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ELEC!RICAL PR <OPER~IBS OF SJUmS!CIIESJ 

OF !BE MCBRISOI FcmtrATIOI 

:By George 'f o Keller 

The electrical properties of the Morrison formation in the 

Uravan Ddneral belt of the Colorado Plateau have been studied to 

determine if there a:z:e anomlous wriations iroJ these properties in 

and near zones of urani100n .... ~dium minerals which might serve as a 

target for geophysical prospe~tingo Mea.suremem1ts of electrical 

properties of the Morrison formation in place were obtained by the 

electric logging of 147 drill holes~ and meas~ements were made of 

the resistivity ~ porosity of 440 drill cores in the laboratory 

to aid in the interpretation of the eleetrie logso The resistivity 

of the sandstone members of the Morrison f'orma.tion is highest in 

areas that are the most favorable for the occurrence of oreo This 

increase in resistiwity is probably due to a lower water saturation 

or a lower salinity of the water in the favorable areas" 

Urani\lm:::.' and .wanadi'Um=bearing sandstones are widely distr;l.buted 

in the Colorado Plateau proVince a whieh C(t)Vers parts of the four 

states of Colorado» Utah a :New Mexico» and Arizona" Deposits have 

been found in many formations in the area; many of the important 

deposits are im the Morrison formation1 partieularly in an area of 
. ' 

west central and southwest Colorado called the Urawan mineral belto 

The deposits are usually small in extent9 ranging from a few tons to 
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some thousands of to~s of orec The ore bodies form irregularly tab= 

ular masses that telrnd t o be parallel to the beddi1mg9 but they do not 

follow the beds in detail (Fischer» 19J.l2) . 

I~ s©uthwes~ern Colorado, the .Morriso~ formation is comprised 

of two recognized members 9 the Brushy Basin and the Salt Washo The 

Brushy Basin member consists predominantly of mudstones which may be 

gray, red; green, purple.v and brown.. The Brushy Basin also contains 

several thin sandstones and limestoneso Locally» there are thick 

lenses of conglomerateo 

The lower member» the Salt Wash; consists of massive lenses of 

medium... to coarse .... grained sandstones interbedded with ~ed and blue-

gray mudstones Q Much of. the ore is in saoostones in the upper part 

of. the Sal t Wash member but usuall y in the lower parts of the 

indi rtdual sandstoJrne lenses o The Salt Wash is not snarply separated 
· ·' - -

from the Brushy Basin~ particUlarly where there are sandstone lenses 

in the lower part of the Brushy Basino 

Ilm general~ the looali:uttiorA of the ore seems to be related to 

certain geologic features that can serve as guides to the presence of 

ore" Such guides are the tenden~y of the ore to occur in the -thicker 

central parts of sandstone lenses» the association of ore with medi~ 

grained pale yellov to light brow saoostom.e9 the association of ore 

with tpe thicker parts of mudstone that have been altered from red to 

gray or gray~green» and the association of ore with an abundanc~ of 

carbonacem1s material D 

In hopes of delineating favorable areas and. locating ore roore 

rapidly and at less expense~ various geophysical exploration methods 

were tested on the Colorado Plateau beginning in 1949 , Electrical 
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resistivity surveys were tried in several areas, and in several known 

ore deposits1 higher resistivities were noted over the ore zoneso 

However, the exact interpretation of these surveys proved difficult, 
I 

particularly when the ore-bearing member was at a depth of several 

hundred feet. 

In order to deterudne the possibilities and lindtations of 

surface resistivity surveys, a program of measurements of the elee~ 

trical properties of the Morrison formation was u.:.adertaken. The 

pwop-a,m ~onsisted of two parts~ the measurement of the resistivity 

of: the Morrison formation . i_n . . place and the · measurement of resistivity 

and associated properties of drill cores with restored water satura~ 

tions. 

Acknowledgments 
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ELECTRIC LeGGING 

Measuremerr.ts in placeJ) consisting of electrical well logs~ 

were made in 147 drill holes (fig. 1) in four areas where surface 

resistivity surveys had been made prertou.sly to determine whether 

there are any pronounced differences in the electrical properties 

of the Morrison formation in these are~s~ In the Spud Patch area 

of San Miguel County_p Coloo » 1.03 measurements w·ere made so that it 
·' ·-

was possible to determine the areal variation of electrical proper= 

ties., A smller number of drill holes» 23 in all1 were logged in 

the Gram[ich group of claims at La Sal Creek, Montrose qounty, Colo. 

A few holes were also logged at. LOng Park in Montrose · Coumty, Colo o, 
and at Yellow Cat» Grand Cotmty, Utah. 

~e electric logs taken on the Colorado Plateau were of three 

types, nattiral potential measurements, ~e~isti~Jity measurements with 

a normal electrode arrangement, and resistance measure~nts with a 

single point electrode arrangement . Natural potential logs are Dade 

by recording the voltage between a moving electrode in the drill hole 

and a reference electrode» usually placed on the grour~ surface near 

the drill hole. In the work reported hereb resistivity logs with 

radii of investigation of 4, 8 and 24 inches were taken in each drill 

hole; singl~..,.p~int resistance logs were m.de to provide sufficient 

data to determine rock resistivity, By comparing the apparent 

resistiv1.ties measured. with these several electrode arrangements, it 

is possible to estimate the true resistivity more accurately than can 

be done with a single measureme:n.t o 
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)J~l\~ · electric loggilllg unit used for this work consisted of a 
·:;..; ':' 

three~conduetor cable and ·an electric hoist to raise the electr~e 

sonde th;-ousl! the drill hole c The current to the electrodes was 

provided by dry batteries 1 regulated with .a servomechani9a . .l regu.<&> 

lator 1 a..nd cotr.m.Utated at a frequency of 21 cycles per second. The 

voltage between pick=UP electrodes was rectified with a set of co~ 

mutator rings coupled mechanically to the current coD'II!Utator, as in 

the Gish-""Rooney system~. This rectified current was recorded on orte 

channel of a modified servomechanical recorder; calibrated in -~ 

meters. 

The spontaneous potential, present as a d,...c woltage between 

t he pick""~P electrodes 1 was separated from the 21.~. cycle resistivity 

logging current by means of a blocking condenser and recorded simul~ 

taneously on the oth~r. channel of the recorder$ calibrated in milli-

volts .. 

The chart drive of the recorder was controlled by a selsyn 

:motor coupled to a selsyn generator on a calibrated sheave over the 

nrill hole. The logging cable passed over this sheave as it was 

lowered or raised in the drill hole, so that the paper in the 

recorder was d.ri ven f'orwrds or backwards through the recorder. Paper 

drive ratios of one inch to 20, 50} ·-and 100 feet of electrode movement 

were used. 

Because most of the drill holes on the Colorado Plateau are dry, 

it was necessary to haul water to fill the drill holes in order that 

contact could be made between the in~hole electrodes ar~d the rock. 
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Obta.i~ing water for logging proved to be one of the biggest ha.ndi~ 

caps to logging on the Colorado Plateau o In all the areas logged, 

surface drainage either from springs or from reservoirs was used 

to fill the drill holeso The water sources and their qualities are 

listed in table lo 

Table loa•Quality of logging water 

Logging area Water . som'ce 
Resistivity 
at 50 Co 

Equivalent 
salinity, 
REm NaCl 

Spud Patch :Sell CMyon Reservoir 6.1)500 ohm-..,~:ms .130 
SpW:i Patch · Water st&nding in 1,780 olnn=em ~30 

D. Ho 19 
Gramlich ·; -,.:, c Lion Creek Spring 3;230 oh~rcms 240 

Group 
Long Park Eagle Canyolm Reservoir 4,200 ohme.~ms 185 

Results 

Analysis of the electric logs showed that the resistivity of 

the different members of the Morrison formation in the drill holes 

that were logged ranged f'rom a low of 8 ohnt"'"~ters t o a. maximum of 

29 000 o~meterso The resistiVity of the mudstone members ranged 

f'rOlll 8 ohm-meters to 35 ohm,..meters 1 and the average resistivity did 

not change greatly from drill hole to drill hole~ 

The average resisti vi t.y of the sandstone members of the 

Morrison formation within any one drill hole showed a greater 

variation; ranging from 130 obm.meters to 430 ohn~meters. Moreover, 

the resistivity of the sandstone within any one drill hole showed 

wide variations about the average. 



A~ll appS.t'ent correlat.ion w,~ 1Thoted betweem1. resisti wtty of the · 

sandstolme aiiD.d faworalJ!ili ty f ar OGCtn:•renr::e p.f ore as detertn;ii(Aed by 

geologac guideso- Thi&\\ appa:r;e1n1t ao.rre~tiowiY was studied in mwe 

detail by a s~ti stical amlysis of the · resi·~ti.wi ty l.ogs of . 35 

drill holes in which the complete section of the ore .... bearing_ 1nember 

had been logged. or thebSe 35 drill holes,;p 20 bad been. classed 8 18 

favorable '1r.""i th re;gpe~t to geologic ~1ides, a1md 15 were consi.dered ttCl 

be semi favorable or m"'Af'ttw©:rable. The log~ w-ere studied by taking 

resisti'%·i.ty i~'ltterva.J~s of" .Progressdwely larger size ; 56 to 80 ohm ... 

meter£; 8o to 115 olun""lll'!eters~ arc1d so oJm tr.P to the ir~teF~al 1,_400 t .o 

2p000 ohm.;..)Tt'~ters" The iniUlmb.er '@f: feat of saJrldrs~t(on.e in each of these 

classes it"ll each group of drill holes w.~. the!ll measured¢ These data 

are pre:se:lllted on a cu:nlul ,ati'tte f're·quelC!.cy graph iiTil figure 2 o '!'he 

sha:pe of the CtAr'We~ indicfSJ:tes tha,t the )l:)l~e:r of' feet of' sa.rnstooe 

of a given resi.stiwity i .s a ~;ta.tistically norrral V"aria.ble vmen, the 

resistivity is con~idered logarithmically . The curwe for favorable 

saw!tdstc.ifies is ~igmif'i(~antly differeJr~t than the (CUr\f'e for semifavora.ble 

and unfavorable salt1dstonesj the median of the curve of resistivity in 

favorable sandstnirlle is 50 percent higher thal!ll that i'n the less favor .... 

able sandstones. 

In ad.ditioir! to the gelfllerally higher resistivities found in the 

drill holes in more faworable grc..'tlnd.? especially higb resi~tiw'ities 

~·ere faund in dr:tll holes through minerali'Z,ed grouiDld a:t approximately 

the deptl1 of minerali .. z.ed strea, .• Jtigr~e 3 sho~·!i; the electrlc logs, the 

core logp and the radioact.iwii~y log of' ser~rern typical drill holes 

through :rni:neralizred gx<·owmd" 
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With one exC!eptio.,\'1]..11 a tb.in layer of high re~i .stinty is foo:nd 

near the depth of the radioactirtty anoml:;o The one exception is 

drill hole SP 2lO; (figo 3A)9 i n which there is a small increase in 

resistiwity at · the depth of the mineralized greun.do In. other hole~; 

(figs. 3C and 3F~.l' the high resistivity .layer i.$ the most striking 

feature of the logo In the remaini~g examples, the resistiVity of 

the ore zone is oDe of the highest recorded on the log but is not 

DJ;be reei~·ti··t?ity e:~:.momly oe.i:r~rs i n. the u.pper part of the radi.o ... 

activity aJfiJ.o.l y or is of"f'set up the hole by one or two feet. This 
{; 

offset i mdica:tes that the a.I!10'&ly is not directly as~re:ia.ted with . 

mineralized ground 'but uay be ealJ.aed by so:me otiier factor o The 

combin.atio:tt of hig.lt resisti 'ilrl ty a~r1d high Mtm·al potential deflection. 

showm~ by the logs in figurce 3 indicates that the anemlous layer has 

a l ow saturat.iGn of water ef h:l.gh salini tyo Thi~ relation in turrt 

implies that the layer ba~ bee!1 subject t o am1 extreme amount of 

seems to be eovered by a desatt~rated cap rock that gives rise to a 

resistivity anomalyo 

One of the geologic guides to ore is the aseo~iation of ore with 

the thicker Salt Wash sandstone. Beca~;r.:se of' this ass~iation and the 

observation that the re$isti vi ty of the sand5ltones i a.t drill holes 

through mineralized ground is genara.lly higher thai.td the resistivity 

in drill holes i n lu-af.avorable grc;w.m.d, it ~as 'believed that a cooibined 

measure of' samsto!ile thiclmless asd resistivity votdd be a serAsitive 

index to the favorability ef a drill holeo To check t hisJ' the area 

1.mder the 8-inch normal resisti·w-ity logs vas plam metered for t":le 
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drill holes in whi~h logs ~"ere o'bta:ir».ed for 60 percent or more. 

of' the ore., bearing sandstone. Bone of the sandstones in the over .... 

lying Brushy Basi!nl were incl1\1ded in these meast.1rements ~ Whe:m a 

l.og did not cover the entire thickness of ore .... bearing sandstonE:.~ $' it 

was assumed that the average resistivity in the unlogged section was 

the same as in the logged section, and the resistiVity integral ~s . 

extrapolated to include the \mlogged section of the sandstone .. 

The 8-inch normal cur'We wa,s used in these studies a.s no correc­

tion is necessary for the influence of mud resisti-rl ty and hole 

di.am.eter., In all holes, the :mud resistivity was 65 ohm..meters within 

an accuracy of• 20 percent" The diameters of the holes were 3 inches. 

~orrections for these cordi tions are less than 10 percent for all 

resisti·ri.ties less than 2, 500 ohm..:.meters an.d for beds thicker than 

3 feet a .. ccording to SchlunLberger departure curves~ Corrections may 

be :made for thinner beds, trut such corrections usually are r.1o :more 

acc11rate than the original data, 

These measui· :e~~nts ~:rere :made for 58 drill holes of the Spud 

Patch area; the resulting i.ntegral ranged from 3;800 to 29,600 ohm... 

meter ... feet~ .A com.tour nap (fig .. 4) of these data shows six pronounced 

features 1 three hi.ghs and ~hree lows~ The highs i:O.(!lt.W.e all but one 

of the drill holes through mineralized ground and ~!Y of tae drill 

holes through fa:lltorable ground o One drill hole through mineralized · 

ground occurs in a 1owJl but this drill hole was classed as unfavorable 

according to geologic guides, The l(IW areas include all the drill 

holes irA unfavorable ground a1nd a mjori ty of the drill hol.es in semi .... 

favorable groundo 
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To interpret the logs quariti tati vely in terms of texture and 

composition it is necessary to ~v~ detailed information on the 

properties of the ro~k~ such as can be obtained by the physical 

analysis of coreso Usually this additional information is obtained 

from resistiVity measurememts en cores taken from a · typ:i.cal drill 

hole o These measu:r,ements are designed to determine how rock 

resistivity depends upQn the rock texture and the composition of 

the contained water o The results are then extrapolated to drill 

holes from which no cores have been studiedo 

The electrical eondueti~ty of sedime~tary rocks such as those 

which comprise the Morrison formexion is readily shown to be a eon­

sequence of the presence of small amounts of water irt the rock. If 

a sedimem.ta.ry rock is dried colfij)letelyJ) it is an i1l~ula.tor.. However, 

if even a small amount of water is present, a rock exhibits an 

appreciable ability to conduct electrical e~Jrrents~ Because the con­

duction is ionic~ rather than electronic as in metals, the nature of 

the conductivity of the rock a.nd water combination is more complex 

than if the conduction were metallieo 

c·urrent eond.ucti<m in sedimentary rocks can be understood by 

considering what happens in a snal~ portion of the pcre structure~ 

Clastic: detrital rocks~ such as the· sa.11dstones ax:td . m1Jl.d.st.o'f.:<es vhich 

constitute the Morriso~ formation» consist of a network of void 

spa.~e separating the solid grains., This \Void space~ or porosity, 
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can be classified into two general types of pores ~ Most of the void 

space is comprised of relatively la\~e, more or less equidimensional 

pores that ma..ke up the storage capacity of the rock.. T"ne rest of the 

void space consists of small elongated channels that connect the 

larger voidsQ These channels are _only a small part of the total 

porosity, but they are the primary factor in controlling current 

conduction because of their small cross-sectional area. To aid in 

visualizing this, the concept of the ideal porelet (fig. 5) is useful. 

· '!'he porelet consists of a spherical body,. or storage chamber, with 

small tubular extensions that connect with other porelets. Clay 
I 

particles are shown lining this porelet, particularly in the small 

connecting pores, where the clays tend to occur. A porous, isotropic 

rock can be thought of as consisting of a large number of these 

porelets, randomly oriented and co~~ected to each other in a geo-

metrically complicated mannero 

If such a rock were fully saturated with a brine solution, the 

resistance presented to an electrical current would depend on the 

length of the connecting pores, their eross .. sectional area, the 

average am.gle that the porelets n:ake with the overall direction of 

current flow, and the total number of porelets per unit area. 

In the study of the resisti\rity of porous :materials, it has 

become customary to use a quantity called the "for:aation factor," 

which ~s the resistivity of the bulk naterial, such as the rock, 

divided by the resistivity of the conductive material in it, such 

as the brine~ In simple ohmic conduction, the form.tion factor would 

be a constant for a given rock, and would represent the geometric 

distribution of the porelets as described aboveo The formation 
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factor would decrease as the volume of conductive material9 or 

number of porelets P increased o Similarly J> as the degree of con-

solidation of the rock inereased and the size of the connecting 

tubes was red~ced by the deposition of cementJ> the formation factor 

should increase" The relationship between electrical resistivity 

and porosity has been deterDdned empirically as~ 

F = cpk 

where F is the formation factor as defined a.bove9 

p is the porosity; and 

(1) 

c and k are constants determined by the various dimensions of 

the .poreletrso 

This equation implies that the resistivity of the brine within 

the pores is known or can be measuredo Generally it is ass\Jn1,ed that 

the conductivity of the brine in the pores is due solely to the 

' presence of ionized salts and is the same as the conductivity of a 

similar brine outside the rocko This is not always trueo If a rock 

contains any surfacecactive material, such as clayp there may be a 

reaction between the water and the rock that tends to increase the 

conductivity of the rock o This effect is known as double-layer 

conductivity, because ~t is related to the presence of a Helmholtz 

double layer of charge on the surfaces of the clay particles (Winsauert 

and McCardell_, 1952) o 

Many different phenomena can occur when water comes in contact 

with these clays in the rocko Many clays, such as montmorillonite 

and illite 1 are colloidal electrolytes '\ These clays have a number of 

cations in their crystal structure that. are free to leave the clay 
I 

particle and go into a state resembling ionic solution o The nwnber 
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of' these ca·tions and the ease with which they may l.eaYe the clay 

particle depend on the typeof clay, the type of ion t hat is in 

the exchange pos1tion1 and the nature of the brine in contact with 

the clayo The exchangeable cations that leave the clay add to the 

ability of the water to conduct current, but the mobility of these 

ions may not be the same as in true ionization because of the presence 

of' the charged clay particle or micelle. 

More complex reactions my occllr also. Over certain range~ in 

~alinity of the external solution, the plates of the clay particle 

become separated as water molecules are attracted between them by 

the unsatisfied electrical c~rges of the exchange positions. In 

these cond.i tions 1 the clay will s~ll to JJBllY times its original 

siz.e, the Viscosity of the clay-water mixture will be increased and 

the cross section available for current conduction will be reduced. 

As the salinity of the water in the pores is increased, the 

relative effect of the ions added by cation exchange becomes small. 

As a result, resistivit1 measurements made with a ~gh-salinity 

brine saturating the rock generally approach the constant formation 

factor expectable if t~e clay were not pre~ent~ 

In nature, the pore space in most rocks is omly partly filled 

with water~ As a result, the rock has a higher resistivity than if 

it were completely saturated. In studying the effect of saturation 

on resistivity, it is conmonpraetice to use a quantity called the 

"resistivity index." This index is the resistivity of a rock 'PB!rtly 

. saturated by ~ter divided by the resistivity of the same rock fully 

saturated with a brine of the sa.me _compositiono 



As the water saturation of a ro~k is r.educed1 ~ater is first 

removed from the centers of large voids (f"igo 5 )9 because the water 

is held in the smaller pores by capillary tension" The removal of 

water from these larger pores in«]reases the dista;nce tha.t the current 

has to flow through the pore and decreases the cross-sectional area . 

available for c~rent conduction" In an ideal case the process con-

tinues until all the water is removed, from the pores with the exception 

of a uniform coating over the pore wa t ls o If there is further reduction 

in water content» the water film i Jn a pore becomes discontinuous; and 

the remining water in that pore is uriSva.ila.ble for current conduction o 

The result is a rapid increase in resistivit y as the ·water content is 

reduced beneath the ~ritical saturation" It has been found (Keller, 

1953) that the relationship betlJeen resistirtty ar.td saturation 

generally takes the form~ 

(2) 

where I is the resisti'W'lty lz;:dex def"irted abo'We1 

Sw is the water saturation, expressed as a fraction of the total 

pore space» 

nl is the saturation exponeJnt at high-'Water satu;ra.tion, 

n2 is the saturation exponent at low~ ''W'a ter saturations, 

Swc is a critical water saturatio~ separating high- a.~d low-water 

sat-urations, and a is a cor.ista:nt that enters the equation · a.~ 

low-vater' saturations" 

As this discussior1 indicatesJl in order to specify the resis-

tivity of a rock from measurable quantitiesp it is necessary to 

know the influence of the water saturation, porosity 9 a.!.ld clay 



conte.nt indiVidually on resisti:'ifityo To determine these, a series 

of measurements wr?e: made on ~ores from six Spud Patch drill holes o 

Three groups Gf' resistiw·ity data and one group of natm'al potential 

data were obtainedo 

Resistivity measurements on cores 

To study the relation between resistivity and porosity, a 

group of 346 cores was selected o These cores were taken at intervals 

of one to two feet through the sandstone members penetrated in the 

six drill holeso The cores as they came from the coring bit were 

1-3/16 inches in diameter and a few inches to several feet longo The 

cores at the selected depths ·were faced with a diamond cut~off wheel 

to a length of' 1 inch o The flat faces of these cores were then coated 

with Silver Print» a condu{;;tive sil ver paint used in pri.nted electronic 

circuitso 

The cores were saturated with tap water and permitted to soak 

in tap water for two weeks» the -water ws changed daily in order 

to remove any salt remaining from the original water saturationo 

At the end of' the soaking periodp the electrical resistance between 

the silver=coated faces of the cores was measured by placing the core 

in a clamp consisting of two lead.~plated brass plates in contact with 

the ends or a core (fig o 6) o The resistance between these brass plates 

and through the core was measured 'With a. Wheatstone bridge circuit., 

A 20-cycle .... per=second current was caused to flow through the brid.ge and 

regulated so that a constant 5 milliamperes of current flowed through 

the core o The. null position of the Wheat.sto:ne br:i~dge was detected 

with an oscilloscopeo 
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-Af'ter the resistances had been measured$ the cores were dried 

for six hours at 105° Co The dried cores were then weighed and 

placed in a vacuum dessicator o The pressure was reduced to a few 

milliureters of mercury for a period of two to four hours. 

When the air had been removed from the cores, a deaerated brine 

containing a kno'"'Kn amount of sodium chloride in solution was intro.-. 

duced into the dessicatoro ~ne cores were covered with this brine 

and subjected to atmospheric pr eBsure, forcing the brine i.nto the 

pore spaces of the coreso The cores were reweighed, and the resiE~ 

fa.nce between silvered f'a, ces was measured as before. The volumes 

of the cores were deterltd.:rH:'td by weighing them ·while they were sus ... 

pended i n a brine of the same ccu~osition as the one with which they 

were saturated .. 

The resistitrity of the brine, which contained 30;000 ppm sodium 

chloride~ was det ermined from tables and checked with a calibrated 

dip cell .. 

The volume of the br:L"l.e in the cores ·uas calculated from the 

following equa.tion: 
(3) 

vJhere ¢w is t he fraction of the tot.al volume of the core occtipied 

by brine3 

wl i s the 'itJe:Lght of the dry core::: 3 

~ i s t he \areight .(.1: 
O.t the core saturated ·with brine, at.lld 

w3 i s the wcei.ght p.P' 
Ui..b- the cor•e suspended i n bririe 0 

T'he quantity ¢w is tb.e eff'e~ctive porosity to 'Y:111a.terl' which should 

be only slightly srr.aller t harl the total porosity because of the method 

by which the cores 1~rere sa:t urated .. 
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The resistivlty of the cores was readily determined from: 

where r is the radius of ~he core, 

1 is the length of a core 

Rl R2 
Rl..., R2 

R1 is the resistance of a core saturated with tap water, and 

R2 is the resistance of a eore saturated with brineo 

(4) 

ResistiVity at «tr~ry high brine salinities should be approximted 

by this formula because the conductivity of the core saturated with 

tap water is eoris idered to be in parallel with the conductivity of 

the brine When the core i s saturated with brine, and the e~ror caused 

by the action of elay and the presence ·or an unknown amount of salt 

f-rom ~he original connate w&.ter is approximately corrected o Inasmuch 

as this correction does ~ot exceed 10 percent the assumption .that 

the two conductanees are parallel is accurate within 1 percent. 

The formation factor was determdned for each core by dividing 

resistivity of' the rock by the resistivity of the brine used ·to 

saturate the cores. 

Because of the large number of measurements~ it was possible 

to deterndne an empirical relation between formation factor ~d 

porosity by a statistical method. The data were grouped into 11 

classes ok ranges of porosity: that . i&j>'~:.J.4~0l percent to 15.00 ' per~ 

cent, 15.01 percent to l6o00 percent, and , so, ono Then it was assumed 
. . ', 

that the logarithms of the formation factors in each group were 

normally distributed about some mean. This mean of the logarithm 

of formation factor was calculated for ea~h of the 11 intervals, 
. -~ ·;r:?::-:.:·' 

and a standard deviation was cal culated for each group by the formula: 
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where cfF is the titandard dewiation of' log F-9 

N is the number of cores in any one porosity class, and 

log F i ~ the average value of log F u 

The standard deviatio~. of the mean value of the logarithm of 

the formation factor was also co:atpute.ii from the equa .. tion: 
\ 

c.f'F' 

\fNT=T 
where ~F is the sta~dard deviation of the average value of log F. 

In figure 7~ the mean values of formation factor have been plotted 

as a function of the mean ~lues of porosi·ties :ila each class o The 

table from which this graph ~s plotted is given below: 

Number of' 
cores 

44 
29 
39 
44 
31 
34 
16 
34 
25 
22 
22 

Average 
porosit;x: 

l9o5 
18J4-
17v5 
16o5 
l5o5 
l4o3 
l3ol 
lloO 

7w2 
2o 6 

"'1\\vera,ge f'o:rma"t:ion 
fa.~t,or 

l6o8 
20o1 
2jo6 
26ol 
29v9 
31.,6 
39Q8 
40o8 
60vl 

101.,0 
296oO 

The 95 percent confidence li.mi ts o:f the mearms are indicated by the 

(5) 

(6) 

length of the bar through eaeh pointp and tb.e 95 percent confidence 

limits of the individual datum points are indicated by the dashed 

lineso 

The equation of the .form of equati.on 1 that best fits these 

data between porosities of 14 percent and 23 percent is~ 

The data for lower poro;sit.ies a,re probably unreliable because of 
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the difficulty of' obtaini.ng uniform saturation in eores with low 

porosity and poor permeabilityo 
J 

A smaller group of ~ores» 45 in all~ was selected for study of 

resistivity as a f'tmctioiD'l of "Water saturationo · These cores were 

prepared in the same mnner as those used in the study of formation 

factor. The cores were leached in tap water9 weighed» dried.!) and 

saturated with a brine containing 7 9 500 ppm sodium chloride. The 

porosity and formation f8l.ctor of' these fully saturated cores were 

deterDdned as beforeo 

In oruer to reduce the water conte~t of the cores to partial 

saturations.? groups of these cores were permdtted to dry slowly in 

airo As evaporation progressed9 the weights and resistances of' the 

cores were measured at intervals of approximately 30 minutes. The 

resistivity was then calculated as i~ the previous experiments~ 

The instantaneous water sat.uration of a core was determined from the 

equation~ 

where Sw is the water saturation expressed as a fraction of its 

w1 is the instantaneous weight of a core during evaporation, 

s is the weight of sodium ehloride in the core and 
\_ 

w1 and W! are the weights of the dry core and core saturated 

with brine ., 

(8) 

The amount of salt in a core is consta~t» so that as the water 

evaporates from the corep the salinity of the remaining water 

increases" Thus the resistivity of the water decreases as the 

saturation decreases" In ord.er to calculate the resisti Wi ty inde:x9 
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it is necessary to determine the instantaneous resistivity of the 

saturating water from tables. Then the resistivity index can be 

computed from the equation~ 

Pw 
P lOO 

{9} 

where Pi is the instantaneous value of the core resistivity at the 

water saturation SwJ> 

r Wi is the instantaneous Value Of Water resistivity at the 

satura..r~Gio:n Sw, 

P w is the water resi~rti vi ty before evaporation and 

P100 is ·the resistivity of the core at 100 percent water saturation. 

A total of 387 measurements of I and Sw were made on the 45 

cores. The resuJ.ts of tbese measuremer.r''s are su:mr.:wa.ri zed graphicaUy 
·~ 

in the ~table below and in figure 8. These data were treated 

Number of 
measurements 

25 
39 
44 
50 
38 
39 
46 
57 
49 

Average water 
saturation 

ll.O 
18.5 
25.9 
34.2 
45.0 
54.5 
65.8 
79.4 
91.4 

k'irerage :resistivity 
index 

117 .0 
30.7 
13.2 
7.46 
4.36 
3-33 
2.31 
1.67 
1.26 
\ 
1_ 

statistically in the same manner as the da~a on formation f~ctors. 

The data were divided into groups according to class intervals of 

water saturation. It was then assuvned that ln each class the values 

of the logarithm of resistivity index are d.is·tributed normally about 

some mean Yalue. The mear1 values were ca.lcul.ated. and are :shown in 

figure 8. The star;.dard. devia·tion and confidence limits of the data 



~ 
~ 

1o-1 2 

·~ 

.... 51 ~ '""' 

-c: ., 
u 
~ ., 
a. 
.52 
c 
0 

:;:: 
e 
::t -0 
(/) 

~ • -0 
~ 

"" '" 

0 

., ... 
-o-e • • 'S c: ._ E ~.2 . ., -~ ... • 0 e :::J Ot'-
:::J ., 0 :::J 

z 2 ~-• 0 
~ 

>(/) 
ct 

25 11.0 

~ 18.5 
44 25.9 
50 34.2 

4 10 20 40 100 -

~ 
~ ~ 

~ - ~ ·; 
'i 

~ ·;; ., )( 

a= ., 
"0 t.s ~ t 

> 
ct 

117.0 
30.7 
13.2 
7.46 

5 
38 45.0 4.36 

39 54.5 
46 65.8 

57 79.4 
49 9;1.4 

2 _ 
2 4 

3.33 
2.31 

1.67 

1.26 

--10 

. 

20 

Resistivity Index 
40 -100 

Figure 8: Resistivity index as function of water saturation. 

• 

200 400 

~ 

~ 
~ 

200 
. --

400 

266Sl 

100 

50 li 

. 
4 20 

I 0 

i 5 

2 

(.U 

('\) 



33 

were also computed; but0 because the data showed anly negligible 

scatter9 these comJputa.tions are not shown on the grapho 

The data fit equation 2 with the following constants~ 

I = Sy"'"lo92; 

I _ 0 J~Sw cu! o 51; 

S.W > Oo2!45 

SwL Oo245 

This equation agrees well ~Tith the results that have been obtained 

from meas~xrements on a number of water-wetted oil reservoir sand­

stoneso 

(10) 

The influence of clay on resistivity was studied in a third 

group of 45 cores by meas~aring formation factors at several dif­

ferent water salinitieso Because some of these salinities were 

quite low9 it was deemed necessary to remove the salt remaining in 

the cores from their original CO!inate liater content more completely 

than was possible by the diffusion method o Tbe cores were electro.:. 

dialyzed to remove their ion contetito 

In eleetrodialysisp the cores are saturated with distilled · 

water and plaeed irn a tray containing distilled water o A direct 

current is then passed through the cores for a long period of time, 

in this experiment 96 hours o This current causes ions in the cores 

to migrate to the oppositely charged electrodeo The electrodes 

were carbon rods so that they themselves could :not supply ions for 

current conductiono The ~lectrodes were placed in porous alundum 

c~ps so that the water. around the electrodes could be changed 

frequently» and the migrating ions prev-·ented r·rom reaching an equilib­

rium stage in which t~~ potential due to tkeir concentration gradient 

stopped further mdgrationo 
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Resistivity measurements on these cores after electrodialysis 

indicated that their ion. eoneen.trati.ons had been reduced to t:he 

range of' 100 to 500 ppm equi nlent sodium chloride salinity o This 

conee~tration was believed to be the lowest that could be obtained, 

as any clay present in the cores would. acc:ount for that aeh 

conduction a 

These cores were then saturated wit.h a dea.erated brine con­

taining 1 9 875 ppm sodium c:hloridep using the s- procedure . ., The 

volume of water taken by the cores and their resi$tanees were 

measuredo Following this9 the cores were dried Md saturated a 

second time with a brine of .19 875 ppm sodium c:hlori.deo The cores 

were saturated for only a short period3 about 30 Bdnutes9 so that 

the salt remaining in a core from the first saturation would not 

have a ehanc:e to diffuse int.o the external brine., In this way 9 the 

second brine when it entered the cores worud take up the salt from 

the first sat't'a'atio.!Ol into solutiOJa9 aid. result in a brine with a 

salinity of' 39750 ppm scd:i'wm1 chl.oride o ThiS~ pr0cess was repeated 

to obtain saturations with brines of 7»500.9 15.v0009 30~000, 6o,ooo 

and 1209 000 ppm sodium chloride" Each time the cores were weighed 

dry and saturated and the resistances measuredo 

Resistivities were calcrulated from the resistance measurements, 

and these were used to determine apparent values of the form.tion 

factor corresponding to each water sali~ityo .It was .found that as· 

the salinity of the saturating water increased» the formation factor 

increased. to a maximum and then decreased slightly at very hi.gh 

salinities ., . 



• 

35 

The data were treated stati stically as before by diViding the 

cores into two groups : thQse with high porosities and those w:1. th 

lov poros itieso The percentages that the f ormation factor at a 

given salinity deviated from the formation factor of the same core 

at the highest salinity was calculated by the formula: 

percent deviation = 100 (F0 - F~F0 
where F0 is the formation factor of a core saturated with a brine 

(11) 

of 120,000 parts per ndllion sodium chloride, and F is the formation 

factor at any other sali nityo It was then assumed that these devia-

tions were normally distributed about so~ average value for each 

water salinity and for each porosity group. T.b.e average values were 

. computed, a s well as the 92 percent confidence liDdts or these aver-

ages; the results of the measurements and eo~utations are shown in 

the table below and i n figure 9· The deviations for the low-porosity 

Brine 
r esistivitz 

6.7 
11 .. 4 
!OoO 
3~Lo 
so.o 

158.0 
285.0 

Tj 

Mean (1-T;; ) of 1.! 
cores in .E9.UP I 

OoOOO 
-O.Oo6 
-0 .. 01+4 
... 0.050 
-0.193 
•0 o321 
0.51.~5 

T 
Mean (1- T0 ) of »;. 

cores in group II 

o.ooo 
-0.(>18 
-0.030 
-Oo045 
-Ooo65 
... o.2o4 
0.424 

cores are higher than those for the high porosity cores, as expected. 

The negative deviations shown in figure 9 are unexpected, but 
) 

possibly arise from an increase in tne viscosity of the brine-clay 

mdxture in the cores over that range of salinity, or possibly .from 

progressive errors in the brine salinities d.uring the repeated · 

saturationso 
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It is evident that the data do not precisely fit the ecmcept 

ot ·the clay (or double-layer) coBdueti vi ty electric:all;y in parallel 

w1 th the brine ccndueti n ty o The apparent salinity added. to the 

brine in the core was calculated for several salinities and the 

results are given in table 29 

Table ~.o-Apparent salinities associated with 
elay eonduc~ee 

Salinity of the 
saturating brine 

1,875 ppm 
3~750 
7,500 

15;000 
30,000 

. Equivalent 
Group 1 

. (low porosit;yJ 
· 3,7oo ·ppm 

2;80o 
2,500 
2 000 ~. 

-1,000 

saliaity of clay 
Group 2 

(high porosity) 
1 9 900 ppm. 
lp300 

.500 
.::.300 
-200 

Spontaneous potential measurements 

The measurement of the natural potentials existing in a fluid-

filled drill hole was first described by the Sehlumbergers and 

Doll ·(schlumberger, c. ai'Jil M.·,· and Doll, H. c., ·1931&.).. They 

a;ttributed the differences in potential that could be measured 

between adjacent ~and and shale beds in a clrill hole to a combi-.tion 

or diffusioa and electrokinetic poteatialso The diffusion potential 

was said to arise from a difference in ion concentrations between the 

' · fluid in the drill hole and the fluid in the rock aDd to obey Nernst•s 

equation: 

(12) 



where K is a eonstaJmt depeadent OW!. ion mobilities~ 

JOm is the resistiwity of the water in the drill hole; and 

A is the resistivity of' the water c~tai1med in the rock 

around the drill holeo 

'.fhe electrokinetic potential was attributed te the .flow of the 

electrolyte from the drill hole past the solid .surfaces of the sand 

grai:as as water is forcecl from the drill hole into the rock around 

ito This flow wg'W.d g1 ve rise to an eleetroki:ueti~ poteatial given 

by the equation (Wyllie~ 1951)~ 

:!oJ~oPo = k PY (13) 

where P is the pressure differe~tial between the drill hole and the 

rock~ and k ~d yare. constants depe~dent on the nature of the moving . ... . . . 

fluid aln.d the pr.operties of the solid su.rfa.ce along which the f'luid 

is marlngo 

Unfortunately9 even when this streaming potential ean be taken 

into . ac~O'W'lt 9 the remining potem1tial 1$ ·usually too large to be 

explaiaed by the :lemst eq~ti®l.o Om\ly rece.ntl.y bas a satisfactory 

explanatiOQ been given for the mechanism involved in the generation 

of the diffusion potential in elay~bearing rockso ~Cardell; 

Winsauer and Williams (1953) have studied the diffusion potential 

arising when there is a concentration gradient in the presence of 

a distributed surface charge9 or when there is a gradient in the 

distributed charge itselfo 

In ar~ idealized pore9 the clay particles lining the pore have 

a negat ive charge (represented by the sall circles in figure 5) 

in the clay lattice positions vacated by cations during dissociation. 

This negatiwe charge on the elay particle attracts an equal number of 
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there is an equilibri~ distribution of ~harge9 there are more 

cations than an:i.oln\s i1m sol~tion i)Ji.1 the vi~ini ty of the clay o 

It there is a large amo'Wr!t of clay P then the brine throughout the 

pore will be richer in cations than in uioRs by a number equal 

to the charge of the clay o 

When such a clay ... bearing rock is in contact with an external 

solution9 there is a d.ifbfereiace of cation concentration 'between the 

brine in the roc:k and the external brilia\e o This gi wes rise to a 

phase-boundary potential,9 the ma.gni tude of which is given by the 

equation (Mccardellp ll~~erJI and Williams;] 1953)~. 

E = _ kT. fJ [ t1o + ]l-(no)Z 
p € n 2n · tn 

where k is Bolt:zmeJrm 11 s eolrlstant.., T is the absol.ute temperature, 

£ is the io~mi~ charge ( crA11e for sodium chl.oride ~ » 

n0 is the ion eoJEAeemrtratiolrl ilP!, equilibrium with the clay 

n is the ion concentration in tne free solution at some 

dtstance from the elayo 

In addition to this phase=boundary potential that exists when 

the anion concentration is the same in the internal and external 

solutionsp there is a diffusion potential when there is an actual 

(llt.) 

difference in salinity of' t~e internal and external salutions., This 

p€>tentia.l is given by an equation similar to that of Nernst .(McCardell, 

(15) 
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where ~1 is the cation mobility9 

Jl2, is the anion ·mobility» 

ns is the concentration of the eomeeDtrated electrolyte, and 

nA is the concentration of the dilute eleetrolyteo 

I~ practice, the· quantity n0 will be large for shales or mud= 

stones, in ~~ 'Which all of' the pores are clay lined9 and smll for 

sandstones wii;h little or no clay., As a result9 the phase and dif-

fUsion potentials will differ between sandstones and mudstoneso 

This dif.f'erer> . .rce ill poterottial will ca:ase current to flow along the 

drill hole9 and the ohmic drop i~ potential due to this current flow 

is recorded as a deflection on the spontaneous potential log as the 

inhole electrode passes a sandstoneamndstone eo~taet, 
/ 

1 Under ideal logging cor1di ti.ons JJ the spollltaneous poten.tia.l 

defleetioll between sandst,ones and IlliUdstones shot:1ld be a function of 

only three variables~ the salinity of the water in the drill hole, 

the salinity of the connate water, and the equi·valent salinity 

immobili~ed by the clay" T'he seJLin:i.ty of' the wat,er in the drill hole 

is a readily measurable quantity, so the spontaneous potential log ea.n 

be used to calculate the comw.te water salinity when n
0 

is known or 

can be estinated, 

With this possibility in Bdnd1 the potentials across cores in 

contact ~~th brines of two differe~t salinities were measuredo The 

cores used in these measureme~ts were prepared in the same manner 

as those used i~ the resistivity experiments"" &'ld the porosities and 

forDBtior.t factors were deternnined c The cores were then .saturated 

with a brine consisting of 6oJooo ppm sodium chloride~ 
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These cores. were coated with paraffin to pr·event evaporation 

of their water content during the experiments o '.Pwo smll holes in 

t~e coating on opposite sides of t he cores perudtted access· of the 

external brine soluti.ons o To make a measurement; a core was placed 

. in the elamp (figo 10)» from which tubes extended to two brine 

reservoirs containing leadolead ehloride electrodes~ so that the 

brines could be brought in contaet with o~posite sides of the coreo 

A brine vi th a. salinity of 609 000 ppm was placed in one reservoir 9 

and a . brine w1 th a sali:ni ty of 600 ppm was placed in the other o The 

potential between the two .leadolead ehloride electrodes was amplified 

with a d.,.c amplifier tha.t 'had a..u input resistanGe of .. 1.0 megohms.. 'fhe 

output of this amplifier was registered on a d=c voltmeter9 aad the 

recording system was cal.i'brated. at frequ.ent i!f.!terwa.ls w'ltn a known 

voltageo 

The potential d.eveloped ill'il. the cell -w-a~ observed f'or a perioi . 

ot 30 minutes to ~ hours 1~ order that a~, equilibri·iWn value might 

be determdnedo lt ~s obserwed that ·the potential had a ~on~zero 

vai:Ue a$ th.e brines were first brou.ght in contact With a core, and 

that within a. few seconds the potential reached a mxi.tl!l.lm~ the saline 

solutioa was negative nth respect to the d.ilute sr;lution ~ Following 

this, the potential c:ha.nged siWl and a,ppro~ched a positive value 

asymptotically over a period of approximately cne hour." For very 

porous cores~ the potem1tial approached a positi-we maximum and then 

decreased, probably because of a cha.ltlge i~ the salini.ty of the brines 

in the reservoirs by rapid diff~sionQ 

In order to eliminat e t he effects of elec:t:rod.e polarization 

at the two lead eleetrGd.es J the pote~tial ar~ro~s a iD.t al:undum membrane 
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Tank contpining 600 ppm ·sodium chloride 

Lead electrode coated 
with lead chloride 

Tank. containin~ 60,000 ppm llj'llllil 
sod1um . chlonde ~ I. 

I 

Drain plug 

~ J.._ ~l>' =- Soft ~ubber gasket with 
:%< .. • hole m center 

Lead electrode coated with 
lead chloride CIRCUIT COMPONENTS 

~---------------------------, l Pb /PbCI~NaCI/jcoR~/NoCI/PbCI/Pb; 
I 60,000 600 I 

L--------~------.fl!_"'-. ---- ---J 

D.C Amplifier 

Figure 10= Device used in measuring the diffusion potentials of cores 
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was measured o '!be differeu.ce between this potential aad the theo-

retical potential for the experimental conditions was subtracted 

from each of the other measurementso 

The asymptotic value of potential was then ~sed to calculate 

apparent values. of the immobilized double-layer concentration 

according to equations 14 ud 15 o The results of these measurements 

and computations are presented in figure 11 in which n0 has been 

plotted as a function of porosityo 

These data. show that n0 varies from 40 to 56~000 ppm f'or the 

cores st·udied9 all sandstone speeimens o There is no pronounced 

relation between n
0 

and porosity, except at low porositieso At 

porosities greater than 10 percent an av·erage value for n0 is 1., 500 

ppmo These values of n0 were then used to determine the relation 

between the deflection recorded on the spo~.ta.neous potential logs 

taken in the Spud Patch area and the connate water salinityo 
\: 

In spontaneous potential logging, ·a single '!:4-~.Q!ie is raised ( 

through the drill hole9 and its potential is meas~ed with respect 

to a reference electrode at the surface. In interpretation, the 

deflection of t~is eurve between a sandstone at depth A and a mud-

stone at depth B is measured~ Thi.s deflection is equivalent to the 

voltage that would be measured between a pair -of electrodes at A and 

B. The voltage is caused by the current f'loWirAg through the three 

media: the water in the drill hole, the sandstone, and the tmJ.dstoae. 

The current arises from thr~e phase-boundary potentials a~d two 

diffusion potentials, if it is asswned that there is ·no diffusion 

between the sandstone and the JmJdstone. A eu.rrest .?tu~·~l!l~i:$:~ to a 

considerabl.e extentp is shon in figure 12 to indicate where each of 
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these 
I five lH')tentials exists o 'fhe sum_;:, of . the five is gi vemt by: 

where Eo, and :r~ sr'e the diffusion aad phase potential$ respeeti vely 

between the pair~ ll:)f' media represeated by the numerical preseriptso 

In terms of ion e~n~elfJ!trstions, tb.ese potential~ would be: 

S'P-= _ k:,T t( p._1-ft2 ) r e., (® + 1)£; -I _ t, ('ttz +I ),;'-kz -I ] 
€. ft..-/A2 L l~+l)~-\ (&+\)n2. -t 

r'4 ° 3 JJ.-2. oV'lz, 

'') 

+ ~ (~-+~I~)") Cfrt +~-~---~-n-Y) { 
(~ +Vl-(~J) (2~+J,-~j) j 

where n1 is the CO)jjlceatration of' the anio:ns in the interral 

electrolyte of' the ~and.stone and mudstone~ 

on3 is the mobilized ion concentration in the mudstone .. . 

bn2 is the immobilized i~n concentration in the sandstone, 

and 

n2 is the ion concentrati~ i~ the external solution filling 

the drill hole. 

This equation. -wa~ evaluated for the t't'll'O extreme ranges of con-

ditions to be expected for the logging eond.itioos at Spud Patch: 

. a. Salinity of' the water i~ the drill hole, n1, was assumed 

to .be approximtely 150 ppm, elase to the salinity determined by 

Reservoiro 

(16) 

(17) 

\ 



co The iDJD.Obilized concentration in the Jmdste>ae1 oD3a was 

assumed to be between the liadts of 150»000 and 751 009 ppmo 
-

d e A range in eormate-water salinity from 11 000 to _24o~OOO ppm 

\laS CODSidered. • 

The spontaneous potential deflections that would be reeorded 

for this ruge in eondi tieas are included as the shade<i area in 

figure ;. 13 o ·On -:the basis of present 1nformation9 the best estimate 

of the relation betweea spontaaeous potentia~ aDd connate-water 

salinity my be ·that g1 wen by the dashed line on this .· graph o r.rhis 

line was drawn an the assumptioo that the largest recorded spontaneous 

potentials would probably be asse>ciated with the most porous saBd-

stones, which had undergone t~e most evaporation~ and in which the 
-· 

salinity of the e~te water would be high and the amount of clay 

low .. 

The measurements ox:ll the cores wer·e made to provide a basis fer 

the quantitative interpretation ef electric logs in terms of porosity 

and water content .. If we assume ·that the constants in the empirical 

equations obtained in these experimen,ts are generally valid ... that 

the effect of ·clay on resistivity a~d spontaneo~s potential can be 

ignored9or estimatedp then there remain three UDknowa variable ,..._ 

tities: por0sity, water saturation:J and water saliaity. Only two 

measvements are available in t~e field data for . the determiuatica 

ot these three factors; so that the proelem would seem to be 

indeterminate .. 
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One hope of determdaing t hese quantities from the field data 

lies in the possibility of finding a natural relationship between 

them: that is~ to find that they are not imdependent variableso 

I~ the present ease» it is possible that the sandstome me~ers of 

the Morrison formation were at one time saturated with a CQnnate 

water of unifarm sallni ty o It is likely that the Morrison formtia 

has been dehydra~ed to some extent in the areas in which these studies 

were carried out» because it is close to the surface and frequentl:r 

crops out on mesa rime o The present values of water saturation, 

resistivity, and natural potential of the sandstone should be 

interrelated .. 

The resietivity of the saDdstone around a drill hole at the 

time of electric logging is: 

(18) 

where ,JJwr is the resisti·wi ty of the connate water at the time of 

loggiugp Sw is the wat er saturation» and ~ is the porosity, restricted 

to the li~ts 1~ percent to 25 percent and with Sw greater than 25 

percent. 

If th.e present connate water ·is a. rellm.S.l'1.t of a.n original connate 

water of resistiVity j>wi that bas evaporated wi t,hout the removal or 

addition of salt, taen the present water resistivity is a funetiOD of 

the present water saturation and the original water resistivity: 

(
.R'Wr )1 o 05 ( 19) 

Sv. = pwi} 
This relationship is valid tor a temperature of 200 C and is aeeur.te 

within 5 percent ower the range from 100 to 1009 000 ppmQ 
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By using this relationship» one unknown ~uantity can be elim­

inated from equatiom~ 189 and 

J>r = 0.62 Pwi2 .02.J>vr=l.02 ¢Q02.10 

This can be written as: 

eo~tant = ftfw 'Ill. 02 Jlr l:!ollJ ~ r; 

In additio&p the resistivity of the connate water is related to the 

spontaneous potential by equation 17, which may be expressed si~ly 

as: 

SoPo = =K log ( .fm/fwr) 
where~m is the resistiwity of the water in the drill hole aDd K 

varies from 35 for low porosities to 70 for high porosities and 

salinities~ and represents the influence of the various factors 

involved in equation 17. By combini:ag equation 21 with eq'W:l.tion 221 

the following is obtained: 

log eonstaat ~ leg.fr_,P.olO = lo02 (
8i:_p. + los?m> 

Thus, the equation for th~ res1~t1Wity of the sandstone members 

of the Morrisca for~tio~ h~s bee~ red~eed to a form in which there 

are only two quantities not measurable in normal logging rautine: 

the porosity and the spo~tameous potential eoefficientp K. However, 

the coefficient K can be predicted within reasonable liDdts, as 

indicated by figure 13" This means that porosity is determinable 

(20) 

(21) 

(22) 

(23) 

from electric log data if the initial assumptions of a constant water 

salinity and consequent evaporation are correcto 

To test this hypothesis; the quantity~~' deterBdned from the 

resistivity log ud core amtlysis, was plotted a.s a function of the 
I 

spo:nta.:r~teollls potential/ deflection for each of the six drill holes 
·' I 

from which cores wefe studied (figo 14)o I~ all six easesp there is 
'','""' ..... ,~~ 

-.,.,_~~-
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a trend recognizable .in the data that inaicates that there is at 

least some truth in the original assumptionso 

The considerable se~tter apparent in these data is probably not 

all caused by the shortcomings of' the original hypothesis. There 

· are other sources of error that almost certainly contribute eon.sid­

erable deviations o Among these is the error involved in matching 

the core depths with depths on the electric log, so that the correct 

values of resistivi~y and spontaneous potential can be read. 

Another mjor source of error is the inability of determining 

accurately the resistivity of thin layers by anylogg!ng arrangement • 

. The apparent resistivity recorded on the log Jll.;; . .y be larger or smller 

than the true resistivity, depending o:a the resistivities of the 

adjoining strata. The single-point log was the most sensitive · device 

used, but it was also t he litOst subject to errors from variations in 

the resistivity of the water in the drill hole. Singleaopoint logs 

of adequate qual .i t y for use i n these correlations were available to;c 

only two of the six ·w;z;J..ls under consideration: SP-131 and SP-284. 

For the other four drill holes , the 8~ineh normal spacing resistivity 

log was used because it was a comproDdse of the large -disturbing 

effects of the water in the drill-hole on the log witb. 4 .. ineh spacing 

and the large disturbing effect of bed thickness on the log ·with $4-

ineh spaeingo 

There my also be errors because the properties measured ·on the 

individual core are not representative of the material around ~he 

drill hole that controls the response of the electric logs; · -The 

laboratory measurements were made on a specimen of core approximately 

one cubic inch in size, but the resi stiVity measured in the e~ectric 
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lo~s i$ the average re~istivity of a minimum of _one cubic foot of material 

around a drill hol.e o The degree to whieh this tifference is the source 

of the scatter in the eon"'elation diagrams of figure 14 is a measure 

of ·the inch ... to ... inch variation of' the physical properties of sandston.e. 

In a number of ea$eS 9 four samples had. been cut from cores over 

a six inch depth int·erval o Measurements of porosity a.n4 formation 

factor ha.d been made ~n all these cores, and the data were used to 

compute the varianc~ of the averages for each groupo !he variance for 

any one group i~ gi·ven by the ~q1.1ation~ 

4 
6 ~ 1/3 (~¢)2 

1 

4 . 
= z 9)} 

. 1 

where cr is the variaru:e or squ.a.re ef the sta.ndari. deviation. The 

val.ue computed from this equatien is not the variance of the actual 

data~ but a best es'timat.e of the variance Gf the pQpulation from 

(24) 

which the data are a subsampleo Forty=one values of this best esti-

mate of variance were computted; the highest values were those for 

the e;t'ou.ps of cores of low average porosityo The ~esuts of' these 

computations are shown in figure 15 ir:1 whieh the standard deviation 

is expressed as a. percentage of the average porosity o · '!his graph 

shows for a given porosity how elosel.y a single value of porosity 

measured on a core represents the a~erage porosity of the bed from 

whieh 1 t cameo It is obvious that the l.imi ts of error are quite wide .. 

Because of the magnitude of these different sources of error, 

it is likely that the correlations indicated in figure 14 are eon-

siderably better than the s~atter of the data would lead one to 

believeo In order t~ find the r®lati®ship indicated by these cor-

relations, it is necessary to use the same stati~tical approach 'used 

earlier on the core datao 
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The absolute range sf' the variables plotted in figure ·14 'faries 

considerably from drill hole to drill hole~ so that the data from 

the several drill holes eaM.ot be compared directly. In order ta 

normalize the data from all of the drill holes to the same seale, 

the variables S .. .Po and ~f(J2 were expressed as percentages 9f their 

maximum values i~ each drill holeo 

'!'he data were grouped in classes a.cc0t,di:ag to the value of the 

q~ti ty ( Pffl/rrax p¢2) » and it was assumed that for each class the 

values of S .. Po/ Me!.xiJ'JltWB S.P. are normlly distributed about a mean. 

1'he average was computed, and the standard deviation of the "f8lues 

of s.PQ/ l\iYaxi mwn s.,p,, for each class of fffl/mxft/l- determined. The 

65 percelr!lt con.tfa.ellt!e l imits were ealeililated for both indi Ticlual values 

of the data av..d for the lDean val~es cf S .. P./Maxilllml S.P. The results 

are shown in figure 16 1~ whieh the horizontal scale is logarithDde 

and the vertical scale is doubly l ogarithmieo 

The data are also prese~ted in tabular form on figure 16 and 
. . 

with the stancla.rd. dewia.ti ota Gf the awerage porosity eorr~spo:nding 

to each plotted. mean. is listed.. This standard -deviation indicates 

the minimum part of the scatter of' the data that can be attributed 

to nonrepreseDtative values of por(f)sityo 

The conclusion is that tb.ere is a. sipif'ieant correlation between 

the electric log data and the core datap and this correlation supports 

the hypothesis that sa.Mstones ~f the Morrison forma.tia4 were originally 

fully saturated with a bri,Jne of wr.tiform salinity a.&ld that the present 

salinity of the eo~te water is a res~llt of the evaporation of this 

original brine without remova1 of salt by circulating ~ouna waters. 
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QUANTITA'f"E IftDPRETATION OF LOGS 

I 

The correlation of t~e core data with the electric log data 

indicates that porosity can be determined directly frQJil electric 

log data. Once porosity I s determined and the salinity of the water 

is found from the spont~eous potential log, it is possible to cal-

culate the water saturatibn from the resistivity log. 

Such an i:aterpretati1on was attemped on logs of the Salt Wash 

member of the Morrison fo~rmatiGn in 44 drill holes in the Spud Patch 

area. 1'he procedure was ~s follows: 

(1} The maximum vaLlu.es of resistivity and spo:Q.taneous 

potential were read directly from the logs; 

(2) !he average va~ues of resistivity and spontaneous 

potential were ~etermined by planimetering the areas 

between the respective logs and their base lines. 

!hese areas were divided by tbe thickness of the 

logged sect~on fo give average values; 

(3) The average porloH:tt -y was determined by forming the 

ratio S,P. / ma.x.i mu.m, SoP o and determining the correspondin6 

value of / ¢2/max.J1/;2 from figure 169 The average 

porosity was dtermined by assuming a maximua porosity 

of 22 percent cprresponding to the maximum resistivity; 

(It.) The average connate water salinity was determined from 

the average spoptaneous pGtential, by using figure 13; 

( 5} 'fhe average water saturation was determined by dividing 

the average resistivity from the electric log by the 

/ resistivity of connate water determi ned above o '!'his 



average salinity was corrected for the influence of clay 

by using the data in figure 9. ~e water saturation vas 

then computed from equation 16 o 

(6) The apparent salinity of the ori&inal brine saturating 

the sandstone was estimated by calculating the dilution 

of the average water salinity necessary to fill the pore 

space completely. 

The results of these interpretations are presented in table 3 

as average values for the several classes of favorability to which 

the drill holes belongedo 

Table 3 gives an idea of the physical properties associated 

with favorability that result in the apparent correlation of resis­

tivity with occurrence of ore. There is no correlation between 

spontaneous potential and favorability or ore occurrence. Large­

and small-amplitude spontaneous potential curves are obtained in 

drill holes in both favorable and unfavorable ground., and the 

spontaneous potential measurements are the same for favorable and. 

unfavorable holes, as shown in table 3 .. 

The salinities that were calculated from these spontaneous 

potential measurements are in terms of sodium chloride as the 

ionized salto It is likely that the salinity is due to some other 

salt, such as calcium bicarbonate" If this is so, the equivalent 

sodium chloride salinity is not the same as the actual salinity in 

a different salto If that salt is calcium bicarbonate, then the 

equivalent sodium chloride salinity is about one-halt the actual 

salinityo 
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Table 3o-.-R.esults of the quantitative i:nte~retatiou of 
. . electric logs · · 

Favorability class ravoraele 

~er of drill holes: 24 

MaxiliiWil SLPo (l!rWo) 66J1. 
average for drill holes 
of each class: 

Corresponding water 6400 
salinity (ppm): 

Average SoP., (l'lt'o) .38.9 
average for drill holes 
or eaeh elass: 

Corresponding water 3050 
salinity (ppm): 

Maximum resistivity 
( ohm...m), average for 
drill holes tor each 
class': 

Average resistiwity 
(o~m)D average for 
drill holes of' eaeb 
class: 230 

Average porosity 
(percent l: 19 .. 1 

Average water saturation 
(percent): 43 

Mani~ water sat~tion 
(percent) average for 
drill holes of each class: 21 

Origiaal water salinity 
before evaporation (ppm): 1310 

Product of sandst~e thiek­
.· .?Jf aess 1·-' a:&d La.verage·; resis-

tivi:t.:y ( whm-..m..:.ft o): · , 16400 

Semi-favorable 

12 

28o6 

!100 

l6o7 

1300 

57 

32 

Unfavorable 

8 

64 .. 4 

. 610() 

2730 

1.80 

18.1 

53 

7710 

( 
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The calculated average porosities seem to vary with tavor­

ability9 as evidenced by the decrease in porosity for the less 

:favorable drill holeso The saturations, however, show a more pro­

noutlced YariatiE>D. from drill holes ia favorable ground to ~hose 1m. 

unfavorable grou.nd o Satvatioa seems to be the property which 

causes the eerrelation of resistivity with favorability: that is, 

the satvaticm seems to be red.ueed most ia the drill aoles that 

are mest favorable for the occurrence of ore. 

When the salinities are ealcu.l.a.ted oa the asswr.ption that the 

connate water is diluted te 100 perceat of the pore space in all 

but three of the drill holes, they fall in the range '50 to l,Soo 

ppm equivalent sod.ium chloride o 'l'he three exeeptioas fall far out 

ot tbis range being between 31 500 and 6,500 ppm. 

Studies of' the magnitude $M exteat of' electrical anonalies 

that my be assooiated with occurrence of ore on the Colorado Plateau 

have shown that there is an increase in the average sandstone resis­

tiVity aDd a large increase in the product of resistiVity and sa.H.. 

stone taiekness in the areas that are most favorable for ore 

oecurrenceo Anamalously high resistivities are apparent in many 

drill holes in mineralized ground, but in general these anomlies 

are too small in extent to be detectable by surface resistivity 

measurements. 

A contour map of the product of ~esistivity and sanistone thick­

ness has indicated that tae dimensions of favorable areas are of the 

order of one to several thousand feet, at least in the area studied. 



It this is so generally 9 it would be expeeted that even with ideal 

conditions in the overlying beds~ the w.ariations in resistivity of 

the oreebearing member at depths of 500 feeto would not be detect= 

able by surface resistivity measurememts., as Weuer electrode 

spacings of' lpOOO feet and more would be required1 and with these 

large spacimgs 9 no single resistinty sou.nding eo\lld be mde with 

the electrode arrangement entirely Within the favorable areao 

Electric logs» however~ are capable of giving mueh of the infor. 

-.tion that is obtained by nsual examination of cores o The electric 

log is partieularly suited to the differentiation of sandstone from 

mudstone and should give a more reliable distinction betweeu the 

two than is possible from core inspection. 

Mudstone exhibits a minilUUDli on the resistiVity log and a 

maximum (deflection to the right) ® the spontaneous potEmtial log .. 

'f'hese miniDIWil and maxiDWliD deflections are referred to as the "shale 

base liae11 by eonventio~m., 

Because the ~rriso:n f'ol"mat:io~ is c9mpesed. of ll!ll<lsto:nes and 

sandstQnes, any deflection to the right of the resistivity base lime 

accompanied by a deflection to the left of the spontaneous potential 

base line can be attributed to the presence of a ss.ndstone at tllat . 

depth Q Smll deflections correspond to shaley sandstone aD<l large 

def~~etio:ns correspond to relati w~l,y pure sudstCZ~e ~ , Deflections 

or only one curve from its base line are usually caused by changes 

in the salinity of the water in the drill hole rather than by litho~ 

logic changes. 

The ideDtifi~ation of mudstorje and sandstone from tme electric 

log is u.sua,lly the same as tha.t from visua.l examina,tiotrA of the core 0 



:However~ there nay be some disagreement where there is a gradational 

conta.et between sa..ntiston.e and mdstone1 when it is difficult to 

separate the two wisuallyo lnder these eOnditionsD the ~lectrie log 

may be superior to the actual examina;tiOD of the eore, as it provides 

a physical basis for the divisioo between the two stratao 

On the ether handp the electric log cam1ot give informtion oa 

color and the presence of vanadium Ddnerals or of certain accessory 

minerals that are factors •sed by the geologist in determining 

favorabilityo Howver» the electric log may be able to provide an 

index of favorability Which is comparable in reliability determdned 

by geoloSie guides to oreo 

The advan~age of electric logging is that when combined with 

radioa.etivi.ty logging.!) it will give most of the information necessary 

in the explora.tioR for ere at a lower cost than cering and examination 

of cores o In addition to reduced drilling co-ts~ the time required 

to interpret a group o~ electric logs in the 9ffice would be mueh 

less thart the time req~red to exandne core at a group of drill holes, 

with resulting economy. 

The utility of the electric log is not limited to the determination 

of information now obtained from cores; it is also capable of giving 

additional information such as porosity and water saturation whica ~Y 

be of value in the future o If proiuction from the deeper Morrison 

deposits should become practical, it would be necessary to know 

porosities and water saturations for proper prod~ction practice. 

It has been found in oil=field praotice that the deterndnation of 

such properties from the electric log is more reliable than core 

analysis, as electric log data give an average val~e representative 



o~ the rock in place o Core analysis is subJect to the errors ca'Qsed 

by the inch-tooinch variation in physical properties described in 

this reporto 

In the petroleum industry~ the electric log has become an 

indispensible tool for the determination of the textural properties 

of the rock in place in a drill hole.. There is reason to believe 

that the electric log my be valuable in the evaluation of the 

strata penetrated by exploratory drill hGles here alsoo 

The electric logs can be used not only to identify different 

lithologic units but to correlate such units between neighboring 

drill holes. Correlation of very small sandstone-unite is possible 

where drill holes are on a 50-foot spacing. Correlation between 

more widely spaced drill holes mst necessarily be less detailed. 
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