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ABSTRACT

Gravity and well logging resistivity data  covering the entire surface of the 

sta te  of Nevada are exam ined to determ ine the feasibility of directly detecting 

conductance values from gravity data  acquired in  the area.

Thirty-six resistivity  well logs, all located in  basins, w ith depths ranging 

from 3,000 to 14,000 feet, were digitized. Digitized resistivity values for each log 

were converted to to ta l in teg ral conductance values, as defined by M aillet 

(1947). Conductance values were corrected for different well elevations and a 

new value of corrected total conductance was found for each well.

R esistiv ities of the  surface layer to depths up to the  basem ent were 

calculated a t each well. A m edian value of resistivity  for the surface layer was 

derived and inpu t in to  a theoretical relationship  re la ting  residual gravity to 

conductance. Through th is  expression, knowing the residual gravity  of the 

basins of N evada, it  has been possible to plot a contour m ap of surface 

conductance covering the entire state.

The resu lt is a  surface conductance m ap of N evada which showed very 

high values of conductance in  accordance w ith previous studies and w ith the 

regional geology setting of the area.

Nevada highly conductive surface may pose therefore serious problems for 

m agnetotelluric surveys because of its screening effect resulting in  a distortion 

of the m agnetotelluric curves.

Ill
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N everthless, a good knowledge of high conductance values m ay help to 

correct those curves for the caused distortion.

Furtherm ore the au tho r suggests th a t  the  p resen t methodology can be 

successfully applied in  other areas where high surface conductance rocks are 

encountered, provided th a t  gravity  m easurem ents, in  te rm s of Bouguer 

gravity, be available in  order to estim ate the corresponding conductance values.

IV
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SECTION 1 

Introduction

The area  of the sta te  of Nevada has been the object of m any geophysical 

investigations, e ither aim ed a t shallow exploration targets or a t deep crustal 

studies, due to its central location in  the well studied Basin and Range Province 

region.

The object of the present work has been aimed a t using a combination of 

gravity and resistivity well logging data  to derive a theoretical relation between 

the gravitational effect of the basins, target of the above m entioned data  in  the 

area, and  the conductance of basin  sedim ents. The theoretical relation  has 

been used to derive surface conductance values from residual gravity associated 

to basins.

U sing such a theoretical relation , i t  has been possible, knowing the 

residual gravity of each investigated basin, to derive values of conductance for 

the surficial sedim ents of the sam e basins a t locations w ithout well control.

Furtherm ore five gravity profiles, stretching across five basins, have been 

inverted in  order to yield a picture of the basem ent depth and morphology.

The purpose of th is study is to present the results and the in terpretation  of 

the  acquired data , and to synthetize the  resu lts in  term s of a conductance 

model of the sta te  of Nevada, pictured through a contoured conductance map.
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The ana ly sis  of such a m ap reveals very  h igh  values of surface 

conductance, ranging from 37 to 1,300 Siemens. Such anomalous high values 

are a  key factor in  the screening effect influencing electrical soundings probing 

a t great depth.

The study  fu rn ish es a good es tim ate  of th e  surface conductance 

param eter, allowing to correct the  m agnetotelluric sounding curves carried  

out in the  area, as will be described in Section Two.
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SECTION 2

The Effect of High Surface Conductance on  

Electrical Geophysics Methods

The electrical conductivity of the E arth  rocks is a param eter which is 

affected m ainly by two factors: changes in  the w ater content of a rock, and 

variations in  tem perature.

M ost of the  ex isting  rocks and  m inerals are  non-conductive in  dry 

conditions; neverthless they often re ta in  in their pores or fractures a certain  

am ount of w ater where some sa lts m ay be diluted, acquiring therefore a 

certain  type of conductivity nam ed ionic. That conductivity is m ainly influenced 

by the  am ount and  chem istry  of re ta in ed  w ater, by the  n a tu re  of the

electrolytes, and by the rock w ater saturation.

Furtherm ore a key factor in  controlling rocks conductivity is played by the 

geometrical distribution of pores.

An empirical expression widely used to describe such relationship is given 

by the Archie's law (1942):

G ^/c^= l/F = a(^ '^  (2.1)

where is the bulk conductivity of the  rock, c  is the conductivity of the

electrolyte in  the pore structure, (j) the rock porosity, F the formation factor, a

and m are empirically determ ined param eters. For sedim entary rocks, where
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the  pore space is the volume left over betw een grains, values for the  two 

param eters are a=0.6-l, m=1.6-2.

F or c ry s ta llin e  rocks, w here th e  pore space is re p re se n te d  by 

m icrofractures and joints, reasonable values are a=1.4-2, m=1.3-1.6.

Even rocks which do not re ta in  pore w ater show a conductivity defined by 

the Stefan Boltzman law:

c  = (2.2)

w here a  is the  rock conductivity, a  q the  conductiv ity  a t  a  reference

tem perature , T the absolute tem perature, K the Boltzm an constant, E is the 

rock activation energy.

Such re la tionsh ip  shows th a t  rocks a t high tem p era tu re s  have low 

conductivity values.

Num erous studies on the conductivity of dry rocks have been carried out 

(Keller, 1989), all showing th a t a t a  given tem perature a  rock conductivity falls 

in  a  very wide range extending over two and three orders of m agnitude. Also it 

has been found th a t the chemical composition of a rock may be an im portant 

factor, even though  m uch less im p o rtan t th a n  te m p e ra tu re , in  the  

determ ination of its conductivity (Karlya and Shankland, 1983). Such studies 

show th a t silicic compositions seem to lower conductivity compared to rocks of 

more basic compositions.
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Also it  has been experim entally proved th a t m elting processes, caused by 

abnorm ally  h igh  tem p era tu re s , m ay con tribu te  to increase  th e  rock 

conductivity. In such a case the conductivity of the molten rock is affected by its 

composition and m ainly by the  gases in  solution. Its  values for basic and 

u ltrabasic  rocks have been found in  the range from 1 to 100 S/m (Shankland 

and Waff, 1977).

Given these theoretical prem ises as a background introduction, let us 

consider th a t m any geophysical methods have been applied to study the E arth  

conductivity. They include direct m easurem ents made in  wells to depths up to 8 

Km, and  ind irect geophysical m easurem ents. The la s t ones include direct 

cu rren t resistivity methods m ainly used to explore sedim entary basins and the 

upper p a rts  of c ry sta lline  basem ents, while m agneto te llu ric  and  deep 

geomagnetic soundings have been used to probe the conductivity a t crust and 

m antle depths.

The results of the application of these methodologies have allowed to divide 

the E arth  in five zones with respect to the param eter conductivity. These zones 

from the surface are: (Keller, 1989)

1) A zone of surface rocks containing w ater and therefore very conductive 

to depths ranging from the E arth  surface to a few tens of Kilometers.

2) A zone of highly resistive crystalline rocks, a t dry and  cool conditions. 

The depths of th is resistive zone range from 10 Km in  unstable areas to 

several hundred Kilometers in cold stable areas.

3) A zone of high conductivity m ainly due to conduction m echanisms.



T-3899 6

4) and 5) These are two zones of rapidly increasing conductivities from a 

depth between 300 and 700 Km to the base of the mantle.

Also i t  has been extrapolated  th a t the  increasing values of conductivity 

continue in  the core as well, reaching values in the range of 100,000 to 1 million 

S/m.

The present study is interested in  the first shell above described of the area 

of the sta te  of Nevada, which is p a rt of the Basin and Range Province. Previous 

studies in th a t area of W estern United S tates (Keller, 1989) about the properties 

of the near surface rocks have shown th a t the conductance of the surface rocks 

is in the range of 1 to 5,000 S/m.

Such anom alously high values of conductance in  the B asin and  Range 

Province a t depths up to 10 Km have been geologically in terpreted  as caused by 

partia l m elting phenom ena a t c rusta l depths, and by the presence of w ater 

either in  pores or in fractures. It is the author's opinion th a t probably the la tter 

factor m ainly refers to rocks on the E arth  surface, while the former one refers 

to deeper formations.

The existence of a  high conductivity surface layer in  the investigated area, 

significantly interfers with the capability of electrical methods to probe into the 

deep crust and m antle.

Of all the electrical m ethods, the one which is m ost affected by high 

conductivity surface m aterial is the m agnetotelluric method.

Such effect on th is m ethod m akes it impossible to m ap the  conductance 

structure  a t depth, because of th is screening effect itself. The m ain effect of this
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phenomenon leads to a bias on the vertical shift of a m agnetotelluric sounding 

curve. F igure 2.1 shows a one dim ensional apparen t resistiv ity  curve for 

various values of surface m ateria l conductance for a profile containing a 

surface layer of high conductivity, underlain  by a basem ent of infinitely high 

resistivity, and in tu rn  underlain  by lower crust and m antle of increasing high 

conductance.

The figure well shows th a t th is screening effect reflects itse lf in  the fact 

th a t we have a suppression of the insulating p art of the profile as well as errors 

in  depths determ ination.

T his effect, caused  by high conductance surface m a te ria l, can be 

corrected, on the m agnetotelluric curves, if  a good estim ate of the conductance 

of the surface formations is available.

The aim of the present study is to furnish a method, which utilizes gravity 

to infer the conductance of surface layers, to be able to correct m agnetotelluric 

sounding curves carried out in  the investigated area.

The m ethod can also be used in  o ther areas of the  world w here th is 

problem  arises, providing its e lf  a good tool to  correct h ighly  b iased  

m agnetotelluric sounding curves.
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Correction of Magnetotelluric Sounding Curves Distorted by High

Surface Conductance 2.1

A way to correct for the  shift of m agnetotelluric sounding curves due to 

h igh  surface conductance and  electrical inhom ogeneites is described by 

H erm ance (1982). The m ethod uses a finite difference form for sim ulating the 

behavior of telluric fields in  presence of high conductance or inhomogeneities. 

I t is possible, in this way, to predict the shift of m agnetotelluric curves due to 

the above mentioned factors and to be able to correct the curves for the am ount of 

observed shift.
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SECTION 3

The Regional Geology of the Basin and Range Province

Introduction

The area  belonging to the sta te  of Nevada, which is the object of the present 

thesis, is p a rt of a  region of the W estern U nited S tates called Basin and Range 

Province.

The physiography of the vast area, as illu stra ted  in  figure 3.1, is one of 

modelled and partially  buried fault bounded blocks th a t has been produced by 

the  extension of the  region during la te  Cenozoic tim e. The d istribu tion  of 

Cenozoic norm al faults is pictured in  figure 3.2, as well as the distribution of 

e a rth q u ak es  in  the  a re a  th a t  A tw ater (1970) called "a wide soft zone 

accom odating oblique divergence betw een the  Pacific and  N orth  Am erican 

plates", in  figure 3.3. The effect of movements along the norm al faults leads to 

a  crusta l extension oriented WNW-ESE, although the actual motion is quite 

variable from fault to fault.

The fau lt d istribution does not seem to affect the unextended Colorado 

P lateau. Some authors believe th a t the relative motion between the P lateau  and 

the  faulted  Province may be explained by a component of righ t-lateral strike 

slip along the southern P lateau border.

Recent geophysical studies of the area  have shown sim ilarities between 

the Province and regions of past or present extension. Such evidences include a
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high heat flow and w idespread volcanism, like the Rift Valley in Africa or the 

Rhine Graben in  Europe. Some authors (Sclater and Francheteau, 1970) have 

compared the previously m entioned occurrences w ith the high a ltitude of the 

entire  Province, rela ting  i t  to the therm ically expanded ocean ridges. And like 

ocean ridges, other studies have shown a th in  crust and low m antle velocity.

However, as far as much of the understanding we have about the region 

comes from analogy to other geologically sim ilar parts  of the world, we cannot 

discover to w hat extent earlie r geologic and tectonic events have preordained 

the  p a tte rn  of actual faulting. The m ost accepted theory in  the  scientific 

community is th a t an  earlier subducting plate a t the w estern m argin of N orth 

America is still responsible for w hat we now observe in  the Basin and Range 

Province.

Crust and Mantle Structure 3.1

The m ost im portan t inform ation about the deep crust and  m antle of the 

region comes from seismic refraction data.

Such da ta  have shown an anomalous th in  continental crust (Pakiser 1963,

Prodehl 1970) for such an elevated region, low velocity of prim ary waves, in  the 

order of 7.6-7.S Km/sec a t shallow depths. These waves are also called P ^  waves

and  are  those travelling  in  the  upperm ost m antle  below the  Mohorovicic 

d iscon tinu ity . F igu re  3.4 shows the  c ru s ta l th ick n ess in  the  a rea
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as derived by seismic data. Gravity data have supplied evidence th a t most of the 

isostatic support for the Basin and Range Province is in  the  anomalous upper 

m antle  which plays an  im portan t role in  any tectonic model of the  area. 

Isostatic gravity anomalies, in  figure 3.5, show th a t most of the area  is deficient 

in  m ass, being the average anomaly about -10 mgal.

O ther studies have also shown a well defined upper m antle low velocity 

zone (LVZ) for both prim ary and secondary waves. The low velocity zone seems 

to be 100 Km thick and beginning a t the top of the m antle and coincident with 

the  anomalous upper m antle (Archambeau et al., 1969).

Extension Characteristics 3.2

The focal mechanism s of local earthquakes show a consistent direction of 

con tinu ing  extension. Focal solutions also show predom inan tly  norm al 

faulting  (Scholz, 1971) w ith extension direction ranging from E-W to NW-SE. 

The inception of the Basin and Range faulting over Nevada is dated a t 15 to 17 

million years (Noble, 1972).

The pa ttern  of rup ture  is of rhomboid type and is common to other regions 

where extension phenom ena are present. E xplanations on the  shape of the 

p a tte rn  are not well founded, b u t hypotheses include change in stress system, 

influence of earlier structure  and anisotropy in crustal rock properties.
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Heat Flow Data 3.3

Anom alously high h e a t flow values characterize  the  en tire  a rea , as 

pictured in  figure 3.6. H eat flow values greater th an  2 HFU (H eat Flow Unit, 

p,cal cm"^ sec*^) are common in  the Basin and Range Province. Recent studies 

(Roy e t al., 1972) have shown linear relation between heat flow values and the 

radioactive heat production of surface rocks in plutonic areas.

C rustal tem perature profiles, based on these studies, have determ ined th a t 

a t depths of 30 Km the tem perature is in  the range of 700°-10Q0° C. Such high 

anomalous tem peratures, compared to those characterizing the eastern  U nited 

States, m ay reach the m elting range for granite in  the crust, and th a t of basalt 

rocks in  the upper m antle.

The association of such high tem peratures with a w idespread volcanism 

has suggested  the  generally  accepted hypothesis th a t  p a rtia l  m elting  

phenom ena are responsible for the th inning of lithosphere and for shallow low 

velocity zones in the astenosphere of the region.

Magnetic and Electrical Anomalies 3.4

M agnetic and electrical anomalies support the evidence of an anomalous 

ho t upper m an tle . Zietz (1969) showed th a t  long w avelength  m agnetic  

anomalies are absent, suggesting the fact th a t crust and m antle rocks be above 

the Curie point of 578° C for magnetite.
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Electrical anomalies in conductivity were m easured by Porath  and  Gough 

(1971) study ing  the  geom agnetic fluctuations. Such anom alies are  well 

characterized by changes in  depth to a h a lf space of conductance of 0.2 mho. 

The top of the  conductor appears to be represented by the 1500® C isotherm , 

while its  depths show wide range of values in  the area.

Tectonic Model and Petrological Relations 3.5

The following petrological re la tions are  of crucial im portance in the 

de term ination  of the  general tectonic s tru c tu re  of the  B asin  and  Range 

Province.

I t has been established by Lipman (1972) th a t before the faulting inception, 

low and middle Cenozoic volcanoes erupted  m ainly in term ediate  composition 

m agm as.

At the  beginning of the Cenozoic faulting, a change to basaltic volcanism 

occurred, beginning in  the  sou theastern  p a rt and m igrating northw estw ard 

(C hristiansen and Lipman 1972).

I t  has also been established th a t the composition of the m antle before the 

faulting contained 25 % of eclogite (Me Getchin and Silver, 1972). The eclogite 

rock m ay be a key factor in explaining the late Cenozoic uplift of the entire area, 

because of its property to convert into gabbro with a volume expansion of 10 % in 

response to a  rise in  tem perature or decrease in pressure.



T-3899 21

As portrayed in  the previous subsections, geophysical da ta  can set useful 

constraints in  the determ ination of the tectonic model of the Basin and Range 

Province. The most im portant assessm ents are in  agreem ent w ith the following 

geologig effects: high heat flow values, widespread volcanism, th in  continental 

crust, low m antle velocity, high elevation, absence of long wavelength magnetic 

anomalies, high electrical conductivity.

Gravity data  also portray th a t observed isostatic anomalies present values 

th a t  a re  sm aller th a n  those th a t  would be observed if  a  c ru sta l p late  is 

a tten u a ted  by horizontal extension. The gravity  sim ply indicates th a t  n ear 

surface extension m ust be m atched by lateral backflows in the m antle (Burke et 

al., 1974).

The general idea, a fter considering all the observed phenom ena, for a 

tectonic model of the area  is th a t  the  therm al effects of a p ast subduction 

process are still being felt in  the Basin and Range Province.
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SECTION 4 

The Dar Zarroiik Parameters

The D ar Zarrouk param eters, first introduced by M aillet (1947), are  of 

crucial im portance in the theory of electrical soundings and electrical logging, 

and can be very useful in their interpretation.

For sake of clarity, in  the p resen t work, I shall p resen t the theoretical 

background behind the same param eters. Before actually introducing the above 

m entioned param eters I shall describe some physical quan tities th a t  are 

im portant to them.

Microanisotropy 4.1

A t the  purpose to explain  the  physical m eaning  of th e  concept of 

m icroanisotropy, le t us consider th a t m any geological form ations, especially 

those containing clay and m arls, conduct the electrical cu rren t more easily 

along the s tra ta  th an  in a  direction perpendicular to these. Hence two different

conductivities m ay be considered:

A) the longitudinal conductivity parallel to the stra ta ,

B) the transversal conductivity perpendicular to the stra ta ,

Also other param eters may be defined as:

C) the average conductivity o =

D) the microanisotropy 0 = Oj/a^>l
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The concept of microanisotropy, as m athem atically described by equation 

(D), plays a  real im portant role in  the  equivalence phenomenon, common to all 

electrical prospecting techniques. I t  s ta tes th a t if  we consider a  layer of 

th ickness h  and  average conductivity a , and  anisotropy 0, th is is exactly 

equivalent, in  its  outside effects, to an isotropic layer of th ickness 0 h and 

conductivity o. The ju s t described phenomenon leads to consider th a t i t  is not 

possible to discrim inate between an underground layer with anisotropy 0, and 

an  equivalent isotropic layer 0 tim es thicker. Therefore th is fact leads to great 

indeterm inateness w ith respect to com putation of depth, which can be well 

defined only if we have a  detailed knowledge of the anisotropy factor.

Macro-anisotropy 4.2

Besides the concept of microanisotropy, which is a rock property itself, we 

have to take into consideration the phenomenon of m acro-anisotropy which 

results of a repeated occurrence of two different lithotypes made up of th in  beds. 

In  th is case the cu rren t will tend  to flow more easily in  the  direction of the 

s tra ta , utilizing the m ost conductive beds, ra th e r th an  perpendicularly. The 

effect of m acro-aniso tropy, as exp lained , is com pletely s im ila r to the  

m icroanisotropy effect, a t least in  the case when the m easuring  electrical 

devices are large compared to the thickness of the considered beds.
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In the case of two layers of thickness h% and h 2 , of conductivities c%and a  2 > 

i t  is possible to consider an average longitudinal conductivity and an  average 

transversal conductivity Oj using the following equations:

(h^ + hg) Oj = h^o^ + O2  h2 

(h j + h2) + h 2̂ /(7 2 + \ic2l 0 2

the la tte r conductivities, namely Op o^, are the longitudinal and transverse

conductivities of a single bed made up of microanisotropic m aterial of a 

thickness equal to th a t of the two layers combined, and offering the same 

propagation of e ither longitudinal or transverse current lines. Therefore a 

definition of the macro-anisotropy factor may be given by the following 

equation:

0 ^ = [( h io i  + hg 0 '2 ) (  V ° 1  + V  % ) ] / (  + hg) ̂

The Dar Zarrouk Variable and the Dar Zarrouk Function

I f  we consider the  re la tio n  betw een a m icro-aniso tropic and  the  

corresponding isotropic layer, the following quantities are constant: 

h(0/o) = h (1/a) 

h(0a) = (0h)a

nam ely the  product of the  thickness by the transverse  resistiv ity  and  the 

product of the thickness by the longitudinal conductivity. As seen before, the
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sam e holds true  for the correspondence between m acroanisotropic layer and

the equivalent micro-anisotropic formation.

Therefore the two products, above described, are capable of characterize a

geological layer be tter th an  any other param eter, and we are led to consider the

following integrals: 
z=0

R(z)= ^  0(z)/a(z) called  D ar Z arrouk  variab le  or tran sv e rse  u n it 
z

resistance.
z=0

C(z)= 0(z)o(z) called  D ar Z arrouk  function  or lo n g itu d in a l u n it
z

conductance.

If  we consider the  geologic model in  figure 4.1, R(z) m easures the  

resistance to the lines of cu rren t perpendicular to the s tra ta , while C(z) the 

conductance offered to the hues parallel to the s tra ta , 0 is the micro-anisotropy 

factor increased by macro-anisotropy caused by very m inute layers.
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Fig 4.1 Illustration for a transversal unit resistance and 
longitudinal unit conductance (Maillet, 1947)
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SECTION 5 

The Use of Gravity to Infer Conductance

Experim ental considerations have shown th a t it  is possible to correlate the 

gravitational attraction of an infinite slab of known thickness and density to the 

electrical conductance param eter. For th is  purpose le t us in troduce the  

following equation:

Pb = (1 ■ 4>)Pm + 4>Pf
where is the bulk density of a rock, (5.1)
<{) is the porosity, the m atrix  density 
of the rock, Pf* the fluid density, which 
is equal to 1 for water.

I t  is possible to write equation (5,1) in  the following way:

P b  =  ( l - < D ) P n ,  +  (D

and also

Pfa = - <|)(Pm -1) (5.3)

Let us introduce now the gravitational attraction of a infinite slab:

AP -  o rrpp  k Where G is the
ACx -  zULrFijh gravitational constant, (5.4)

P]̂  the density of the
slab, h  the thickness 
expressed in  m eters

AKTKUl LAKES LIBRARY 
C0L0EtM)0 SCi^OOL of *Æ1NE& 
GOLDEfî. COLORADO 80401
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Substitution of equation (5.3) into equation (5.4) yields:
-AG = 2nG|)(Pgi - l)h

Now if  we let h  = SP, where S is the  conductance, P  the rock resistivity we

can rew rite equation (5.5) in  the following way:
-  AG = [ 2nG K Pni - 1)]P S

Equation (5.6) can also be w ritten as:
(5 7)

-AG = aPS where a = (2nG<;)(P^ -1)

In order to calculate the coefficient a, introduced in  equation (5.7), it is 

necessary to estim ate  the  values of porosity and m atrix  density  which are 

included in the coefficient a. Typical value of porosity is 0.33 and common value 

of rock m atrix  density  can be estim ated  as 2 .67gr/cm ^. In  th is  case 

a = 0.0230966. From equation (5.7) i t  is possible to derive the conductance 

param eter from the gravitational a ttraction of an infinite slab. In fact, we have:

^  = (5.8)

For th is relationship the param eter conductance can be calculated if  we 

know the AG, a, and P param eters. For the purpose of the present study we can 

consider the param eter AG as a  good first approxim ation to the gravitational 

a ttrac tion  of a basin, and hence through equation (5.8), knowing the residual 

gravity of each investigated basin, i t  is feasible to calculate the corresponding 

theoretical conductance.

In order to be able to derive the conductance param eter, however, we have 

to know the rock resistiv ity  param eter. This can be calculated a t each well
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location, represen ting  the resistiv ity  of the  basin  sedim ents up to basem ent

depths. A m edian value of resistiv ity  can thus be calculated and in p u t in

equation (5.8), as will be described in  Section Six.
Thus, the  coefRcient ^  can be computed and therefore conductance can be

derived from the residual gravity of each basin.
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SECTION 6 

Data Analysis 

Introduction

Resistivity well logging and gravity m easurem ents are the two geophysical 

m ethods used, in  the  p resen t work, for the purpose of deriving a  theoretical 

relation between the residual gravity of the basins of the sta te  of Nevada and the 

electrical conductance derived a t some well locations inside such basins, and to 

check the  practical validity of the theoretical expression (5.8) introduced in 

Section Five.

F u rth e rm o re  th e  sam e d a ta  a re  u tilized  to in fe r the  p a ra m e te r  

conductance from the residual g rav ity  for each basin  w here no well is 

available.

Resistivity Logging Data 6.1 

Introduction

The object of resistivity logging is to estim ate the true  formation resistivity 
R^ in  order to determ ine w ater and hydrocarbon saturations. A m ajor problem

in  the correct estim ation of Rt is th a t the mud filtrate, used in  drilling the well, 

invades the perm eable zone up to a  certain  horizontal distance from the bore 

and the apparent resistivity obtained with any kind of device will be somewhat 

influenced by the invasion profile of the m ud resistivity. To prevent to some
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extent such a lteration  on the  values of true  resistivity , resistiv ity  logs, from 

early  days, have consisted of th ree  curves: deep, m edium  and  shallow  

investigation.

W ith those th ree  m easurem ents and considering the invasion profile of 

stepped shape it is possible to obtain corrected m easures of the true  resistivity.

The above m entioned  curves can be subdiv ided  by th e ir  rad ii of 

investigation: deep (+3 ft), medium (1.5-3 ft), shallow (0.5-1.5 ft), flushed zone (1- 

6 in).

Therefore the  deep curve will read  a value of resistiv ity  a t a longer 

horizontal distance from the bore th an  the medium and shallow curves, being 

in  th is way less affected by the invasion profile of the m ud filtrate.

Conventional Resistivity Logs 6.2

In  conventional res is tiv ity  logs, cu rren ts  are  c ircu lated  th rough  the 

geologic form ations th rough  a  pa ir of cu rren t electrodes and  voltages are 

m easured by m eans of other two electrodes. The recorded voltages, supplied 

curren t and geometry provide the  resistivity determ ination. A most im portant 

factor allowing the curren t to circulate is th a t the m easuring sonde m ust be 

run  in  holes containing electrically conductive m ud or water.

Two of the  most used conventional tools are the norm al device and the 

la tera l device, which will be treated  thereafter.
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For introducing the norm al device, let us consider an homogeneous earth  

model drilled by a borehole containing m ud having the same resistivity  of the 

surrounding  e a rth  m aterial. F igure 6.1 illu stra tes the idealized model. The 

survey curren t is em itted a t electrode A and retu rns to the electrode B placed a t 

infinity. M is the potential electrode and N  is the reference a t zero potential.

Such device is called norm al device. A generator a t the ea rth  surface 

provides the  curren t to flow, and a  voltm eter m easures the potential difference 

betw een the  voltage electrodes. In th is way, by m easuring  the voltage and 

curren t in tensity  values, it is possible to derive a value of resistivity  for each 

reading. In general, since the  e a rth  cannot be considered homogeneous, bu t 

layered, the values of resistivity obtained in  this way are generally referred as 

apparen t resistiv ity , being a complex average of the  true  resisivities of the 

earth .

For the norm al device the apparent resistivity is given by:

Ra= 4n(AM)(V/i)=Kn(V/i) (6.1)

where AM is the vertical distance between these two electrodes, V is the 

m easured voltage between M and N  electrodes, i is the current in tensity  and Kn 

is the sonde coefficient.

From expression (6,1) i t  is possible to extract a  value for the true  resistivity 

of a  layered bed, even though th is process is in principle an indeterm inate 

problem. In fact different combinations of true resistivity, borehole diam eter, 

invasion diam eter and bed thickness can produce the sam e values of apparent
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Generator

SPACING ——0

Normal

Fig 6.1 N orm al a rray  (Schlum berger, 1974)
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resistiv ity . Thus, i t  usually  requires additional m easurem ents by m eans of 

other sondes, to m easure true resistivity.

The norm al device usually uses two AM spacings of 5-20 in., referred as 

short norm al, and 20-84 in., referred as long normal, depending on the desired 

vertical resolution and lateral depth of investigation.

The Lateral Device

Another tool which originated from the normal device is the la tera l device. 

The la te ra l device, in figure 6.2, places the  voltage electrodes M and N close 

together w ith the  cu rren t electrode A a t distance. Such a rray  disposition 

allows detection of th in  resistive beds between two more conductive beds. In a 

sim ilar way, an apparent resistivity function, as derived for the norm al device, 

can be derived for the latera l device too:

Ra=4n{[(AM)(AN)]/(MN)}V/i=Kl (V)/i (6.2)

where AM, AN, MN are the vertical distances betw een these electrodes, V is 

the  m easured  voltage, i is the  cu rren t in tensity , K1 is the  la te ra l sonde 

coefficient.
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Fig 6.2 L ateral a rray  (Schlum berger, 1974)
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Focusing Electrode Logs 6.3

The previous subsection, describing conventional resistiv ity  logs, shows 

th a t  such system s can be greatly  affected by borehole characteristics and 

adjacent formations.

Those draw backs are significantly reduced by a category of tools using 

focusing curren ts supplied from special electrodes.

Such a fam ily of devices includes the  Lateralogs and the spherically  

focused logs. Such system s are  used  for shallow , m edium  and  deep 

investigations. The devices more ap t to m easure tru e  resistiv ity  are the 

lateralog 7 and 3 and dual lateralog, while m edium  to shallow investigation 

tool is lateralog 8. For the purpose of the present work only deep investigation 

tools were used and therefore only these will be described.

The Lateralog 7 and 3

The lateralog 7 device, pictured in figure 6.3, has a  center electrode Ao and 

three pairs of electrodes M l and M2, M^ and M^, and A1 and A2. Each pair of 

electrodes is sym m etrically placed around Ao and are connected to each other 

by a  short-circuit wire.

The tool is set operative through a current lo injected through electrode Ao, 

and through the injection of a  bucking current through electrodes A1 and A2. 

The potential difference is m easured through any of the voltage electrodes Mi
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and an  electrode placed a t the  ground surface a t a large distance. Using a 

co n stan t lo cu rren t, th e  voltage m easured  is function of the  form ation 

resistivity. Such potential is converted to a value of apparen t resistivity, from 

which true  formation resistivity  can be extrapolated, through m ultiplication by 

a sonde coefficient.

The Lateralog 3 Device

Such tool is alm ost identical in its field layout to the lateralog 7, except th a t 

the  presently  considered device uses longer electrode separations as portrayed 

in  figure 6.3. As a  resu lt th is tool provides a be tte r vertical resolution and is 

more detailed in  its  resu lts th an  lateralog 7, being less influenced by borehole 

param eters .

Dual Lateralog

These devices com pensate for the fact th a t in  conventional lateralogs the 

m easuring curren t has to traverse the invaded zone to reach the undisturbed 

one, and the final voltage m easurem ent is necassary a combination of effects.

These tools, in  figure 6.4, use a  second m easurem ent a t a different depth of 

investigation, possibly in  the undisturbed zone, in  order to have a more precise 

value of true  formation resistivity.

Dual lateralogs are used e ither for shallow or deeper investigations.
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L o t t r o l o g  3

L a f c f o io g  - 7 S ohw icQ liy  FocuM d Log

^ g  6.3 Schem atic of focusing-electrode devices
(Schlum berger, 1974)
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LLd

Fig 6.4 Schem atic of the dual lateralog (Schlum berger, 1974)
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Spherically Focused Logs

While norm al resistivity tools rely on the fact th a t the current radiation is 

equal in  all directions, the spherically focused logs use focusing curren ts to 

enforce a spherical shape on the equipotential surfaces over a range of bore 

variables.

The effect is th a t all borehole effects, present in  other devices, are removed 

from the m easurem ents.

Log Digitizing

A total of thirty-six resistivity well logs, all located in basins as portrayed in  

figure 6.5, have been digitized using a sample in terval of ten  feet. The average 

depth of each well is in  the range between 3,000 and 14,000 feet. Such a depth 

range provide coverage for all basin  sedim ents in  term s of true  resistiv ity  

param eter, while the deeper logs provide also inform ation about the basem ent 

depths. Most of the above considered logs are dual induction or spherically 

focused logs. A table containing all the  da ta  w ith  all characteristics is in 

Appendix 1.

P articu lar care has been applied in  choosing the resistivity curve, for each 

log, less influenced by the m ud resistivity, whenever th is was available. Under 

these circum stances the author assum es th a t the digitized values of resistivity 

fall w ithin an  error of ± 5% with respect to the true rock resistivity.
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Fig 6.5 Locations of resistivity well logs 
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Once all da ta  were digitized, a  computer program  called ELOG (Keller, 

Appendix 2), has been applied to them  in order to calculate the D ar Zarrouk 

param eters. In particu lar, the longitudinal conductance param eter (M aillet, 

1947), as introduced in Section Four, was calculated and represented in  a file as 

a  function of depth for each well. Once obtained, the to tal conductance values 

have been corrected by projecting them  to the earth  surface, since the program  

computes the conductance from a certain  depth for each well, depending on the 

well elevation itself.

C orrected to ta l conductance values for each well have been obtained, 

nam ely representing  the  conductance values of the basin sedim ents to depths 

up to the basem ent of each basin, m easured a t different points in different 

basins.

U sing these values of surface conductance and  knowing the  depth  of a 

basem ent, observing the behavior of each conductance curve versus depth, it is 

possible to calculate the resistivity  of the surface sedim ents for each well. In 

fact, h  = PS and P  = h/S when P is the resistivity, S the conductance and h the 

basem ent depth.

Once obtained, the  resistiv ity  values for each well were plotted in  the 

isthogram  pictured in  figure 6.6. The isthogram , draw n on a sem i-logarithmic 

scale, shows the different ranges of calculated resistivities versus the num ber of 

sam ple values falling w ithin each resistivity  range.
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From  the  isthogram  a m edian value of resistiv ity , ^ m e d ia n  ^an be

calculated, and it  was found to be equal to 1.30 ohm " i n , a  value which well 

reflects the high conductance values of the area.

I t  is the  au thor's opinion th a t the  m edian resistiv ity  value is the best 

statistical value of surface resistivity in  the investigated area, well reflecting the 

weight of each range of calculated resistivities.

The knowledge of the resistiv ity  m edian value allows calculation of the 

conductance from the residual gravity effect of each basin  through equation

(5.8).

Gravity Data 6.4

A com plete Bouguer grav ity  m ap of N evada has been p lo tted  from 

previously acquired surveys a t scale of 1:2,000,000 and is portrayed in figure 6.7. 

A second m ap , a t the sam e scale, has been obtained, in  figure 6.8, showing 

only the  Bouguer gravity confined in  the basins, deleting therefore the gravity 

effect due to m ountains and general topographic relief.

From the last map, pictured in  figure 6.8, it has been possible to derive a 

residual gravity map showing the gravity associated only to the basins of 

Nevada. This m ap will be explained in  detail in Section Seven along with its 

role in  the determ ination of basins conductance from basins residual gravity.
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Fig 6.7 Complete Bouguer gravity map of Nevada. 
Scale 1:2,000,000 (UTM coordinates)
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Fig 6.8 Bouguer gravity map of basins. 
Scale 1:2,000,000 (UTM coordinates)
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Profile Inversion 6.5

Another in terest in the gravity data  has been to determine the large scale 

s tru c tu ra l trends beneath  areas of basin  fill. Being such s truc tu ra l trends 

roughly parallel, a profile inversion program  has been used to invert some 

profiles. The program, w ritten  by Crewdson (1976) and subsequently modified 

by A ndersen, uses the  rec tan g u lar cross section form ulas of M orris and  

Sultzbach (1967).

In  the  program  the  basin-fill cross section is approxim ated by a set of 

contiguous vertica l rec tan g u la r strip s. In  each s tr ip  the  upper section 

coincides w ith the  topographic surface, while the  lower section defines the 

basem ent-fill contact. The s trip  lengths and  depths are estim ated  by an  

ite ra tive  procedure or m ay be inpu t as a tria l body. The gravity anomaly 

produced by the  so defined tr ia l body is com puted and  subtracted  from the 

observed values, giving a residual. A constant density for each strip  or laterally  

varying densities may be input, while a single basem ent density is assumed. 

The observed gravity  profile is assum ed to have regularly  spaced points in  

term s of complete Bouguer gravity.

In order to be tter constrain the profile inversion, a t least two depths to the 

basem ent should be known.

The five inverted profiles are  displayed in  figure 6.9 through 6.13 and a 

sum m ary of the tabulated  data  are in Appendix 1.
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Interpretation 6.6

The profiles considered were inverted  using a basem ent density of 2.67 

gr/cm^ and a basin fill density of 2.00 gr/cm^ in accordance to previous reports 

(Crewdson, 1976). Depth to the basem ent were known a t two points in  all five 

profiles. These depths were obtained a t well locations in terested  by the profiles, 

considering the shape of the conductance curve w ith depth.

A good agreem ent was found betw een the  morphology of the  residual 

gravity of each basin, obtained by the program , and the basem ent valley-fill 

contact.

Therefore i t  is possible to calculate, a t least qualitatively, the  depth and 

morphology of the basem ent for each basin not in terested  by profiles knowing 

th e ir residual gravity effect.
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SECTION 7 

Compilation of a Conductance map of Nevada

The com pilation of a  conductance m ap of the  investigated  area, which 

covers the State of Nevada, has been the object of the present work. As described 

in  Section Two, a good knowledge of the  surface conductance in  th is area  of 

highly conductive basin-filled sedim ents is m andatory  in  order to correct 

m agnetotelluric sounding curves from the screening effect exercised by such a 

conductive layer.

In order to obtain the  conductance map, the au tho r used the theoretical 

re la tionsh ip  betw een the  res id u a l g rav ity  effect of each valley and  the  

conductance param eter, as derived in Section Five.

In  order to check the  theoretical validity of the  rela tionsh ip  previously 

described, the  au tho r firs t calculated a  residual gravity  m ap of basins in  

N evada from values of residual gravity a t each well location. Those values were 

obtained subtracting  the gravity, obtained from the m ap in  figure 6.8, a t each 

well location from the gravity values of points located along the edges of each 

basin containing a well.

The obtained residual gravity values nam ely represen t the  gravitational 

attraction of those sections of the basins stretching from their edges to each well 

location inside the same basin.
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The obtained residual gravity m ap is pictured in  figure 7.1. From  th is last 

m ap, i t  is possible to directly derive conductance values using the  expression

(5.8), as described in  Section Five.

A m ap of surface conductance in  figure 7.2 was so obtained from residual 

gravity values calculated a t each well location.

Furtherm ore, conductance values derived a t all well locations were used to 

draw  a contour m ap of surface conductance as derived by resistiv ity  well log 

data. The analysis of th is map, in figure 7.3, show a very good sim ilarity with 

the  conductance m ap in  figure 7.2, derived from gravity  d a ta  a t each well 

location. The very good m atch betw een the  two m aps of conductance, one 

derived from gravity  d a ta  through expression 5.8, the  o ther obtained from 

conductance values calculated from well log data , proves th a t the  theoretical 

relationship, relating  residual gravity to conductance, is correct.

In  order to have a more detailed surface conductance m ap of Nevada with 

respect to those obtained from gravity and conductance values known only a t 

each well location, first, a  Bouguer m ap of N evada showing only the gravity 

effect related  to the  basins has been obtained from a complete Bouguer m ap of 

the  area, sub tracting  the  effect due to m ountains and general topographic 

relief. The second step has consisted in  calculating the residual gravity effect of 

the  basins from the  regional grav ity  m ap. This has been accom plished 

sub tracting  the gravity, obtained from the map, a t 150 grid points regularly  

spaced inside the basins, from the gravity  values of a series of chosen, also 

regularly spaced, points located all along the  edges of each basin.
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Once obtained, those gravity  values nam ely rep resen ting  the  residual 

gravity effect of the basins, the au thor made a contour m ap of them  as pictured 

in  figure 7.4. This m ap represen ts the residual gravity  associated w ith  the 

basins of Nevada. The values have been found to range form -2 to -36 milligals.

U sing expression (5.8), previously derived and  explained, the  au tho r 

calculated the conductance values from the residual gravity m ap of figure 7.1

simply by m ultiplying the values of residual gravity contours, as derived from
the map, by the coefficient - p — -------previously calculated.

^^median

Therefore the num erical expressions th a t has been used which takes into 

account the derived relationship between conductance (S) and residual gravity 

(AG) is:

S = 33.304934AG (7.1)

M ultip lication  of res idua l grav ity  contours, as in  figure 7.1, by the
coefficient - p — ------- , yields conductance values directly. Such conductance

^^median

contour values were plotted in figure 7.5 and are representatives of the surface 

conductance of all the basins of Nevada, as derived through equation (5.8).

The analysis of such a  map, pictured in  figure 7.5, shows high values of 

conductance, due to surface sedim ents, in accordance with recent studies of the 

surface conductance of W estern United S tates (Keller, 1989). The range of 

values obtained for Nevada spans from 37 to 1,300 Siemens. These values are 

considerably higher th an  those found in  the surrounding areas, bu t well 

correlate w ith the order of m agnitude of conductance m easured in  Southern 

California, a t the border with Nevada. Nonetheless, the author, considering the



T-3899 60

Easting (Km)
2 6 0 2 8 9 3 1 9  3 4 8  3 7 8  4 0 7  4 3 6  4 6 6 4 9 5 5 2 5 5 5 4 5 8 4 6 1 3  6 4 2 6 7 2 7 0 1  731  7 6 0  

4 6 4 0  ^  I  I  I  I  i T T u i  I  1 1 ^  I  - t -  f — t  - i  4 6 4 0

4 5 6 1 4561

4 4 4 3 4 4 4 3

4 4 0 4 4 4 0 4

4 2 8 54 2 8 5

4 1 6 74 1 6 /

4 1 2 8

4 0 8 8

4 0 4 9 4 0 4 9

4 0 0 9 4 0 0 9

3 9 7 0 3 9 7 0
2 6 0  2 8 9  3 1 9  3 4 8  3 7 8  4 0 7  4 3 6  4 6 6  4 9 5  5 2 5 5 5 4  5 8 4  6 1 3  6 4 2  6 7 2  701  731 7 6 0

SCALE 1 inch =  9 5 . 7 1  Km

Fig 7.4 Residual gravity  m ap of basins in  N evada
(Contour u n its  m gal)



T-3899 61

Easting (Km)
2 0 0 2 8 9 3 1 9 3 4 8  3 7 8 4 0 7  4.36 4 6 6 4 9 5 5 2 5 5 5 4 5 8 4 6 1 3 6 4 2 6 7 2  701 731 7 6 0  

4 6 4 0  I I t ' f p f M T i ' I * I "̂ 1 ^  f rI f ' i ' ff  i !r ' r-"i" i i i -t-*i 4 6 4 0

45614561

4 4 4 3

44044 4 0 4

4 3 6 4

4 2 0 6

4 1 6 74 1 6 7

4 1 2 8 4 1 2 8

4 0 8 8

4 0 4 9

4 0 0 9 4 0 0 9

3 9 7 0 3 9 7 0
2 6 0  2 8 9  3 1 9  3 4 8  3 7 8  4 0 7  4 3 6  4 6 6  4 9 5  5 2 5 5 5 4  5 8 4 6 1 3  6 4 2  6 7 2  701 731 7 6 0

SCALE 1 inch =  9 5 . 7 1  Km

Fig 7.5 Conductance m ap of N evada derived from gravity data
(Contour u n its siem ens)



T-3899 62

values obtained from the previously mentioned studies, believes th a t the values 

of surface conductance in Nevada are considerably higher than  those found in 

contiguous areas.

Therefore the screening effect on electrical soundings, due to such a 

conductive layer, m ust be rem arkably higher in  this area, posing a significant 

problem to the use of electrical probing methods a t great depths.

N evertheless, as described in  Section Two, a  good knowledge of the 

conductance values of surface rocks and  sedim ents is m andatory in  order to 

correct the m agnetotelluric curves obtained in th is area.

The resu lts of the present study, sum m arized in  term s of a conductance 

m ap of N evada, m ay be used  in  o rder to perform  th e  correction  on 

m agnetotelluric curves acquired in  the area.

The work, also wishes to testify the  good applicability of the  correlation 

between gravity and conductance data  in  order to estim ate surface conductance 

values required to correct m agnetotelluric survey curves perform ed in other 

areas of the world where such screening effect tends to be present.
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SECTION 8 

C onclusions

From analysis presented in  th is thesis it  is apparen t th a t  i t  is possible to 

derive conductance values from gravity data  covering the S ta te  of Nevada. The 

theoretical re la tionsh ip  derived allows us to calculate conductance values 

directly from residual gravity data  under the assum ption of approxim ating the 

g rav ita tional a ttrac tio n  of a  valley to the  a ttrac tio n  for an  in fin ite  slab. 

Furtherm ore, in order to be able to use the theoretical relationship, values of 

porosity, m atrix density and m edian resistivity m ust be known.

A surface conductance m ap of N evada has been produced from gravity 

data , calculated a t each well location, and was found in good agreem ent with 

the  conductance m ap obtained from contoured conductance values a t selected 

well locations. Furtherm ore, a more detailed  surface conductance m ap has 

been obtained from gravity da ta  calculated on a grid of 150 regularly  spaced 

points.

The high values of conductance seriously d istort m agnetotelluric curves 

surveyed in  the area, and a good estim ate of the ir m agnitude and distribution 

would help to correct the curves for th is screening effect.

COLOtàADO SCHOOL of 
GOLDET?. c o io i< fD O
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Appendix 1

Tabulated data from computer gravity inversion  
and data for resistivity logs.
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147.  - 5 7 2 .  - 2 2 6 4 .  - 2 2 6 6 .  - 5 7 7 .  139.
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SEr.CG HUNT PROFILE
DX.ITOTL.NUSCP.MAXIT.ERR : 10306. , 2 5 ,  2 
IFLASl.IFLAG2,IFLAG3.IFLAG4.IFLAG5 :-l ,~l  
EASEMENT DENSITY IN GH,'00=2.67 
STA PRISM FIRST MEA3ÜRD

15 . .200  
2 .-I

HUM DENS
CONTEST

GUESS
DEPTH

GRAVITY

1 -.67 3400. -210.00 2 -.67 3400. -215.00
- -.67 3400. -215.00 4 -.67 3400. -210.00
5 -.67 3400. -205.00 6 -.67 3400. -200.00
7 -.67 3400. -195.00 8 -.67 3295. -190.00
9 -.67 3400. -190.00 10 -.67 3400. -195.00

11 -.67 3400. -200.00 12 -.67 3400. -205.00
-.67 3400. -210.00 14 3400. -215.00

15 -.67 3400. -220.00 16 -.6" 3400. -220.00
17 -.67 3400. -215.)0 18 3400. -210.00
1= -.67 3400. -205.00 20 3400. -200.00
21 -.67 3676. -195.00 22 -.6" 3400. -195.OC

-.67 3400. -200.00 24 -.67 3400. -205.00
25 -.67 3400. -210.00

S’ATICN NUMBER AND DEPTH OF CONSTRAINED POINTS: 
S 32=5.

21 3678.
REcIDNAL IN FORM Y=fiO+Ain+A2t(XIX)
Y IS OORRECTION IN MSALS 
X IS STATION NUMBER
FOR A LINEAR REGIONAL, *A2* IS ZERO AND 
AO IS THE Ÿ-ÎNTERCEPT AND 
Al IS THE SLOPE. THE ORIGIN IS ONE STATION 
POSITION OFF THE END FROM THE FIRST STATION. 
INPUT REGIONAL; AO* .000 Al* .000 A2*
NtJMIT* 1 SGRSa* 6453.950
NU«IT= 2 SBRSa* 354.615
NUHIT* 3 SGRSB* 44.499
NÜMIT* 4 SGRSB* 10.392
NUHIT* 5 SGRSB* 4.039
NUHIT* 6 SGRSa* 2.114
NUHIT* 7 SGRSQ* 1.231
NUHIT* a SGRSB* .761
JOB TERMINATED.

ERROR IS WITHIN TOLERANCE.
NUHIT* 8 SGRSQ* .76 SERRSB̂

FINAL REGIONAL: A0=-I57.34l Al*
5843., 8393., 6445., 5729.,
4798., 5462., 6134., 6816.,
3660., 4131., 4812., 5482.,
8, 3295., 21, 3678.,

.000

1.00 
.000 A2*

5822., 4799.,
3125., 8119.,
6498.,

.000
4150., 3313.
6793., 6101.

3324., 4135.,
5405., 4711.,
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DATA TABULATION,
5TA SURFACE MEASURD COMPUTED MEAS.
NÜM ELEV GRAVITY

MINUS
REGIONAL

GRAVITY
MINUS
CALC.
GRAV.

GRAV
BASE!

1 6000. - 5 2 . 6 6 - 5 2 . 8 4 . 19 157. 5843.
2 6000. - 5 7 . 6 6 - 5 6 . 9 4 - . 7 2 - 2 3 9 3 . 8393.
3 70C0. - 5 7 . 6 6 - 5 7 . 9 1 . 25 555. 6445.
4 7000 . - 5 2 . 6 6 - 5 2 . 7 2 .06 1271. 5729.
5 6500. - 4 7 . 6 6 - 4 7 . 5 2 - . 1 4 678. 5522.
6 6500. - 4 2 . 6 6 - 4 2 . 6 8 . 0 2 1701. 4799.
7 6500. - 3 7 . 6 6 - 3 7 . 6 2 - . 0 4 2350. 4150.
8 6500. - 3 2 . 6 6 - 3 2 . 5 1 - . 1 5 3205. 3313.
9 6300. - 3 2 . 6 6 - 3 2 . 6 4 - . 0 2 3176. 3324.

10 6500. - 3 7 . 6 6 - 3 7 . 6 3 - . 0 3 2365. 4135.
11 6500. - 4 2 . 6 6 - 4 2 . 6 4 - . 0 2 1702. 4798.
12 5500. - 4 7 . 6 6 - 4 7 . 6 3 - . 0 3 1033. 5462.
13 6500. - 5 2 . 6 6 - 5 2 . 6 3 - . 0 3 366. 6134.
14 6500. - 5 7 . 6 6 - 5 7 . 7 6 .11 - 3 1 6 . 6316.
15 6500. - 6 2 . 6 6 - 6 2 . 5 1 - . 1 5 - 1 6 2 5 . 3125.
16 6500. - 6 2 . 6 6 - 6 2 . 5 1 - . 1 5 - 1 6 1 9 . 3119.
17 6500. - 5 7 . 6 6 - 5 J . 7 7 .11 -2 9 8 . 6798 .
12 6500 . - 5 2 . 6 6 - 5 2 , 6 3 - . 0 3 399. 6101 .
1? 6500. - 4 7 . 6 6 - 4 7 . 6 4 - . 0 2 1095. 5405.
20 6500. - 4 2 . 6 6 - 4 2 . 6 2 - . 0 4 1709. 4711.
21 65CG. - 3 7 . 6 6 - 3 7 . 5 1 . 15 2522. 3660.
22 6000 . - 3 7 . 6 6 - 3 7 . 6 3 - .  U3 1869. 4131.
23 6000. - 4 2 . 6 6 - 4 2 . 6 3 - . 0 3 1188. 4812.
24 6000. - 4 7 . 6 6 - 4 7 . 6 9 . 0 3 518. 5482.
25 6000.  

DERCO HUNT PROFILE
- 5 2 . 6 6 - 5 2 . 6 1 - . 0 5 - 4 9 8 . 6498.

25
- 5 2 . 6 6  - 5 7 . 6 6  - 5 7 . 6 6  - 5 2 . 6 6  
- 4 2 . 6 6  - 4 7 . 6 6  - 5 2 . 6 6  - 5 7 . 6 6  
- 3 7 . 6 6  - 3 7 . 6 6  - 4 2 . 6 6  - 4 7 . 6 6  
- 5 2 . 8 4  - 5 6 . 9 4  - 5 7 . 9 1  - 5 2 . 7 2  
- 4 2 . 6 4  - 4 7 . 6 3  - 5 2 . 6 3  - 5 7 . 7 6  
- 3 7 . 8 1  - 3 7 . 6 3  - 4 2 . 6 3  - 4 7 . 6 9  

6000.  600 0 .  7000 .  7000 .  
6500.  6500 .  650 0.  6500.  
6500.  600 0 .  6000 .  6000.  

157.  - 2 3 9 3 .  535 .  1271.
1702.  1038.  366.  - 3 1 6 .
232 2.  1869.  1183.  518 .

BA5EMNT
ELEV.

DEPTH
TO

- 47 .66  - 4 2 . 6 6  - 3 7 . 6 6  
"62.66 - 6 2 . 6 6  - 5 7 . 6 6  
■52.66
• 47 .52  - 4 2 . 6 8  - 3 7 . 6 2  
•62.51  - 6 2 . 5 1  - 5 7 . 7 7  
■52.61

65 00 .  6500.  
650 0.  6500.

6500.
6500.
6000.

678.
■1625.
- 4 9 8 .

1701.  2350.  
- 1 6 1 9 .  - 2 9 8 .

■32.66 - 3 2 . 6 6  - 3 7 , 6 6  
•52. 66  - 4 7 . 6 6  - 4 2 . 6 6

•32 .51 - 3 2 . 6 4  - 3 7 . 6 3  
- 5 2 .6 3  - 4 7 . 6 4  - 4 2 . 6 2

6500.  6500 .  6500 .  
6500 .  6500 .  6500 .

3205 .  317 6.  2365.  
399.  1095.  1709.
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:=ACH= FEDERAL :'0=IL: 
:x.iTTrL.Kumcp.s<::.!5 riossi. . 
"IREl. "LAS'. IflAS:. IFLA34. i'LAS! 
ZAEEMET DENSITY I\ SM/C[=:.6"
ETA PRISM %F:T MEASURD

:i . 
;-i

1

DENS
CONTEST

-.67

SOESS
DEPTH
:-25.

GRAVITY

-225.00 -.67 "SOO. -225.00
3 -.67 3300. -ICC.00 A -.67 3800. -215.00
3 -.67 3800. -210.00 6 -.c7 3300. -205.00

-.67 3300. -200.00 5 -.67 3300. -200.00
-.67 3800. -20:.CO 10 -.67 3300. -210.00
-.67 "300. -215.00 -.67 3S00. -220.00
-.67 3300. -225.00 14 "200. -230.00

15 -. s7 3300, -230.00 1: -.67 3500. -225.00
17 -.6= 3S00. -220.00 15 3300. -215.00
19 -.67 3300. -210.00 20 -.6" 3505. -205.00
21 -.67 3S00. -200.00

E'ATION. NUMBER AND DEPTH GF CGNSTRAINED POINTS: 
1 T32S.

20 3s05.
PESIONAL IN FORM Y#A0+A1*%*A2 
' IS CORRECTION IN MSALS 
> IS STATION NUMBER 
=0P A LINEAR REGIONAL. A2"
AO IS THE -irERCEM AND
:1 IE ’HE SLOPE. THE ORIGIN IS ONE STA"I ON
POSITION OFF THE END FROM THE =IR3T STATION.

h!= .400 A2=

ZERO AND

;NPUT REGIONAL: AO* .000
NUMIT* 1 55=52* 2048.373
NÜMIT* 2 ScRSD* 122.12:
CUMIT* 3 SSR32* 103.652
NUMIT* 4 SSP.SQ* 92.908
NUMIT* 5 SSRS5* 39.054
NUMIT* 6 SSRSQ* 87.194
NUMIT* 7 SGRSB* 36.ISO
NUMIT* 3 SGRSB* 25.590
NUMIT* 9 SGRSS* 35.227
NUMIT*10 SGRSB* 84.999
NUMIT*11 SGRSS* ■34.351
NUMIT=12 SGRSB* ■34.755
NUKIT*13 SGRSB* 34.691
NUHIT*14 SGRSB* 84.648
NUMIT=15 SGRSB* 34.621

.440

JOB TERMINATED,
NL'MITdS ) EQUALLED MAXITdS 1 
BEFORE ERROR TOLERANCE WAS REACHED,
SGRSB* 84.62 SERRSB* .84 

FINAL REGIONAL; A0*-181.979 Al* .000 A2*
4583., 6192., 4458., 3872., 3215., 2638.,
3753., 4402., 4508., 6884., 6162., 5164.,
1807.,
1, 3823., 20, 3805.,

.000
1747.,
4500.,

1819.,
3847.,

2505.,
3041.,

3134.,
3045.,
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D-TA TABULATION,
STA SURFACE MEASURD COMPUTED MEAS.

ELEV GRAVITY GRAVITY GRAV.
MINUS MINUS BASENT

RESIGNAL CALC.
GRAV.

1 6000. - 4 3 . 0 2 - 3 6 . 5 2 “6 . 5 0 2172,  45SS.
2 5500. - 4 3 . 0 2 “43 . 01 - . 0 1 “692.  6192.

5500. “3 3 . 0 2 “3 8 . 0 3 .01 1042.  4458.
4 550C. - 3 3 . 0 2 - 3 3 . 0 2 . . 00 1628.  3372.
5 5500. “2 8 . 0 2 “2 8 . 0 2 . 0 0 22S5.  3215,
c 5500. “ 2 3 . 0 2 “2 3 . 0 2 . 0 0 2562.  2633.
1 6000. “ 13. 02 - 1 8 . 0 2 . 0 0 4253.  1747,
: 6000 . “ 18 ,02 “ 18. 02 .0 0 4 1 : 1 .  1819.
9 600C. “2 3 . 0 2 “23 . 0 2 . 0 0 3495.  2505.

10 6000. - 2 3 . 0 2 “ 2 3 . 0 2 . 00 28 6 : ,  3134,
1: 6000 . “3 3 . 0 2 - 3 3 , 0 2 . 0 0
i : 6000. “3 8 . 0 2 - 3 5 . 0 2 “ .01 I - : : .  -4 02 .
13 6000. “ 4 3 . 0 2 - 5 3 , 0 3 .01 1492.  4508.

5000. “4 8 . 0 2 “45.01 - . 0 3 “ 15: 4.  6SS4.
* C 5 ) 0 0 . “ 42 . 0 2 “4 5 . 0 3 ,01 “ I l c 2 .  6162.
16 5000. “4 3 . 0 2 - 4 3 . 0 2 - . 0 1 “ 164.  3164.
' - 5000. “ 33 . 0 2 - 3 5 . 0 2 . 00 500.  4500.
' : 500 0. - 3 3 . 0 2 “3 3 . 0 2 . 00 1153.  3347.
19 5000 . - 2 8 . 0 2 - 2 8 . 0 2 . 0 0 1=59.  3041.

5000. “2 3 . 0 2 “2 3 . 5 3 6 . 5 0 1195.  3045.
n ^ 5000. - 1 2 . 0 2 - 1 8 . 0 2 . 0 0 3193.  1307.

'ACHE i
M

-ErERAL PROFILE
. 4.
•43.02 - 4 3 . 0 2 - 3 3 . 0 2  “3 3 . 0 2 - 2 3 , U2 “2 3 . 0 2 “ 13 . 02 “ 18. 02 “2 3 , 0 2  - 2 8 , 0 2
•33.02 “3 3 . 0 2 - 4 3 . 0 2  - 4 8 . 0 2 - 4 5 . 0 2  - 4 3 . 0 2 - 3 8 . 0 2 - 3 3 . 0 2  - 2 8 . 0 2  - 2 3 . 0 2
•18.02
•36.52 - 4 3 . 0 1 “3 8 . 0 3  “3 3 . 0 2 “2 8 . 0 2  “ 2 3 . 0 2 - 1 3 . 0 2 “ 13.02 - 2 3 . 0 2  - 2 8 . 0 2
•33.02 - 3 8 . 0 2 - 4 3 . 0 3  - 4 8 . 0 0 - 4 8 , 0 3  “ 4 3 . 0 2 “3 8 . 0 2 “ 33 . 02  - 2 8 . 0 2  - 2 9 , 5 3
•18.02
6000. 5500. 5500.  5500. 5500.  550 0 . 600 0. 6000.  6000.  6000.
6000. 6000. 6000 .  5000. 5000.  50 0 0 . 5000. 5000.  5000.  5000.
5000.
2172. - 6 9 2 . 1042.  162S. 2235.  2862 . 4253. 4131.  3495 .  2366.
2247. 1598. 1492.  “ 1884. - 1 1 6 2 .  - 1 6 4 . 500 . 1153.  1959. 1195.

BASEMNT
ELEV.

DEPTH

3193.
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CELE ILS CGNDCC PROFILE 
DX.I'C’-.NÜÎICF.MYîT.ERr : 12460. . 20 , 
IFLAcl.:=LA32.IFLAS:.IFLAS4.IFLA55 ;-l 
BASEMENT DENSITY IN GM/C0=2.67 
ETA P=ISM FIRST MEASURD

, 200

DENS
CONTEST

GUESS
DEPTH

GRAVITY

-.47 2700. -210.00 -.67 2700. -215.00
- -.67 2700. -215.00 4 -.67 2700. -210.00

-.:7 2468. -205.00 -.47 2700. -205.00
' 2700. -210,00 5 -. ;7 2700. -2:5.00
3 -.67 2700. -220.00 10 -.c7 2700. -225.00

11 -.47 2700. -230.00 1 2 -.67 2700. -230.00
13 -.6T 2700, -225.00 14 - . 3 / 2700. -225.00
I: -.67 2700. -230.00 16 -.47 2700. -230.00
IT -.:7 3012. -225.00 19 - . i l 2700. -220.00
1 = -.67 2700. -215.00 20 -.67 2700. -215.00

STATION NUMBER AND DEPTH '■= CONSTRAINED JOINTS:
5 2-58.
r  :oi2.

REGIONAL IN FORM Y=A0*Aî»ïti2i(XIX)
Y !: CORRECTION IN MEALS 
X IE E’ ATION NU'-BER
FOR A 2: EAR RESIGNAI, 'A2' IS ZERO AND 
AO IS -E v-IKTEHCE?T AND 
Al IS THE SLOPE. THE QRISIN IS ONE STATION 
POSITION OFF THE END FROM THE FIRST STATION.
INPUT "EIONAL: A0= . 0 0 0 Al: .000 A2= . 00 0
NUMIT* 1 S3R33* 1577.316
NUMIT* 2 SSRSQ* 127.576
NUMIT* 3 SSRSQ* 80.492
NUMIT* 4 25R3S* 72.553
NUMIT* 5 SSRSQ* 70.329
NUMIT* 4 S5RS3* 69.551
NUMIT* 7 S8RSQ* 69.236
NUMIT* 8 SSRSQ* 69.095
NUMIT* 9 SSRSQ* 69.028
NUniT*10 SGRSQ* 69.996
NUMIT=11 SSRSQ* 63.930
NUMIT*12 SGRSS* 68.973
NUMIT*13 SGRSS* 68.967
NUMIT=14 SSRSQ* 68.965
NUMIT=I5 SGRSS* 63.964
JOB TERMINATED,

NUMIT(15 ) EQUALLED HAXITdS )
BEF3RE ERROR TOLERANCE WAS REACHED,
S8R33* 68.96 SERR33* .80

FINAL RESIGNAL: A0=-189.963 AI= .000 A2=
253!., 2472., 2369., 2262., 1782., 1523.,
5022., 5010., 4095., 3766., 4947., 5173.,
5, 2449., 17, 3012.,

.000
2223.,
3698.,

2856.,
3616.,

3490.,
2751.,

4132.,
2875.,
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DATA TABULATION,
STA SURFACE MEASURD COMPUTED MEAS
NUM ELEV GRAVITY GRAVITY GRAV.

MINUS MINUS BASEMT
REGIONAL CALC.

GRAV.
I 5500. - 2 0 . 0 4 -20 .(A . 0 0 2919. 2581.
2 7500 . - 2 5 . 0 4 - 25 .04 .00 4323. 2672.
3 7500. - 2 5 . 0 4 -25, .04 . 0 0 4631. 2369.
4 7000. - 2 0 . 0 4 -20, .04 .00 473S. 2262,
5 7000. - 1 5 . 0 4 -20, .91 5 . 3 7 4532. 1782,
6 7000. - 1 5 . 0 4 -15, .04 .00 5477. 1523.
7 TOGO. - 2 0 . 0 4 -20, .04 . 0 0 47T2. 222S.
3 7000. - 2 5 . 0 4 -25, .04 . 0 0 4144. 2356,
: 7000. - 3 0 . 0 4 -30, .04 . 00 3510. 3490.

10 7000. - 3 5 . 0 4 -35. .04 .00 2565. 4132.
11 7G00. - 4 0 . 0 4 - - 0 . ,04 . 00 1975. 5022.
12 7000. - 4 0 . 0 4 -iO. ,04 . 00 1990. 5010.
13 7000. - 3 3 . 0 4 ,04 . 0 0 2905. 4095.
14 7500. - ^ 5 . 0 4 - 3 5 . ,04 .00 3734. 3766.
15 7500. - 4 0 . 0 4 - 4 0 . ,04 . 0 0 2553. 4947.
16 7500. - 4 0 . 0 4 - 4 0 . 04 . 0 0 2327. 5173.
17 7500. - 3 5 . 0 4 - 2 9 . 16 -5.37 4:55 . 3695.
13 7500. - 3 0 . 0 4 - 3 0 . 04 . 0 0 3334. 3616.
19 7500. - 2 5 . 0 4 - 2 5 . 04 . 00 47 :9. 2751.
20 7500. - 2 5 . 0 4 - 2 5 . 04 . 0 0 4625. 2875.

CELSIUS
TA

CONOCO iPROFILE
* . V

- 2 0 . 0 4 - 2 5 . 0 4  ■- 2 5 . 0 4  - 2 0 . 0 4 - 1 5 . 0 4 - 1 5 . 0 4 - 2 0 . 0 4 - 2 5 . 0 4  -- 3 0 . 0 4  - 3 5 . 0 4
- 4 0 . 0 4 - 4 0 . 0 4  •- 3 5 . 0 4  - 3 5 . 0 4 - 4 0 . 0 4 - 4 0 . 0 4 - 3 5 . 0 4 - 3 0 . 0 4  -•25 .04  - 2 5 . 0 4
- 2 0 . 0 4 - 2 3 . 0 4  •- 2 5 . 0 4  - 2 0 . 0 4 - 2 0 . 9 1 - 1 5 . 0 4 - 2 0 . 0 4 - 2 5 . 0 4  ■• 30 .04  - 3 5 . 0 4
- 4 0 . 0 4 - 4 0 . 0 4  •- 3 5 . 0 4  - 3 5 . 0 4 - 4 0 . 0 4 - 4 0 . 0 4 - 2 9 . 1 6 - 3 0 . 0 4  -•25. 04  - 2 5 . 0 4

5500. 750 0. 7500 .  7000, 7000. 7 00 0 . 7000. 7000. 70 0 0 .  7000 .
7000. 700 0. 7000 .  7500. 7500, 7500. 7500. 7500. 75 00 .  7300.
2919. 4S2G. 46 31 .  4738 . 4532, 5477 . 4 77 2 . 4144. 3510 ,  286S.
1972. 1990. 2905.  3734. 2553. 2327. 4488. 3334. 4749 .  4625.

BA5EMNT
ELEV.

■EPTH
TO
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SPRING: SUFRDN C'PC-iLE 
[':.IT-TL.NUr:P."hXIT,ERR : =7â8. . 1? , 
::LAG1,I:lAS:.I:lû53.IFLhŜ . IFLAG5 :-! 
EPEEMENT DENEITY IN GM/CC=:.67.
S': FPI3M :;RST MEAEJRD

. 200

NUM DENE
CONTRE'

GUESS
DEPTH

GRAVITY

- .g7 3000. -215.00 2 -.67 3450. -215.00
3000. -210.00 4 -.67 3000. -205.00

5 ~. i7 3000. -200.00 6 -.o7 3000. -195.00
T ~,z7 3000. -195.00 S -.67 3GCC. -200.OC
; 3100. -205.03 10 -.67 3)00. -210.00

-215.00 -.67 3000. -220.00
13 3000. -220.00 14 -.67 3000. -215.00
15 3000. -210.00 16 -. 67 3000. -205.00
17 -.o7 -■071. -200.00 19 -.67 3000. -200.00
•0 -.:7 3000. -205.00

■’ ION NUMBER AND DEPTH GF CONSTRAINED PGINTS:
- -450.

3071.
P.EEI0N4L IN FORM Y=A0-Ali?*A2îîXn)
> IS CORRECTION IN -SALS 
' I: STATION NUMBER
FCF A LINEAR FESICNAL, 'A?' IS ZERO AND 

IE THE Y-IN'EFCEFT AND 
:I IE "HE ELOPE. THE ORIGIN IE ONE STATION 
"EITION OFF 'HE END FRO- THE FIRST STATION.

AI= .000 A2=INPUT REGIONAL: AO* .000
NUMI7* 1 SGRSQ* 107S.OCO
NUMIT* 2 SGRSQ* 101.327
N/MIT* 3 EGRSQ* 63.032
NUMIT* : SGRSQ* 57.945
NUMI7= 5 SSRSQ* 56.677
NUMIT* 6 SSRSQ* 56.252
■NUMIT* 7 SGRSQ* 56.034
NUMIT* 8 SSRSQ* 56.008
NUMIT* 9 SSRSQ* 55.971
NUMIT=10 SSRSQ* 55.953
NUMIT=ll SGRSS* 55.944
NUMIT=12 SSRSQ* 55.939
N'JMIT=13 SGRSS* 55.936
SUKIT=14 SSRSQ* 55.934
NUMIT=15 SSRSa* 55.934

.0 0 0

JOB TERMINATED,
NUMIT(15 ) EQUALLED MAXIT(15 )
BEFORE ERROR TOLERANCE WAS REACHED,
SGRSQ* 55.93 SERRSQ* .76 

■'INAL RESIONAL: A0=-179.937 Al* .000 A2=
4174., 4068., 3741., 2953., 2214., 1531.,
4144., 5157., 5046., 4160., 3536., 2723.,
2, 3450., 17, 3071.,

.000
1526.,
2453.,

2195.,
2050.,

2313.,
2990.,

3473.,
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DATA TABULATION,
STA SURFACE MEASURD COMPUTED MEAS.
NUM ELEV GRAVITY GRAVITY GRAV.

MINUS MINUS BASEST
RESIGNAI CALC.

GRAV.
I 6000. - 3 5 . 0 6 - 3 5 . 0 6 . 00 1826. : r 4 .

5500. - 3 5 . 0 6 - 2 9 . 7S - 3 . 2 ? 2050. 4062.
5500. - 3 0 . 0 6 - 3 0 . 0 6 . 00 1759. 3741.

4 5500. - 2 5 . 0 6 - 2 5 . 0 6 . 0 0 2642. 2S5E.
5 5500. -2v.v6 - 2 0 . 0 6 . 0 0 3286. 2214.
6 5500. - 1 5 . 0 6 - 1 5 . 0 6 .00 3969. 1531.
7 5500. - 1 5 . 0 6 - 1 5 . 0 6 .00 3974. 1526.
B 35C0. - 2 0 . 0 6 - 2 0 . 0 6 .CO 3305. 2195.
9 550C. - 2 3 . 0 6 - 2 5 . 0 6 . 0 0 2637. 2813.

10 5450. - 3 0 . 0 6 - 3 0 . 0 6 . 0 0 1977. 3473.
i : 5400. - 3 5 . 0 6 - 3 5 . 0 6 . 00 1256. 4144.
12 5400. - 4 v , 0 6 - 4 0 . 0 6 .00 243. 5157.
13 5 : 0 0 . - 4 0 . 0 6 - 4 0 , 0 6 . 00 354. 5046 .
14 5200. - 3 5 . 0 6 - 3 5 . 0 6 .00 1040. 4160.
15 5GOO. - 3 0 . 0 6 - 3 0 . 0 6 . 00 1414. 35B6.
16 5000. - 2 5 . 0 6 - 2 5 . 0 6 . 00 2277. 2723.
17 5000. - 2 0 . 0 6 - 2 5 . 3 5 5 . 2 9 1929. 2453.
13 5000. - 2 0 . 0 6 - 2 0 . 0 6 . 0 0 2950. 2C50.
19 5100. - 2 5 . 0 6 - 2 5 . 0 6 .00 2110. 2=90.

WARM SPRINGS SL'PPON PROFILE ? 0
- 3 5 . 0 6 - 3 5 . 0 6 - 3 0 . 0 6  - 2 5 . 0 6 - 2 0 . 0 6  - 1 5 . 0 6 - 1 5 . 0 6 - 2 0 . 0 6 - 2 5 . 0 6  “3 0 . 0 6
- 3 5 . 0 6 - 4 0 . 0 6 - 4 0 . 0 6  “ 33 . 06 - 3 0 . 0 6  - 2 5 . 0 6 - 2 0 . 0 6 - 2 0 . 0 6 - 2 5 . 0 6
- 3 5 . 0 6 - 2 9 . 7 3 - 3 0 . 0 6  “ 2 5 . 0 6 - 2 0 . 0 6  - 1 5 . 0 6 - 1 5 . 0 6 - 2 0 . 0 6 ” 2 5 . 0 6  “ 30 . 0 6
- 3 3 . 0 6 - 4 0 . 0 6 - 4 0 . 0 6  - 3 5 . 0 6 - 3 0 . 0 6  - 2 5 . 0 6 - 2 5 . 3 5 - 2 0 . 0 6 - 2 5 . 0 6

6000. 5500. 5500 .  5500 . 350 0 .  55 00 . 5500. 550 0 . 5500.  5450.
5400. 5400. 5400.  5200. 500 0.  500 0. 5000. 5000. 5100 .  •
1326. 2050. 1759.  2642. 3 28 6 .  39 6 9 . 3974. 3305. 2687 .  1977.
1256. 243. 354.  1040. 1414.  227 7 . 1929. 2950. 2110.

BA5ENNT
ELEV.

DEPTH
TO



T-3899 78

RESISTIVITY WELL LOG CHARACTERISTICS

No .. Ca-r ai og Locat1cn Depth range (feet) Canauctanc;
DO 5450K 26-25N-40E 45-3254 979
DO 6902M 16-25M-ÏÏ1E 20C9-1096L 1406
;::0 -C03S 10-27N-32E 1220-'^'=59
DO 0OSSSL 17-37N-29E 1490--926 2796
k O -S-9X S— ii S-M-52E 679
K'O 5-41N-02E 2227-5126 679

.  DS-S 16--1N-602 1021-^=12 542
DC a74SC 6-17S-S7E 59E-5472 4.3
;<□ S346L 19-2N-60E 160—7683 185
CO CS66Z 30-4N-55E 640-8333 175DC CS64M 464-8293 320
0 :C4S9W 2-7N-56E 997-10131 3T
DC 32 11M 21-7N-66E 2284-11502
DO 2453A 24-8N-S0E 487-9700 348
DC 431SL 9-12N-57E 602-7084 135
KO 6616 W 2C-12N-67E 1060-5951 91
DO 5792L 6— 13N—4QE 100—4666 149
DC 5792M 6-13N-48E 100—4666 149
KG 88312 23-14N-60E 0-8143 190
ICO 1604X 19-24N-64E 507-3402 734
DO 5365H 5-25N-62E 95-10520 196
DC 10-29N-5SE 1495-10568 1048
DO 2373B 24-29N-55E 1106-11914 785
KG 0 4  1 a  J S-30N-6CE 1010-13111 827
KG 8580L 22-22S-60E 324-6759 69
KO 8581H 16-1S-36E 536-9100 800

N o . U a t a l o g L o c a t i o n Depth Range (feet) Conductance

KC 1336F 1S-12S-65E 30-7030 15. 2
DC 2457D 10-4N-50E 539-9165 821
KC 1000Y 2-7N-61E 860-10450 301
DO 92135 29-9N-57E 1604-13934 1560
KC 939": F 16-19N-27E b96—3367 928
KG 26353 29-20N-2SE 53-4304 416
DO 7227H 24-22N-5SE 120-10343 281
KO 60862 23-17N-67E 60—6556 798
DO 3652D 18-20N-50E 2020-9098 720
DO 1548A 1-21N-53E 1072-10567 515
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Appendix 2

Program E L 0 6  to calculate Dar Zarrouk parameters from digitized
w ell log resistivity data.
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c ELOG.FOR
C
c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c
c
c PROGRAM TO COMPUTE DAR ZARROUK PARAMETERS FROM A
C LINEARLY SAMPLED RESISTIVITY LOG
C
C WRITTEN 8-20-1989, GVK
C
c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c

0 1MENSION R (3000),A V (220),PC (220),PLT(220>,DEPTH(220) 
&.TR(220).SPIKE(220),spike2(220)
CHARACTER*60 A,WELL 

1002 FORMAT(A60)
WRITE(*,1000)

1000 FORMAT(IX,’This program does a DAR ZARROUK analysis of’,/
a digitized well log. You must be prepared to provide’,, 
a data file as follows;’,/

1. A 60 character title,’,/
2. The number of log samples in strict 14 format’,/
3. The well log top in feet, readable as F19.9 ’,/
4. The sampling interval in feet, also F19.9’,/
5. Samples, in F19.9, one to a line.’)

WRITE(*,1003)
1008 FORMAT(1X,’NAME AND PATH OF SAMPLE FILE; ’,*)

READ<»,1002) A
OPEN < a , F I LE=A ,^ATWa= ' OLD ’ )
READ (8,1009) WELL

1009 FORMAT(A60)
READ <8,1010) NUMBER

1010 FORMAT(14)
READ (8,1011) D1

1011 FORMAT(F19.9)
Dl=Dl/3.28
READ (8,1011) DELTA 
DELTA=DELTA/372S- 
DO 1 1=1,NUMBER

1 READ(8.1011) R(I)
CL0SE(UNIT=8)
LEN=NUMBER/110 
N=NUMBER/LEN 
SPAN=FLOAT(LEN)*DELTA 
DO 2 i=l,N 
I2=LEN*I-len/2
X12=12

2 DEPTH(I)=D1+XI2*DELTA
CALL AVRES(R,NUMBER,AV,LEN,N)

OPEN(7,FILE=’ELOG.V’,STATUS=’NEW’)
WRITE(7,2001) WELL

2001 FORMAT(IX.’SMOOTHED RESISTIVITY LOG ’.A60./)
WRITE(7,2041) SPAN

2041 FORMAT(IX,’SPAN OF SMOOTHING OPERATOR IS ’,F5.1,’ METERS’) 
WRITE(7,2007) NUMBER,DELTA 

2007 FORMAT(ix,14,’ Samples were taken at an interval of’,
&f6.2,’ meters.’,/)

2002 FORMAT(IX,’DEPTH’,2X,’RESISTIVITY’)
WRITE(7,2003)

2003 FORMAT(iX,’RES=’,’10**-01’,12X,’10**00’,13X,’10**01',13X,
& ’10**02’,13X,’10**03',13x,’10**04',13x,'10**05',’ OHM-M')
WRITE(7,2013)

2013 FORMAT(5X,’____________________________________________________
&’ “_________________________________&’ ’ >

2004 fSr MAtTs X,’!’,6<18X,’I’))
DO 3 1=1,N
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, J=l,115) ,AV(I)

CALL DIGIT(AVI,PLT,-19.,96.,I)
PLT(1)='I'
IF(PLT(20).EQ.' ') PLT(20)=’
IF(PLT(39).EQ.’ M  PLT(39)='
IF(PLT(58).EQ.’ ') PLT(58)='
IF(PLT(77).EQ.' ’) PLT(77)='
IF(PLT(96).EQ.' ') PLT(96)='
PLT(115)=';'

3 WRITE(7,2005) DEPTH(I), (PLT ( J)
2005 FORMAT (F5.0. USAI, El0.3)

WRITE(7,2013)
WRITE(7,2003)
CLOSE(UNIT=7)
WRITE(*.2006)

2006 FORMAT(IX.'SMOOTHED E-LOG IS IN FILE E L O G . V ) 
ADJ=FL0AT(LEN/2)«DELTA
DO 31 1=1.N 

31 DEPTH(I)=DEPTH(I)-ADJ
CALL CUMCON(R,DELTA,PC,LEN,N)

OPEN (6,FILE='CSLOG.V'.STATUS='NEW')
WRITE(6,3001) WELL 

3001 FORMAT(IX,'CUMULATIVE CONDUCTANCE LOG FOR '.A60,/)
X1=PC(N)
WRITE(*,3004)

3004 FORMAT(IX. 'CUMULATIVE CONDUCTANCE LOG IS IN FILE C S L O G . V ) 
WRITE(6.3003) XI 

3003 FORMAT(IX.'TOTAL INTEGRAL CONDUCTANCE IS 
SC=Xl/6.
K0=0 
K1=SC 
SC=2.*SC 
K2=SC 
SC=1.5*SC 
K3=SC
SC=1.33333*SC 
K4=SC
SC=1.25*SC 
K5=SC 
SC=1.2*SC 
K6=SC
WRITE(6,4012) KO.K1.K2,K3,K4.K5.K6 

4012 FORMAT(3X.'S= ',I1,18X.I4.5(15X,14),'SIEMANS')
WRITE(6,2013)
DO 5 I=1,N 
X2=PC(I)/pc(N)
CALL DIGIT(X2,PLT,0.0,1.0,I)
PLT(1)=' I '

PLT(20)=’
PLT(39>=’
PLT(58)=’
PLT(77)=’
PLT(96)=’

,F8.1,' SIEMANS')

5
3005

4001

4021

IF(PLT(20).EQ.
IF(PLT(39).EQ.
IF(PLT(58).EQ.
IF(PLT(77).EQ.
IF(PLT(96).EQ.
PLT(115)=’I’
WRITE(6.3005) DEPTH(I)
FORMAT (F5.0, 115A1.E10.:
WRITE(6,2013)
WRITE(6,4012) K0.K1,K2,K3.K4,K5,K6 

CALL TRANS(R,DELTA,TR,LEN,N>
OPEN <5.F1LE='TRL0G,V’, STATUS = ’NEW’
WRITE(5,4001) WELL
FORMAT(IX,'TRANSVERSE RESISTANCE LOG FOR ',A60,/)
Xl=tr(N)
WRITE(5.4021) XI
FORMAT(IX.’TOTAL TRANSVERSE RESISTANCE IS ’,E10.3.’ OHMS’,/) 
SC=Xl/6.

(PLT(J), J=l.115),PC(I)
:)

)
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SC=2.*SC 
K2=SC 
SC=1.5*SC 
K3=SC
SC=1.333333*SC 
K4=SC
SC=1.25*SC 
K5=SC 
SC=1.2*SC 
K6=SC
WRITE(5,4022)

4022 FORMAT(2X,'T=
WRITE(3.2013)
WRITE(*,4004)

4004 FORMAT(IX,'TRANSVERSE RESISTANCE LOG IS IN FILE TRLOG.V) 
DO 7 1=1,N 
X2=TR(I)/tr(N)
CALL DIGIT(X2,PLT,0.0, 1.0, I)
PLT ( 1 ) =■’ : '

KO.K1.K2.K3.K4,K5.K6 
',II,laX,I7,5(12X,17) OHMS')

IF(PLT(20).EQ. 
IF(PLT(39).EQ. 
IF(PLT(5S).EQ. 
IF(PLT(77).EQ. 
IF(PLT(96).EQ. 
PLT(115)='I' 
WRITE(5.3005) 
WRITE(5,2013) 
WRITE(5.4022)

PLT(20)=' 
PLT(39)=' 
PLT(58)=' 
PLT(77)=' 
PLT(96)='

DEPTH(I), (PLT(J),J=l,115),TR(I)
KO,K 1,K2,K3,K4,K5.K6 

OPEN(4,FILE='SPIKE.V,STATUS*’NEW')
WRITE(4,5002) WELL 

5002 FORMAT(IX.'Spi ked conductance log for ' ,A60,/) 
WRITE(4.2007) NUMBER. DELTA 
WRITE(4,2013)

CALL PICKER(PC,SPIKE,N)
X1=0.0 
X3=0.0 
DO a 1=1,N
IF(SPIKE(I).GT.XI) X1=SPIKE(I) 

a IF(SPIKEd) .LT. X3) X3=SPIKE(I)
SCALE=X1-X3 
DO 9 1=1,N
X2=SPIKE(I)/SCALE+1.025 
CALL DIGIT(X2,PLT,0,2.050,I)
PLT <1)=' !’

)
)
)

PLT(20)=’ 
PLT(39)=’ 
PLT(58)=’ 
PLT(77)=’ 
PLT(96)=’

9
iOO 1

4444

6002

10

IF (PLT (20) . EQ.
IF(PLT(39).EQ.
IF(PLT(58).EQ.
IF(PLT(77).EQ.
IF(PLT(96).EQ.
PLT(115)=’ I'
WRITE(4,5001) DEPTH (I),(PLT(J),J=l,115),SPIKE(I) 
FORMAT(IX,F5.0,115A1,E10.3)
WRITE(4,2013)
WRITE(*.4444)
FORMAT(IX, 'SPIKED CS-LOG IS IN FILE SPIKE.V’) 
OPEN (3,FILE=’SPIKE2.V’, STATUS*’NEW’)
WRITE(3,6002) WELL
FORMAT(IX,’Spiked resistance log for ’,a60,/) 
write(3,2013)
CALL PICKER(TR,SPIKE2,N)
X1=SPIKE2(1)
X3=SPIKE2(1)
DO 10 1=2,N
IF(SPIKE2(I).GT.XI) X1=SPIKE2(I)
IF(SPIKE2(I).LT.X3) X3=SPIKE2(I)
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DO 11 1=1,N
X2=SPIKE2(I)/SCALE+l.025 
CALL DIGIT(X2,PLT,0,2.050,I)
PLT ( 1 > =•■ 1 '
PLTv115)=' : '
IF(PLT(20).EQ.' ') PLT(20)='
IF(PLT(39).EQ-' ') PLT(39)='
IF(PLT(58).EG.' ') PLT(58)='
IF(PLT(77).EQ.' ') PLT(77)=’
IF(PLT(96).EQ.' ') PLT(96)='

11 WRITE(3,6001) DEPTH(I), (PLT(J),J=l,115),SPIKE2(I)
6001 FORMAT(F5.0,115A1.E10.3)

WRITE(3,2013)
WRITE(«,3333)

3333 FORMAT(IX,'SPIKED RESISTANCE LOG IS IN FILE SPIKE2.V) 
WRITE(*.3334)

3334 FORMAT(IX,'WARNING ! Rename files before running ELOG again, 
■'?<,'Files are ASCII but must be printed in compressed 132
&/,'character linesl')
CLOSE(UNIT=5)
CLOSE(UNIT=6) 
cl ose(uni t=3) 
cl ose(unit=3)
STOP
END

SUBROUTINE AVRES(R.NUMBER,AV.LENGTH,N) 
DIMENSION R (3000),A V (220)
DO 2 1=2,N 
AV(I)=O.0 
LEN=LENGTH/2 
JL=LENGTH*(I-l)
J1=JL-LEN 
J2=JL+LEN 
DO 1 J=J1,J2 
AV(I)=AV <I)+R(J)
AV(I) =A V ( I )  / FLOAT C LENGTH-»-1 )
AV (1)=0.0 
DO 3 1=1,LEN 
AV (1 ) =AV ( 1 ) 4-R (I )
AV(1)=AV(1)/FLOAT(LEN)
RETURN
END

SUBROUTINE CUMCON(R ,DELTA,PC,LENgth,N) 
DIMENSION R (2000),P C (120)
DO 2 I = l,N-*-l 
PC(I)=0.0 
JN=LENGTH*I-1 
DO 1 J=1,JN
IF (R(J).EQ.0.0) R<J)=10. 
PC(I)=PC(I)+1./R(J)
PC(I)=PC(I)*DELTA
RETURN
END
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SUBROUTINE DIGIT(X.PLT,X1.X2,ILINE) 
DIMENSION PLT(120)
CHAR3='
CHARI*' '
CHAR2*'*'
DO 1 1=1.115

1 PLT(I)=CHAR1 
IF(ILINE-25) 3,2,3

2 DO 22 1=2.114 
22 PLT(I)=CHAR3

GO TO 9
3 IF(ILINE-50) 5,4,5
4 DO 44 1=2.114 

44 PLT(I)=CHAR3
GO TO 9

5 IF(ILINE-75) 7,6,7
6 DO 66 1=2.114 

66 PLT(I)=CHAR3
GO TO 9

7 IF(ILINE-IOO) 9,8,9 
a DO 88 1=2,114

88 PLT(I)=CHAR3 
9 CONTINUE

RANGE =X2-X1
VALUE=X/RANGE*114.+1.5
IVALUE =VALUE
PLT(IVALUE)=CHAR2
RETURN
END

SUBROUTINE TRANS(R ,DELTA.TR,LENGTH,N ) 
DIMENSION R(3000),TR(220)
DO 2 1=1,N+1 
TR(I)=0.0 
JN=LENGTH*I-1 
DO 1 J=l.JN 
TR(I)=TR<I)+R(J) 
TR(I)=TR(I)/DELTA 
RETURN 
END

SUBROUTINE PICKER (PC.SPIKE,N)
DIMENSION PC(220),SPIKE(220),PCS(220)
DO 1 1=3,N-2
PCS ( I ) = (PC ( I-l ) +PC ( I ) +PC ( I + l ) -fPC (1-2) +PC ( 1+2) ) /! 
PCS(1)=PC(1)
PCS(N)=PC(N)
PCS(2)=PC(2)
PCS(N-1)=PC(N-1)
DO 2 I=3,N-2
SPIKE(I)=PCS(I + l)-2.*PCS(I)+PCS <1-1)
SPIKE(1)=PCS(2)-2.*PCS(1)
SPIKE(110)=PCS(109)-PCS(110)
RETURN
END


