 4 .5  

2147.0 4 .5  

2055 . 5 3.0 

2214.1 3.0 

2217.1 . 3 . 0  

1762.7 4.5 

1834. o 4.5 

2409.3 3.0 

1982.3 4 .5  

1970.1 3.0 
1590.0 - 
2098.2 3.0 
1590.0 - 
1622.5 4 .5  

1616.4 4.5 
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TABLE 2 (continued) 

Date 0-Time Lat(N) Long(W) Depth 
Event YrMoDy HrMn Sec DgMnSec DgMnsec (km) mb 

h-) 

W t 
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As w e  w i l l  note i n  nlore de ta i l  i n  the following sec t ion  
U o f  this report, the pa r t i cu la r  s t a t i o n  and event d i s t r ibu t ions  

i n  the intended study region impacts t he  f ina l  inversion model 
in very s p e c i f i c  and, i n  f a c t ,  negative ways. T h i s  s i t u a t i o n  
is typical of most o f  our modeling pro jec ts  conducted t o  date 
and mainly reflects the lack of seismic networks dedicated 
(i.e., more dense, evenly spaced s t a t ions )  t o  the  type of 
study w e  are in t e re s t ed  in .  

3.1.1 RHS Seismic Data Cullinq 

The f irst  s tep  i n  the RHS data cu l l i ng  procedure w a s  t o  
delete poorly recorded events from the data base. 
this, w e  adopted the following re jec t ion  c r i t e r i a :  

To accomplish 

1. For an event i n  any pa r t  of the general  study 
region, reject it i f  there are less than f i v e  
s t a t i o n s  report ing a P-wave a r r i v a l  time and 
no s t a t i o n s  report ing an S-wave a r r i v a l  time, 
o r  i f  there are less than four  s t a t ions  re- 
por t ing  P times i n  the case where one o r  more 
r epor t  S times. 

2. 'For an event i n  the Cove Fort area, where 
there fs an abundance of events, reject it 
i f  less than s i x  s t a t ions  r epor t  P times 
and no s t a t i o n s  r epor t  an S time, or i f  
there  are less than f i v e  s t a t ions  report ing 
P t i m e s  i n  the,case where one or more re- 
p o r t  S times. 

3. Reject any events located north of 38.9O 
o r  south of 38.O0N. Such events,  i n  addi- 
t i o n  t o  being outs ide the intended model 
region, are located w e l l  outs ide the loca l  

u network and, thus, are very poorly located. 
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4,  Reject events w i t h  reported foca l  depths 
greater than 25 km. 

Application of these four re jec t ion  cri teria resu l ted  
i n  a reduction of the o r i g i n a l  163 events t o  99 events (i*e., 
64 events rejected). The kreakdown by c r i t e r i o n  is: 49  events 
by Cr i te r ion  1; 11 events by Cr i te r ion  2; 3 events by Cr i te r ion  
3; and 1 event by Cr i te r ion  4. I n  addi t ion,  after applying 
these re j ec t ion  c r i te r ia  t o  the data base w e  found that two 
stations,  LAK and TMO (refer t o  Figure 4,  Table 1) , located 
w e l l  ou ts ide  the cen t r a l  port ion of the  intended model region, 
contributed a very s m a l l  number of a r r i v a l  time data. In  view 
of these circumstances w e  deleted s t a t ions  LAX and TMO from 
the s t a t i o n  set. 
the r e su l t an t  data base consisted of 620  P-wave a r r i v a l  times 

Thus, a t  the conclusion of this cul l ing  s t e p  

f o r  99 events recorded a t  a subset of 18 s ta t ions .  
' The f i n a l  s t e p  i n  the cu l l ing  procedure w a s  t o  compare 

observed and predicted t r a v e l  times corresponding t o  the  re- 
maining 620 station-event ray paths and reject obvious out- 
liers (i.e., observed t r a v e l  times tha t  d i f fe r  by more than 
ten  percent from predicted va lues) .  Application of t h i s  cu l l -  
ing  procedure required the adoption of a plane-layered i n i t i a l  
ve loc i ty  model f o r  the general  study region shown i n  Figure 1. 
To accomplish this, w e  started with the v e l o c i t y  model used i n  
HYPO 71 by Olson and Smith (1976; Figure 4b, Page 15) t o  loca te  
the 163 earthquakes l is ted i n  Table 2.  While this model, which 
consisted of three layers  over a half-space, provides a good 
f i t  t o  the t r a v e l  time .versus dis tance data (as expected s ince  
it was used f o r  the loca t ion  of the events i n  ques t ion) ,  the 
pa r t i cu la r  layer ing adopted by Olson and Smith (1976) does not  
provide an adequate parameterization f o r  an inversion modeling 
procedure. 
does not y i e ld  an adequate d i s t r ibu t ion  of ray paths i n  the 
d i f f e r e n t  layers. 

6 b 

More specifically,  the Olson and Smith (1976) mode1 

An addi t iona l  consideration is  the  fact  ' t h a t  

W 
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w e  used di .  fe ren t  s t a t i o n  elevat ion correct ion ve loc i t i e s  
determined, as mentioned previously, from the work of Robinson 
and Iyer  (1981).  
a t  by t r i a l  and e r r o r  i s  given i n  T a b l e  3. 

The i n i t i a l  ve loc i ty  model tha t  w e  a r r ived  u 

Based on the ve loc i ty  model i n  Table 3, w e  calculated 
travel-times fo r  the 620 event-station ray paths i n  the seismic 
data set and used these r e s u l t s  f o r  f i n a l  screening of the  data, 
invoking the ten  percent  r u l e  mentioned previously. 
data set cons is t s  of 601  P-wave t r a v e l  times from 93 of the  . 
o r i g i n a l  1 6 3  earthquakesI The loca t ion  information f o r  these 
93 earthquakes i s  given i n  T a b l e  4 .  

The f i n a l  

Figures 6a through 6e are p l o t s  of t h e  observed reduced 
travel times (symbols), after a l l  screening, f o r  events w i t h  
f oca l  depths reported within the respect ive layers  (e.g., 
events w i t h  foca l  depths between 0 and 1 km are p lo t ted  i n  
Figure 6a). The observed times i n  each f igu re  are corrected 
t o  be f o r  a comon foca l  depth, taken t o  be the depth of the 
midpoint of the respect ive layers ,  except Layer 1 which is  
taken a t  0 Sua. The data are a l so  corrected t o  a common sta- 
t i o n  e leva t ion  of 2 km above sea level .  The t heo re t i ca l  
travel-time curves shown i n  Figures 6a through 6e were com- 
puted from the i n i t i a l  ve loc i ty  model i n  Table 3 f o r  event 
foca l  depths equal t o  the appropriate common depths f o r  the 
f i v e  d i f f e r e n t  layers.  

_-. -. -_ - . 

.The  reduced travel-times shown i n  Figures  6a through 6 e  
were subsequently denuisanced w i t h  respec t  t o  event hypocenters; 
a s s w i n g  p r io r  standard deviat ions of 4 km on epicenter ,  2 km 
on foca l  depth and 100 seconds on o r ig in  time. The use of p r i o r  
standard deviat ions on earthquake locat ion parameters w a s  dis-  

cussed i n  Section 2.5 of this report .  The resu l t ing  denuisanced 
travel-time data are sh i n  Figures 7a through 7e. The format 
of t h i s  series of figures is t he  same as f o r  Figures 6a through 
6e. An important po in t  about these d a t a ' i s  t h a t  the r . m . s .  of 

symbols about the theore t ica l  curves i n  Figures 7a through 7e) 
g r the  observed, denuisanced res idua ls  (i.e.,  t h e  scatter of the 
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TABLE 3 

INITIAL VELOCITY MODEL 

Depth* to  

of L a y e r  Thickness Velocity 
B o t t o m  L a y e r  

L a y e r  (km) (W (km/S) 

1 1.0  1.0 4.5 

2 2.0 1 . 0  5 .4  

3 3.5 1.5 5 . 6  

4 7 . 0  3.5 5 .75  

5 26.0 19 .0  6 .05  

* 
Measured f r o m  datum plane at 
2 km above sea level. 
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TABLE 4 

LOCATION INFORMATION FOR FINAL EVENT SET 
u 

8-19 
2.10 
1.44  

2.16 
3.19 
?.a2 
1.55 
1.?4 
1 e60 
t .2Q 
I roe 
: .a3 
1 . t 8  
1 042 
1 a 6 9  
1 e76 
1.59 
1.71 
1.F8 
2.29 
1.95 
1 .31 
2 .50  
1.75 
1 e26 
1.42 

2.25 
1.45 
1.93 
1.11 
1.17 

8% 

f : l! 

I rij 
1.39 
1.22 

33 

a27 
i:a9 
1.74 

! : 3 9  
9 3  

158 

1.95 
0 8 8  
0.98 

1.21 

2.G6 
1.47 
1 e 5 2  
.97 

1.3@ 
1-29 
.7u 
75 

1.16 . 75 
l*QC 

e 56  
1.20 
1..1 
1.10 
.79 

1.if 

. t s  

1 .ac 

, 
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TABLE 4 (continued) 

Date 0-Time , Lat (N) t o n s ( W )  Depth 
Event YrMoDy HrEln Sec Dg Mn Sec Dg Mn Sec (km) mb 

t 

W 
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. . ~ . .. . . ... 
. - ~ . ~ 

. I  

I I I I I : I I 20.0 30.0 40.0 50.0 60.0 70.0 80.0 1.0 10.0 
DISTANCE (KM) 

Figure 6a. Observed travel t i m e s  (symbols) for events with focal  depths between 
0 and 1 km. 
km. 
computed from i n i t i a l  model i n  Table 3 .  

T imes  have been corrected to a common focal depth of 0 
Theoretical travel-time curve shown ( foca l  depth = 0 km) was 
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Figure 6d. Observed travel  t i m e s  for events with focal depths between 3 .5  and 
7 .0  km. Times have been corrected to a common focal depth of 5.2.5 
km. .Theoretical travel-time curve computed for focal depth of 5 . 2 5  
km. 
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is only 0.1 seconds. 

i n  Figures 7a through 7e, cons is t ing  of 6 0 1  a r r i v a l  times from 
93 events, comprise the seismic data set used i n  subsequent 
inversions e 

This value is c l ea r ly  not  much greater 
The data U t h a n  the “noise leve l”  associated w i t h  these data. 

- .-. . - _..--- -- 
The fact  that  the seismic data mya have a low r . m . s .  

signal-to-noise r a t i o  suggests t h e  p o s s i b i l i t y  that  an inver- 
s ion  model obtained from these data w i l l  a l so  have a low signal-  
to-noise ratio;  i . e O r  the s ta t is t ical  uncer ta in t ies  i n  t h e  
model ve loc i ty  per turbat ions (6G) w i l l  exceed the magnitude of 
the per turbat ions themselves, ind ica t ing  t h a t  the model fits 
pr imari ly  the noise. However, because our inversion algorithm 
is based on the j o i n t  optimization of data f i t  and model 
smoothness (and of variance and r e so lu t ion ) r  the signal-to- 
noise  ra t io  i n  the  inversion model i s  cont ro l lab le  through 
the parameter NDF (see Section 2.7) l W e  w i l l  see i n  Section 
IV that  the inversion models f o r  our preferred values of NDF 
are not  se r ious ly  contaminated by noise. 
reasonable noise  l eve l  i n  the data (0 .1  s), the model uncer- 
t a i n t i e s  are less than one-third the major model perturbations.  

Assuming the highest  

3.2 RHS’ GRAVITY DATA 

The gravi ty  data f o r  the RHS study regionr consis t ing 
of 1468 terrain-corrected Bouguer anomaly values, was obtained 
from D r .  Kenneth L. Cook of the University of Utah. 
shows the locat ions a t  which the o r ig ina l  grav i ty  measurements 
were taken. 
km by 43 kra and is out l ined  by t h e  dot ted rectangle.  

While somewhat premature, i n  Figure 8 w e  have superposed 
the model g r i d  (i.e., the s o l i d  in te rsec t ing  l i n e s )  used i n  the 
subsequent j o i n t  inversion t o  be discussed i n  Section IV. 
reasons f o r  including the g r id  a t  t h i s  t i m e  are two-fold. 

Figure 8 

The areal ex ten t  of the data i s  approximately 63 

Our 
F i r s t ,  

W 
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Figure 8 .  Locations of 1 4 6 8  gravity s ta t ions  (boxes) a t  which 
observed gravity data used i n  t h i s  study were mea- 
sured. The s o l i d  intersect ing  l i n e s  show the model 
gr id  used i n  the inversion. The dotted box out- 
l i n i n g  s ta t ions  is  shown for  later reference. The 
dashed box out l ines  the subset of data inverted. 

tJ 
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the gr id  makes it easier f o r  the reader t o  ascer ta in  the densi ty  
For instance,  the smallest g r i d  cells 

are 3 km by 3 lan and i n  several  cases contain a s  many a s  t e n  
grav i ty  s t a t ions .  
t i o n  imposed by the a r e a l  coverage of the gravi ty  data. Note 
that  the s t a t i o n s  cover approximately 60 percent of the intended 
model gr id  which w a s  designed t o  accommodate both seismic and 
gravi ty  data. 
r e s u l t s  is discussed i n  the following sect ion o f . t h i s  report .  

woof gravi ty  observations. 
v 

The second reason is t o  emphasize a l i d t a -  

The influence of this l imi ta t ion  on the niodeling 

3 . 2 . 1 Data Processinq 

The o r i g i n a l  grav i ty  da ta  were converted t o  a regular 
rectangular g r i d  of 2709 values, spaced 1 km apar t ,  by a 
least-squares quadrat ic  sukface in te rpola t ion  technique (Savino, 
e t  a1 1977). A contour map of the interpolated values i s  - -.I 
shown in Figure 9 .  The frame of t h i s  f i gu re  corresponds t o  
the dot ted rectangle  i n  Figure 8.  

- 

Figures 10  through 1 2  show the cumulative effects of 
the remaining series of processing operations t h a t  w e  applied 
t o  the  gravi ty  data i n  order t o  produce a f i n a l  data vector 
t o  be inverted. In Figure 1 0  w e  contour the interpolated 
gravi ty  data a f t e r  low-pass f i l t e r i n g  w i t h  a Gaussian f i l t e r  
having a half-width of 1.5 km; i . e . ,  convolution with an 
operator of the form 

1 2  2 (const)  exp t- 7 (x + y ) / ( ~ . s ) ~ I  I 

where x and y are UTM coordinates. 
of decimating the f i l tered,  in te rpola ted  data t o  a 3 km g r i d  
spacing and t runcat ing gravi ty  values located on the periphery 
of the o r ig ina l  data g r i d  t o  conform t o  the dashed rectangle 
i n  Figure 8. 

Figure 11 shows the r e s u l t s  

Truncating the data was necessary i n  order t o  

4 8  
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Figure 9.  Contours of observed gravity data interpolated 
to a regular 1 kxt spaced grid  (frame of f igure 
i s  dotted box i n  Figure 8 ) .  Contour interval  
i s  2 mgals. 
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Figure 10. Gravity data, low-pass ‘filtered w i t h  a 3 . 0  km 
bandwidth Gaussian f i l ter .  

I 
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d 
T 1 .  

Q 

Figure 11. Gravity data, low-pass filtered (same as in 
Figure IO), decimated to.3 km grid spacing 
and truncated to limits of the dashed box in 
Figure 8. 

4 d  
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Figure 12. Gravity data (same as i n  Figure 10)  but zero- 
meaned and detrended for  the inversion. 

5 2  
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avoid both edge effects and areas of poor data coverage such 
as the extreme southeastern corner of the region out l ined by 
the dot ted  box i n  Figure 8. 

block dimension of our inveksion model i s  3 km, our choice of 
f i l t e r  and decimation parameters probably does not  affect our 
inversion r e su l t s .  

Given that the minimum horizontal  
W 

The effects of deep s t ruc tu re  on the gravi ty  data (i.e., 
the regional  f i e l d  due t o  s t ruc tu re  below the model gr id)  were 
treated as nuisance parameters. To accomplish t h i s  w e  param-- 
e t e r i zed  the regional  f i e l d  as a constant  plus  a l i n e a r  t rend  
given by 

greg (x,y) t: go + ax + by 8 

where the constants go, a and b are treated as nuisance param- 
eters. Denuisancing the data, then, corresponds t o  detrending 
and demeaning the data (Savino, - e t  -.' a1 1977). A contour p l o t  
of the detrended and demeaned data i s  shown i n  Figure 1 2 .  
is the f i n a l  grav i ty  data set t o  be used i n  the inversion and 
cons is t s  of 204 values on a regular  spaced g r id  (spacing equal 
t o  3 km). 

T h i s  

3.3 LEACH HOT SPRINGS, NEVADA 

As mentioned i n  the introduct ion t o  this repor t ,  w e  
w e r e  o r ig ina l ly  in te res ted  i n  applying t h i s  modeling approach 
to  seismic and gravi ty  data from a second geothermally ac t ive  
region, namely the Leach Hot Springs area i n  northwestern 
Nevada. The data s e t s  f o r  this area were located a t  the 
Lawrence Berkeley Laboratory and w i t h  the cooperation of 
several  people there, w e  acquired a l l  t h e  ava i lab le  loca l  
earthquake travel-time and Bouguer grav i ty  data.  

53 
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A comparison of the seismic data  sets ava i lab le  fo r  the 

able problem concerning the data set f o r  the la t te r  area.  The 
number of seismic travel-time data avai lable  f o r  Roosevelt Hot 
Springs consis ted of 601 a r r i v a l  t i m e s .  These data w e r e  shown 
i n  Figures 7a through 7e. Processing of the avai lable  data f o r  
Leach Hot Springs, on the other  hand, indicated t h a t  the f i n a l  
data base was too small t o  attempt _a worthwhile inversion. For 
instance,  during the t i m e  period t h a t  a 13 s t a t i o n  seismic net-  
work was operating i n  the Leach Hot Springs area,  only 1 9  
events were recorded a t  7 or  more s ta t ions .  
w i t h  approximately 50 events recorded a t  7 o r  more s t a t i o n s  
operating i n  the Roosevelt Hot Springs area. 
experience t o  date convinced us that the s p a t i a l  sampling of 
l oca l  earthquake ray paths, one of the most c r i t i c a l  aspects 
of the data, i n  the Leach Hot Springs area is t o t a l l y  inade- 
quate f o r  inversion modeling. As a r e s u l t ,  w e  placed our 
emphasis on the Roosevelt area.  

URooseve l t  and Leach Hot Springs areas revealed an insurmount- 

This compares 

Our modeling 

5 4  

SYSTEMS. SCIENCE AND SOFTWARE 



IV. MODEL RESULTS 

4 . 1  MODEL GRID W 

The v e r t i c a l  layering used i n  a l l  inversions performed 
i n  this study was introduced i n  Section 3.1.1 and l isted i n  
Table 3. As noted, it cons is t s  of f i v e  horizontal  layers  ex- 
tending t o  a depth of 26 km and provides a good f i t  t o  the 
observed travel-t ime data  (Figures fa through 7e) and an 
optimal parameterization i n  terms of the v e r t i c a l  d i s t r i b u t i o n  
of ray paths. 

observed travel-t ime data  (Figures fa through 7e) and an 
optimal parameterization i n  terms of the v e r t i c a l  d i s t r i b u t i o n  
of ray paths. 

The next task is  t o  design a horizontal  rectangular 
gr id  capable of representing Lateral veloci ty  and density 
var ia t ions  across the  region of i n t e r e s t .  Our design must 
meet w i t h  the following constraints :  

1. The gr id  samples the e n t i r e  area covered by 
both the seismic event and g r a v i t y ' d a t a  sets 
retained f o r  modeling w i t h  a minimal waste 
of unsampled blocks. 

G r i d  elements are smaller i n  areas w e l l  
sampled by seismic events and gravi ty  data. 

2. 

3. The gr id  cons i s t s  of two parts: an inner 
gr id  of f i n i t e  blocks, containing.most of 
the data, surrounded by a buf fe r  zone of 
semi-infinite elements (the outer g r i d ) ,  
fo r  which s t r u c t u r a l  modeling is necessarily 
imprecise and unrel iable  due t o  poor 
parameterization. 

A 1 2  by 13 element inner  g r id  was adopted f o r  the in- 
version modeling. T h i s  inner  gr id ,  together w i t h  t h e  asso- 
c ia t ed  outer  g r id ,  is shown i n  Figure 13 on a background of 
geographical coordinates. Also shown a r e  the 93 l oca l  

W 

5 5  
SYSTEMS. SCIENCC: AND SOFTWARE 

. . .  



I .  

Figure 13.  Model gr id  ( intersect ing  l i n e s )  I seismic s ta t ions  
(triangaes) and earthquake epicenters (crosses). 
Boundaries of raw gravity data and inverted 
gravity data are shown by dotted and dashed boxes, 
respect ive ly .  

I 
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earthquakes (c rosses) ,  18 seismograph s t a t i o n s  ( t r i ang le s )  and 
J the  boundaries of the r a w  grav i ty  data (dotted box) and the 

f i n a l  processed gravi ty  data (dashed box). 
s ions  of the model gr id  elements are l is ted i n  Table 5. 

The ac tua l  dimen- 

4.2 INVERSION MODELS 

Three-dimensional models of the c r u s t a l  ve loc i ty  s t ruc-  
ture i n  the Roosevelt H o t  Springs area were obtained from t w o  
inversions: a j o i n t  inversion of the seismic travel-time and 
gravi ty  data (Figures 7 and 12), and an inversion of the t rave l -  
time data by themselves. Both inversions solve f o r  a ve loc i ty  
per turbat ion i n  each block of the three-dimensional g r i d  
described i n  Section 4.1. The per turbat ions are w i t h  respect 
t o  the i n i t i a l  plane-layered ve loc i ty  model given i n  Table 3. 

The densi ty  per turbat ion,  
I n  the j o i n t  inversion, densi ty  per turbat ions were 

t r ea t ed  as constrained parameters. 
6 p ,  of each block w a s  t i ed  t o  the  ve loc i ty  per turbat ion,  6v, 
by 

6p = 0.3 6v . 
This re la t ionship  approximates tha t  determined by Birch (1961)  
f o r  c r u s t a l  igneous and metAorphic rocks. 
densi ty  per turbat ion 6 p  is defined w i t h  respect t o  a plane- 
layered model, p o  ( 2 )  , which is  not  specif ied.  
g rav i ty  data and their par t ia l  der iva t ives  are demeaned as 
a r e s u l t  of denuisancing (see Section 2 . 6 ) ,  p o ( z )  is incon- 
sequent ia l ;  i.e., t he  inversion ne i ther  requires  po as input  
nor determines p o  from the data. 

as w e  have assumed, does not  necessarily apply t o  the var ie ty  
of subsurface materials encountered throughout our model 

We note t h a t  the 

Since the 

A constant  ra t io  between ve loc i ty  and densi ty  cont ras t s ,  

region (e.g. , Gertson and Smith,  1979)  . For the known hard 
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u TABLE 5 

HORIZONTAL GRID * DIMENSIONS 

Block Block Block Block 
Index Width . Index Width 
(S-N) (km) W E  1 (km) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

10* 1 
8 2 
7 3 
5 4 

4 S 
4 6 
4 7 
3 8 
3 9 
3 10 
3 11 
4 12 
6 13 
10" 14 

15 

10* 
8 
6 
4 

4 

4 
4 
4 
3 
3 
3 
4 
4 
6 

10* 

* 
For plotting only; edge blocks 
are assumed to be semi-infinite 
in the actual modeling. 
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rock geology of the area, the r a t i o  we  assumed is reasonable. 
This includes the g r a n i t i c  rocks of the Mineral Mountains, 
and the metamozphic rocks believed t o  underlie the Milford 
Valley (Ward, et G., 1978). Our r a t i o  may be less appro- 
p r i a t e  f o r  the  con t r a s t  of these rocks w i t h  the known 
Quarternary basalts east of the Mineral Mountains, but the  
gravi ty  data barely extend this far eastward. 
ser ious question about our assumed velocity-density r e l a t i o n  
arises w i t h  existence of a l l u v i a l  f i l l  i n  the  Milford and 

' 

Beaver Valleys. 
and Smith (1979) suggest a rather small dens i ty  con t r a s t  be- 
tween Tertiary sediments and bedrock: 
a ve loc i ty  con t r a s t  of 'L 1.5 km/s. 
a larger. sediment-bedrock density cont ras t  might be required 
by the gravi ty  data,  and i n  fact Ward, et g. (1978) were 
able  t o  f i t  the gravi ty  along a prof i le  over Milford Valley 
by assuming a densi ty  con t r a s t  of 0.5 gm/cc. T h i s  l a t t e r  
value would support dur assumed velocity-density r a t i o .  

U 

The only 

In  the case of the Milford Val ley ,  Gertson 

% 0.2 gm/cc compared 
However, they note t h a t  

. 

The only known v io la t ion  of our density-velocity law, 
then, occurs w i t h  the  surface f i l l  of very low veloci ty  
(% 1.8 km/s) recent  sediments i n  t he  Milford Valley. For 
these, i n  comparison t o  bedrock, our coe f f i c i en t  0.3 i s  too 
high. But these s u p e r f i c i a l  sediments have limited a r e a l  
extent  over our model and, because of their limited depth 

ex ten t  and expected small density cont ras t  w i t h ' t h e  under- 
lying Tertiary sediments, probably do not contribute much t o  
the gravi ty  data. We have corrected the travel-time data a t  
s t a t i o n  BVR f o r  these sedimentst i f  it could be shown t h a t  
they have a s i g n i f i c a n t  effect on the gravi ty  data, w e  would 
prefer t o  do a grav i ty  correct ion as w e l l .  
c i en t ly  accurate three-dimensional model of the recent  sedi- 
ments is not  available.  

However, a s u f f i -  

Both the j o i n t  gravity/seismic inversion and seismic- 
only inversion produced a family of models corresponding t o  b.' . 

5 9  
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a trade-off between data misfit and model roughness, 
described i n  Section 2.7. 
by the scalar parameter 8 ,  o r  equivalently by the number of 
degrees of freedom NDF (see Equation ( 4 5 ) ) .  I n  each inver- 
sion, w e  generated models f o r  s i x  values of 8:  
0.3, and 0.1. 
45 t o  259 i n  the  j o i n t  inversion, and from 1 4  t o  150  i n  the 
seismic only inversion. Figure 14 displays the data  m i ' s f i t /  
model roughness trade-off curves obtained i n  the two inver- ' 

sions. 
labeled on the f igure;  the curves shown w e r e  in terpolated 
between these points.  
the  sum of squared residuals (observed minus predicted d a t a ) ,  
normalized by the  assumed data  standard deviations (0 .1  second 
f o r  t r a v e l  times, 2 mgal f o r  g rav i ty ) .  The squared model norm 
is the discrete approximation t o  the i n t e g r a l  defined an 
Equation (20)  . It measures the average sp'atial "roughness" of 
the ve loc i ty  perturbation, 6?(x,y,z) ,  as reflected both by the 
magnitude of 6$ and its wavenumber content; i .e.,  l a rge  varia- 
t ions  i n  65 on a small s p a t i a l  scale fmply a high degree of 
roughness. 

that  the dafa m i s f i t  and model roughness are j o i n t l y  minimized: 
i-e., each quantfty i s  minimum given a fixed value of the 
other  (Backus and Gilber t ,  1 9 7 0 ) .  
extreme values of NDF a r e  not very useful representations of 
the earth. 
smooth t ha t  it does not  adequately represenk real  var ia t ions  
i n  the earth's ve loc i ty  which a r e  required by the  data.  For 
too high an NDF, the model possesses spurious small-scale 
var ia t ions  which attempt t o  f i t  'the noise i n  the  data. 

as 
The trade-off is parameterized 

30, 10, 3, 1, 
The corresponding values of NDF ranged from 

The points  r e su l t i ng  from the  s i x  computed models are 

The da ta  m i s f i t  p lo t ted  is  defined as  

A model generated w i t h  any NDF is optimal i n  the sense 

However, the  models f o r  

For a too low NDF, t he  model Ss so s p a t i a l l y  

The parameter NDF a l s o  controls  a trade-off between t h e  
variance of the inversion model and i t s  s p a t i a l  resolut ion 
(see Section 2.7) . w W e  examined t h i s  trade-off f o r  t h e  j o i n t  
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Figure 14. Trade-off curves for travel-time inversion 
(bottom line) and joint travel-time/gravity 
inversion (top line). Ordinate ("data mis- 
f i t" )  is the sum of squared differences be- 
tween observed and predicted data (normalized 
by data variances). Abscissa is a measure of 
model "roughness. Points on trade-off 
curves corresponding to various numbers of 
degrees of freedom (NDF) are labeled. 
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inversion model family. A separate  variance-resolution trade- 
Off curve e x i s t s  f o r  each block of the model, but our ana lys i s  
showed that the trade-off curves varied s ignif icantLy only 
w i t h  depth; for a given NDF, the variance obtained f o r  a block 
and, t o  a lesser extent ,  the reso lu t ion  did not  vary grea t ly  
w i t h i n  a given layer ( ins ide  the inner  g r i d ) .  

T a b l e  6 shows the trade-off between variance and. spat ia l  
reso lu t ion  - determined from the j o i n t  seismic/gravity inver- 
s ion  - for the column of model blocks t h a t  most near ly  l ies 

each layer  (refer t o  Figure 13). 
lists, for each layer  and NDF, t h e  standard deviat ion of the  
ve loc i ty  per turbat ion estimated f o r  the pa r t i cu la r  block. 
The "normalized reso lu t ion  measure" l is ted i n  the lower table 
is a dimensionless quant i ty  which reflects the  ex ten t  t o  which 
the  ve loc i ty  per turbat ion is s p a t i a l l y  averaged over blocks 
surrounding the target block, ( 6 , 5 ) ,  i n  a given layer. A value 
of one f o r  this quant i ty  would imply the best possible spat ia l  
reso lu t ion  - i.e., the ve loc i ty  i n  t h e  t a r g e t  block is  deter- 
mined independently of a l l  other hlocks - while a value of 
zero is the worst possible  resolution. S ince . th i s  reso lu t ion  
measure is normalized, it cannot be converted t o  a measure of 
"resolving length" as defined by Backus and Gilbert  (1970) .  
It can be compared between N D F ' s ,  but  unfortunately it is  
d i f f i c u l t  t o  relate its value among d i f f e r e n t  model blocks. 

\ beneath Roosevelt H o t  Springs; i.e., block index ( 6 , f )  of 
The upper p a r t  of the table 

To select a "best" model among the s ix  j o i n t  inversion 
models that w e  computed, w e  were swayed t o  a great ex ten t  by 
the  standard deviat ions i n  Table 6. I t  is desirablb t o  have 
the standard deviat ion of 6? i n  a layer  be only a f r ac t ion  
say, less than one-third - of the pr inc ipa l  extrema of ] 6 i i  
i n  the layer  (adjusted f o r  the average 6C of the l aye r ) .  
Otherwise, t he  noise-contributed component of 6C causes , a 
s ign i f i can t  d i s t o r t i o n  i n  contours of the block ve loc i t i e s  
and i n  the locat ion o f  veloc i ty  highs and lows. Only the W 
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TABLE 6 

VARIANCE-RESOLUTION TRADE-OFF FOR BLOCK ( 6 , s )  i 
IN FIVE LAYERS OBTAINED FROM TEE 

I JOINT SEISMIC/GRAVI!i!Y INVERSION 

Standard Deviation of Velocity Perturbation 

I NDF 

Layer 45 74 116 .. 160 212 

1 0.06 0.15 0.34 0.60 0.91 
2 0.11 0.16 0.22 0.30 0.46 
3 0.07 0.09 0.15 0.22 0.31 
4 0.04 0.06 0.09 0.13 0.20 
5 0.03 0.04 0.05 0.07 0.11 

Normalized Resolution Measure (see text) 
I NDF 

74 116. 160 212 Layer 45 . 

1 0.. 39 0.53 0.70 0.82 0.89 
. 2  0.77 0.83 0.86 0.88 0.90 

3 0.89 0.92 0 . 9 5  0.96 0.97 
4 0 .90  0.92 0.94 0 . 9 5  0.96 

1 0.92 5 .  0.79 0.86 0.89 0.90 
~ 

i 
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NDF = 4 5  and 74 models c l ea r ly  meet a c r i t e r i o n  of this type 
We note t h a t  i n  applying this ru l e ,  w e  

are f r e e  t o  scale the model standard deviations up o r  down by 
revis ing the assumed data  standard deviations.  
the models t o  the observed data  (discussed below) suggest re- 

U f o r  a l l  f ive  layers .  

The f i ts  of 

vis ing our assumed data variances downward, b u t  not by very 
much . 

._. .--_. - -  . . .-- - 

In  Table 6 w e  see that the  model standard deviations 
tend t o  decrease w i t h  depth (increasing layer  number). T h i s  
is a l so  t r u e  of the standard deviations r e l a t i v e  t o  the veloc- 
i t y  extrema themselves. 
our standard deviat ion c r i t e r i o n  would, therefore,  accept 
higher N D F ' s  as w e  go t o  deeper layers.  
w i l l  la ter  examine the s t ruc tu re  i n  some of the deeper layers  

Applied on a layer-by-layer basis, 

For t h i s  reason w e  

o f  the .h igh  NDF models t o  aid i n  our in t e rp re t a t ion  of the 
version r e s u l t s .  However, the noisy nature of the shallow 
layers of these models do not  qua l i fy  them i n  our eyes as 

, 

in- 

optimal models. Furthermore, w e  do not consider a composi-e 
model constructed from two o r  more N D F ' s  t o  b e . a  va l id  inver- 
s ion model s ince it does not  s a t i s f y  our data  misfit/model 
nom minimization c r i t e r i o n  (Equation (36) ) 

Between the j o i n t  inversion models f o r  NDF = 45 and 
NDF = 74, w e  judged the l a t  r to be a better model. Although 
the f o m e r  model has smalle standard deviations,  it a l s o  has 
poorer s p a t i a l  resolut ion (see Table 6, bottom). Furthermore, 
the da ta  rnisfit/model nom trade-off curve (Figure 1 4 )  shows 
that the NDF = 74 model provides a s ign i f i can t ly  improved f i t  
t o  the data w i t h  a r e l a t i v e l y  minor increase i n  s p a t i a l  rough- 
ness. W e  ve r i f i ed  t h i s  by v isua l ly  inspect ing p lo t s  of the 
data fits and model veloci ty  contours. 

The j o i n t  inversion model f o r  NDF = 74 i s  displayed i n  
Figures 15a through 15e as a contour map of veloci ty  perturba- 
t i ons  ( i n  h / s )  for each of the f i v e  model layers.  The contours 
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Figure 15a. Contour map of velocity perturbations in Layer 
1 (0 - 1 km) of the  final joint inversion model 
for NDF = 74. The contour interval is 0.05 
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Figure 15b. Layer 2 (1 - 2 
for NDF = 74. 

km) of j o i n t  inversion model 
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are interpolated from the individual block values of velocity.. 
Absolute v e l o c i t i e s  can be obtained simply by adding the i n i t i a l  
ve loc i ty  of each layer  (Table 3) t o  the veloci ty  perturbations 
found by the inversion. W e  note that  the contours i n  Figure 15 
are displayed over the 1 4  by 15 array of "outer grid" blocks 
defined i n  Section 4.1. ---- __.- -- 

For completeness, w e  present  i n  Appendix B the discrete 
block version of the NDF = 74 j o i n t  inversion model. In  the 
appendix, ve loc i ty  perturbations are given and they a r e  shown 
f o r  the f u l l  14 by 15 gr id  including edge blocks. 

i n  the next  sect ion,  w e  compare the observed gravi ty  
and travel-time data t o  the data  predicted by our preferred 
j o i n t  inversion model (Figure 151, and evaluate the qua l i t y  
of f i t .  An i n t e rp re t a t ion  of our model follows i n  the subse- 
quent section. Because of the success of the j o i n t  inversion, 
w e  consider our inversion of the travel-time data  t o  be a pre- 
liminary s t e p  i n  obtaining our f i n a l  j o i n t  inversion model, as 
w e l l  as a corroboration of the assumed velocity-density sys- 
tematics. W e  w i l l ,  however, make use of some of the seismic- 
only inversion r e s u l t s  i n  our in t e rp re t a t ion  (Section 4 . 4 ) .  

4 .3  DATA FITS 

A useful  and informative test of our model l ies  i n  the 
comparison of predicted data f unctionals (namely, travel-time 
and gravi ty  anomalies) w i t h  the  observed values. The observed 
(Figures 7a through 7e) and predicted travel-time data based 
on the  f i n a l  j o i n t  inversion model (Figure 15) a r e  shown i n  , 

Figure 16. 
following, 
the 1 8  seismograph s t a t i o n s  used i n  this study. 
ference of each circle corresponds t o  a zero travel-time 
residual.  Posi t ive residuals  a r e  represented by f ines  ex- 

k, tending ou t  from the izircumference a t  azimuths corresponding 

The format used f o r  showing these data  i s  the 
A circle is  drawn around the  locat ion of each of 

The circum- 
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Observed 

I 

Figure 16. Comparison of observed travel-times (left side) and model-predicted 
values (right side) for the final joint inversion model (NDF = 74) 
in Figure 15. Circle radii for observed data are 0.5 seconds, 
predicted data 0 .25  seconds. 



t o  the contr ibut ing events. 
toward the center  of a circle. 
l i n e  is scaled according t o  the s i z e ,  o r  absolute  value,  of 
the residual .  

Negative res idua ls  are drawn i n  
The length of any pa r t i cu la r  

While the form of data  representat ion i n  Figure 1 6  has 
the advantage of showing the behavior - tha t  is  the s ign,  
s i z e  and azimuthal d i s t r ibu t ion  - of travel-time res idua ls  
over the model region, there are two important disadvantages 
that should be kept  i n  mind when perusing these f igures .  
F i r s t ,  res idua ls  w i t h  values near zero seconds (i.e.,  2 0.05 

seconds) are hard t o  d is t inguish  and, as a r e s u l t ,  fits i n  
this range tend t o  go unnoticed. Second, the magnitudes of 
the predicted res idua ls  are i n  general s ign i f i can t ly  smaller 
than the observed values. One reason f o r  this stems from 
the damping imposed on the inversion procedure which tends 
t o  l i m i t  the amplitude of la teral  * var ia t ions  i n  the model, 
and hence t o  bibs predicted res idua ls  toward smaller values. 
I n  addi t ion ,  the high noise l eve l  i n  the observed data a c t s  
t o  create a v isua l  impression that the.observat ions are under- 
predicted s ince  l a rge r  ( i n  general  noisy) res idua ls  i n  the 
p l o t  of observed data are much more obvious t o  the eye than 
those w i t h  more average values, so t h a t  v i sua l  averaging can 
ac tua l ly  be q u i t e  misleading. 

W i t h  these caveats i n  mind, w e  po in t  ou t  tha t  some 
general  fea tures  o f  the observed data set  are indeed reflected' 
i n  the model-predicted values (Figure 16). For instance,  t he  
t r a n s i t i o n  from s t a t i o n s  w i t h  predominantly pos i t ive  observed 
res idua ls  (e.g., M I N  and CIN) t o  la rge ly  negative res idua l  
s t a t ions  (ANT, DOG and SLF) is reproduced by t h e  predicted 
residuals. The r,rn.s, m i s f i t  of the travel-time res idua ls  
is 0,085 seconds. 

I n  Figure 17 ,  w e  compare the observed gravi ty  data 
(i.e., the zero-meaned and detrended da ta  shown i n  Figure 12) 
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and the model-predicted.data. 

predicted by the j o i n t  inversion model shown i n  Figure 15 
reptoduces a l l  of the s ign i f i can t  features of the observed 
f ie ld .  Of p a r t i c u l a r  note are the Milford Valley gravi ty  
low ( N u m b e r  1 in Figure Ua) ,  the Ranch Canyon gravi ty  saddle 
(Number 2 ) #  the southern Mineral Mountains gravi ty  high 
(Nu3nber 3) and the. cen t r a l  Mineral Mountains gravi ty  high 
(Number 4 ) .  
r epor t  by Carter and Cook (1978). 
corre la ted  w i t h  model features ,  and w e  s h a l l  discuss them i n  
the framework of model i n t e rp re t a t ion  i n  the next subsection 
of t h i s  report .  
t o  the data is  1.5 mgal. 

The data a r e  contoured w i t h  a 
As is obvious the gravi ty  f i e l d  'L, contour i n t e r v a l  of 2 mgal. 

These grav i ty  anomalies a r e  iden t i f i ed  i n  the 
These pa t te rns  are na tura l ly  

Final ly ,  we point  ou t  t h a t  the r . m . s .  m i s f i t  

@ 4 - 4  DISCUSSION OF MOOELING RESULTS 

I n  order t o  f a c i l i t a t e  the discussion of our inversion 
modeling r e s u l t s  w e  begin this sect ion . w i t h  a base map of the 
general  model region shown i n  Figure 18. T h i s  map is taken 
from the study by Robinson and I y e r  (1981) and depicts  i n  a 
s implif ied manner -the major physiographic features  of i n t e r e s t  
i n  this study. 
a hors t  composed mainly of Ter t ia ry  g r a n i t i c  rocks (10 t o  1 4  
m.y. old)  and flanked by a l l u v i a l  val leys  typical of the Basin 
and Range psovince (Milford Valley and Beaver Valley).  O f  
pa r t i cu la r  i n t e r e s t  i n  t h i s  modeling e f fo r t  is the Roosevelt 
Hot Springs geothermal area ( the starred symbol i n  Figure 18)  
which is located on the western<flank of the Mineral Mountains. 

Dominating this' region is the Mineral Mountains, 

The scale of the base map i n  Fig 
t o  the scale of a l l  subsequent model p lo ts .  

18 i s  equivalent 
T h i s  g rea t ly  

f a c i l i t a t e s  i n t e rp re t a t ion  of the more robust features  i n  
the  inversion models. 

W 
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Figure 18. The Mineral Mountains region, southwest 
Seismograph stations used in the 

The star indicates 

Utah. 
study by Robinson and Iyer (1981) are 
shown by triangles. 
the location of the Roosevelt Hot Springs 
geothermal area. Contour interval is 
1000 feet, the shaded region representing 
the Mineral Mountains. The scale of this 
map is the same as in Figures 19 through 
22. 
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Before in te rpre t ing  our model, a f e w  words about resolu- 
The similarity of the contours i n  Layers 

1, 2 and 3 (Figures 15a, 15b and 15c) suggest that the v e r t i c a l  
reso lu t ion  available from the data i n  the upper two o r  three 
kilometers of the model is r e l a t i v e l y  poor. 
1 and 2 are only 1 km thick,  t h i s  makes physical sense from 
the standpoint of both the gravi ty  data, whose horizontal  
spacing is 3 km, and the travel-times, whose ray paths sample 
r e l a t i v e l y  f e w  blocks i n  Layers 1 and 2. 
lar ,  contains very f e w  horizontal  ray paths which i n t e s s e c t  
t w o  or more blocks. 
s t ruc tu re  i n  our model may be v e r t i c a l l y  smeared across 
Layers 1 and 2 and, t o  a lesser extent ,  across Layers 2 ,and 
3 ( s ince  some rays do turn  i n  Layer 2; see Figure 7a). 

C t i o n  .are i n  order. 

Given that Layers 

Layer 1, i n  par t icu-  

Given the  nature  of the data, shallow 

An addi t iona l  problem w i t h  Layer 1 is t h a t  the top of 
this layer is a t  the approximate mean elevat ion of the study 
region ( 2  km). True ground elevat ions differ from t h i s  datum 
plane by as much as 500 m, which is half  the thickness of 
Layer 1, Therefore, i n  addi t ion t o  modeling geology, Layer 1 
has the role of absorbing e r ro r s  due to elevat ipn cor rec t ions  
made t o  the seismic data. 
minimized by our choice of the datum plane. 
ambiguity of Layer 1 and the poten t ia l  problems w i t h  depth 
reso lu t ion ,  w e  have chosen t o  ignore this layer  i n  our dis- 
cussion below. 

O f  course, such e r ro r s  have been 
Because of this 

Vertical reso lu t ion  may be bes t  i n  the depth range 
between Layers 3 and 4. 

(Figures 7a, 7b and 7c) and they also contain a large number 
of earthquake hnocen te r s  (Figures 7c and 7d) -  
also deep enough t o  decouple from the highest  wavenumber com- 
ponents of the gravi ty  data. 

Many rays turn  i n  these layers  

Layer 4 is  

Contour maps of ve loc i ty  var ia t ions  i n  Layers 2 and 3 
f o r  the j o i n t  inversion model (NDF = 74)  and the seismic-only 

rcsd 
I 
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inversion model (NDF = 48) are given i n  Figures 1 9  and 20, re- 
'CJspectively. (See captions f o r  contour in te rva ls .  ) The more 

robust fea tures  seen ' i n  these layers ,  pa r t i cu la r ly  i n  the 
case of the j o i n t  inversion, are the  following. A very 
prominent r idge of high v e l o c i t i e s  can be seen trending 
generally northward from the southern limit of the model 
region between 1 1 2 . 8 O  and 1 1 3 O W  t o  a s  f a r  north as 38 .6ON.  
T h i s  r idge is flanked on the west by a narrow zone of s teep  
ve loc i ty  gradients  grading t o  a pronounced veloci ty  low fur-  
ther t o  the w e s t .  

While these fea tures  are probably la rge ly  control led 
by the  terrain-corrected Bouguer grav i ty  data included i n  the 
j o i n t  inversion (recall the d i s j o i n t  Spatial  sampling of the 
grav i ty  and seismic data i n  Figure 13 f o r  instance) , the .  
l oca l  earthquake travel-time data do i n  fact  de l inea te  a l l  
three fea tures ,  espec ia l ly  i n  Layer 3 (Figure 20, NDF = 4 8 ) .  . 
An i n t e rp re t a t ion  of these model fea tures  is taken from a 
study by Ward, -- e t  al .  (1978). 
set  of the Bouguer grav i ty  data  t h a t  w e  inverted and i n t e r -  
preted the northward-trending gravi ty  contours, w i t h  pro- 
nounced gradients  over the alluvium adjacent t o  the western 
margin of the Mineral Mountains as indicat ing t h a t  the 
mountains are bounded on the  west by Basin and Range f au l t s :  
these f a u l t s  form the eastern margin of the Milford Valley 
graben, which i s  reflected i n  the gravi ty  low (Figure 17a) 
along the western portion o f  this region. 

These authors analyzed a sub- 

* 

Ward, -3. e t  a l .  (1978) f u r t h e r  noted two northward-trending, 
- 'e longate grav i ty  highs extending over the region of i n t e r e s t  

heresand pointed out  that  the northern gravi ty  high does not  
coincide w i t h  the  crest o f  the Mineral Mountains i n  this area 
but r a t h e r  ove r l i e s  the western margin of the  mountains where 
g r a n i t i c  rocks are exposed. Referring t o  our model Layers 2 
and 3 i n  Figures 1 9  and 20,  especially f o r  the j o i n t  inversion, 

U w e  see t h a t  the veloci ty  anomalies display a s imi la r  behavior: 
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Figure 19. Contour plots of velocity in model Layer 2 of the joint inversion (left) 
and seismic-only inversion (right). The contour intervals are 0.2 km/s 
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the  ridge,  with an intervening saddle i n  the  Ranch Canyon 

o f  the  mountains going from south t o  nor th  over the model 
region . 
fea tures  i n  Figures 1 9  and 20, comes from a study by Robinson 
and Iyer  (1981). These authors inverted teleseismic P-wave 
travel-t imes recorded a t  t he  s t a t ions  (solid t r i ang le s )  de- 
p ic ted  i n  Figure 1 8  f o r  three-dimensional ve loc i ty  s t ruc tu re  
in the crust and upper mantle beneath OUT general  study region. 
The model obtained by Robinson and I y e r  (1981) consisted of 
four  layers  extending from 0 t o  35 km. The pa t te rn  of ve loc i ty  
anomalies determined i n  their topmost model l i y e r  ( 0  t o  5 km) 
cor re l a t e s  q u i t e  w e l l  with anomalies i n  Layers 2 and 3 of o& 
inversion models - and includes the three fea tures  discussed 

u a r e a ,  of high ve loc i ty  material diverges w e s t  of the  crest 

Additional seismic evidence, supporting the  model 

above. . 

The inversion r e s u l t s  f o r  the  deeper model layers  are 
given i n  Figures 2 1  and 22. 
appears i n  Layer 4 (Figures 2 1  and 2 2 ) ,  for both the j o i n t  and 
seismic-only inversions,  and p e r s i s t s  i n t o  Layer 5 (Figure 2 2 ) .  
The fea ture  of i n t e r e s t  i s  the east-west trending low veloc i ty  
anomaly centered between approximately 38.4S0N and 38.5ON. 
This anomaly extends beneath the axis  of the Mineral Mountains, 
and, most importantly, underl ies  the Roosevelt Hot Springs 
KGRA. Once again, comparing our r e s u l t s  with those of Robinson 
and Iyer  (1981)  w e  f ind  that  t h i s  low ve loc i ty  anomaly is 
del ineated by the teleseismic t r a v e l  times between depths of 
5 t o  25 km, and furthermore is located very near ly  i n  the  same 
place as i n ' o u r  study (i.e., Figure 7b from Robinson and Iyer  
(1981)  shows t h i s  anomaly extending beneath the Mineral Mountains 
just south of 38.S0N). 

An extremely in t e re s t ing  fea ture  

Robinson and Iyer (1981) stated t h a t  t h e i r  r e s u l t s  
suggested a pipe-like fea ture  of approximately f i v e  t o  seven u 

80 
SYSTEMS. SCIENCE A N 0  SOFTWARE 



-- m
a
- 

81 
S

Y
S

T
E

M
S

. S
C

IE
N

C
E

 A
N

0
 S

O
F

T
W

A
R

E
 



VI 

k
 

Q
) 

2 0
 

w
 

rl 

fl 
E
 

c1 
z 0 
d

 

w
 

r
l 

rl 

0, 
17 
z 0 
r
l 

8 

U
 

I 

oogzu- 

m
u
l- 

tn 
u
u
 

O
C
 

4
4

 
a
o
 

-
n
 

k s
a

 
O

S
 

u
u
 

E: 

82 
(v

 
N

 

Q
) 
k
 

8
2

 
S

Y
S

T
E

M
S

. S
C

IE
N

C
E

 A
N

0
 
S

O
F

T
W

A
R

E
 



percent ve loc i ty  cont ras t  extending from about 5 km-depth 

the Roosevelt Hot Springs geothermal area but extending t o  
the north and south a t  depth. 
lacks s u f f i c i e n t  resolut ion i n  the deepest (i.e., 7 t o  26 
km) l aye r  (i.e.# i n  terms of defining the depth extent  of 
this anomaly), w e  note that this low veloci ty  anomaly is 
well-defined i n  our Layer 4 (3 .5 t o  7.0 km) and is thus  
probably shallower than 5 km. 

I down a t  least  as far as the uppermost mantle, centered near l b j l  
I 
I 

While our inversion model 

The similar geological and geophysical p ic ture  painted 
by the various data set considered i n  this study lends s t rong 
support t o  the j o i n t  inversion approach w e  have described i n  
this report .  TO a la rge  ex ten t ,  w e  were handicapped i n  t h i s  

I study by the  r e l a t i v e l y  d i s j o i n t  coverage afforded by the 
l o c a l  seismic and gravi ty  data and,' i n  addition, by the poor 

1 

I 
d i s t r i b u t i o n  of seismic events and recording s t a t ions , ' and  
the  s m a l l  average number of S ta t ions  recording each event. 
However, in sp i te  of these circumstances w e  obtained s t ruc-  
t u r e  models of considerable merit. Obviously, given a 
"dedicated" seismic experiment and overlapping gravi ty  

I 
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APPENDIX A 

LISTING OF LOCAL EARTHQUAKE TRAVEL-TIME 
MODELING PROGRAMS 
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i 
I 
i 
j 
I 

I 

I 
1 

I 

I 

Program XTP computes loca l  earthquake travel-t imes U 
for buried sources i n  a f la t - layered one-dimensional veloci ty  
model having continuous veloci ty  versus depth and constant 
ve loc i ty  gradient  i n  each layer ,  
FORTRAN, UNIVAC's vers ion of FORTRAN 77. A l l  input t o  the 
program is  through NAMELIST reads i n  the main program (AAMAIN), 
The program produces pr inted output and a p l o t  f i l e  generated 
by calls t o  the DISSPLA graphics l ib rary .  The program accesses 
no o ther  tape or d i sk  f i les.  
complete except f o r  subroutines i n  the copyrighted DISSPLA 
l i b r a r y ,  which is ava i lab le  from ISSCO,  Incorporated, San Diego, 
California.  

I t  is wri t ten i n  A S C I I  

The following program l i s t i n g  is 
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APPENDIX B 

VELOCIW PERTURBATIONS IN FINAL JOINT 
INVERSION MODEL (NDF = 74)  
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Figures B.1 through B . 5  show the velocity perturbations 
in each grid cell of the final joint inversion model. 
number in a cell is 6v in units of 0.01 km/s. B o t h  outer grid 
and inner grid can be compared with corresponding.figures in 
the text .  
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ode1 Layer 2 (1 - 2 km) . 
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Figure 8 . 3 .  Model Layer 3 (2 .0  - 3.5 k m ) .  
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