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lOG INTERPRETATI ON MANUAL 

INTRODUCTION 

This manual is a collection of information intended to aquaint 

an inexperienced operator with a facet of the field he i s entering and 

as a reference fo r t he experi enced operator . 

The contents of t he manual include a bri ef t heory of t he oper

ation of each type system and descriptions of the uses and interpretation 

systems and techniques applicable to Century's equipment. 

Naturally, because of its nature the contents will vary with 

time. As systems are supplanted with newer systems, new descriptions must 

be added and older ones relegated to the reference file. Interpretation 

techniques change and improve continually, even for the older tools and 

systems. Therefore, this is not a static text, but rather, a continually 

growing, changing, correcting, and improving one. 
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OF GAMMA 

The gamma ray-electric logs are used for several purposes in the minerais 
industry. They are used for wide spaced or 1arge area geologic correl
ation, medium spaced trend tracing, short spaced profiie analysis, ore 
reserve determination, and pit and mine outlining. The major usages of 
logs are probably in multiple hole situations. 

A. LARGE AREA GEOLOGIC CORRELATION 

Use is made of the characteristic signatures of representative for
mations, beds, and IImarkers" in large area geologic correlation. Usu
ally a line of logged holes is chosen and the logs are hung on the wall 
in geographical sequence. Depending upon the end use, the logs may be 
adjusted to or "hung onn a constant elevation, (or, literally, a sea 
level reference), or they may be "hung onn a fixed depth or surface ref
erence. Occasionally the logs are "hung on ll a particular formation 
anomaly or "marker." 

Specific geological horizons are often identified before hanging the 
logs. While this is not absolutely necessary at this point it does 
help with correlations. 

Similarities of signature are then identified horizontally whether or 
not specific geological horizons are identified. Any or all of the 
available curves are used for this correlation. The most useful are 
probably the resistance, resistivity or porosity curves. However, the 
SP curve and gamma ray curve are useful for determining sand-shale 
sequences. These correlations are traced from one log to the next. 
Often they are marked with string or crayon lines. 

Inconsistencies are looked for after the initial correlations have been 
completed. It would be unusual, for example, for a big or thick uranium 
anomaly to occur in a tight shale. Hard stringers, such as a tabular 
limestone, are not likely to change relative level from one log to the 
next. Not all of the inconsistencies are false, however. Faulting can 
result in very sharp changes in relative level and even repeating of 
or loss of sequence or horizon. Folding can result in a reversal of 
sequence. A sand can "pinch out" or it can grade into a limestone. So 
one must be careful about apparent inconsistencies. 

After the correlations are made and real inconsistencies or errors are 
eliminated the formations and other horizons on individual logs are 
compared with the lithology log and various features are identified. 
For example, altered and fresh (or unaltered) zones are identified. 
Grain size changes are often identified. Sand-shale ratios are often 
logged and correlated. Formation water salinities are sometimes identi
fied. Probable interface trend or mineral locations are sometimes 
noted. 
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Cross sections, such as these, give the geologist a very good view of 
the area in which he is working. If these are combined with a previous 
knowledge of the area and with surface geophysical information, the 
picture can be very complete. These cross sectional correlations are 
commonly reduced photographically and used to illustrate geo1ogical 
reports, progress reports, proposals, submittals, and even stockholders 
reports. 

B. MEDIUM SPACED TREND TRACING OR MAPPING 

After obtaining an over-all view of the area in which he is working, the 
sedimentary exploration geologist is often interested in tracing trends. 
His profession is finding sedimentary mineral deposits which are small 
compared to the total area in which he is exploring. These deposits 
can and do occur in a number of different ways. They can be tabular, 
massive, or disseminated. They can occur at chemical or physical inter
facies or discontinuities. They can occur in stratigraphic traps. The 
actual mechanism for deposit mayor may not still be present. 

Starting with the wide area results described in the first section, the 
geologist searches for the indicators of the type deposit he ;s looking 
for. For example, a sedimentary uranium explorationist will search for 
alteration or redox interfacies. Hopefully these will have radioactive 
anomalies associated with them, but, at this point, they are not im
portant. A coal or trona geologist will look for traces of minerals 
and the sand-shale sequences identifying previously swampy areas. Cop
per, vanadium, and uranium explorationists may look for old channels 
of braided or meandering streams and for the trash associated with them. 
Petroleum geologists will look for possible traps. 

Upon identifying possible zones, the explorationist then designs a 
drilling program, often coupled with a surface geophysical program which 
will trace out the interesting features in detail. This usually in
volves examining each log as it is made and locating or "spotting" the 
next hole on the basis of the log, the previous holes, and the geophys
ical (surface) lines of information. At this stage the explorationist 
is looking for mineral evidence as well as detailed stratigraphic fea
tures. 

Use, again, is made of log correlations from hole to hole. Detail of 
features in the resistivity or porosity logs are usually identified 
and correlated along short cross sections. Except when stratigraphic 
discontinuities and traps are sought, not much attention is paid to 
absolute elevations, since area dip trends are already known. Other
wise the process is much the same as for wide spaced correlation. 
Trends are then identified and mapped. 

C. SHORT SPACED ANALYSIS 

The small sizes and linear or sinuous nature of many deposits, such as 
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uranium r011 fronts and other types of geochemi cal cells, often requires 
a very short spacing, detailed anal ysis. These may be as close as five 
feet apart . Cores are often taken during this phase. Cuttings samples 
are carefully logged and often assayed chemi cal ly . 

During the detai l phase the logs are usuaiiy used individually t o 
"spot" the next hole . However, short profiles or cross sections are 
later made in the same manner as the two longer ones described earlier. 
In t hi s case, correl ation with depth is usually not important. Hori 
zontal or lateral position is important so hole deviation surveys are 
ofte n made. Features such as radioactive anomali es, chemical and con
centration anomali es, and di scont inui t i es are traced and mapped in de
tail. All of t he availabl e curves are used at t hi s poin t . 

D. ORE RESERVE DETERMINATION 

Only the gamma ray curve ;s used in are reserve determina t ions for 
uranium. In coal determinations the density curve is used . Other types 
of determinations usually use the lithologic logs and chemical or x-ray 
assay logs. The hole locations, mineral thicknesses, grades and depths 
are noted on an area map. A grade cutoff and a grade-thickness cut -
off are assigned depending upon the average depth. An area of influ
ence is assigned to each hole. The radius of the area of influence 
will depend upon the type mineral and the type evaluation desired (i.e. 
proven ore, inferred ore, probable are, etc . ). For example, uranium 
proven are is commonly assigned a radius of 50 feet from the drill hole 
or half way to the next hole, whichever is less. The tonnage or ore is 
determined using the area, thickness, and dens'ity . The grade is then 
used to determine the amount of mineral present. The sum of the values 
from contiguous holes then determines the reserves. 

An analysis of the cost of stripping or shafting and drifting, mill 
siting, transportation, extraction, processing, storage, and financing 
will then determine if and when the reserves can be mined profitably. 
All information on stripping amounts, shafting, drifting, and extrac
tion must come from the logs. 

A typical are reserve calculation would be (note that some of the con
versions may change, slightly, depending upon the units desired and 
upon local variations.): 

1. Assign areas of influence to each hole. These may be squares 50 
feet on a side for proven are (2500 square feet) and 70.7 feet on 
a side (5000 square feet) for inferred are. If another hole is close, 
then use one half the distance to the next hole. The result will 
be a series of squares or other polygons. Tabulate areas. 

2. Multiply the area by the anomaly thickness to obtain volume of are. 
Divide the volume by 27 to obtain it in cubic yards. Tabulate 
volumes. 

3. Multiply the volume by 3375 to obtain pounds and divide by 2000 to 
obtain tons of are. Tabulate tons. 
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4. Multiply the tons of ore by the mineral grade in percent and by 20 
to obtain pounds of mineral contained by the are . Tabulate po unds 
of are. 

5. The sums of each of these values should be li sted for each prospect. 

6. Repeat the first three steps for the overburden for pit cost deter
mi nat ions. A strip shoul d be added around t he mine area for wall 
slope and vol ume. In t he absence of better information a wall 
slope of 45° is usual ly assumed ( width x length x depth'for ease 
of cal cul ation. . ,- 2 7 

E. MINE DESIGN 

Pit and underground mine design depends upon a detail ed analys i s of the 
location, thickness, and grade of the mineral . This , of course, must 
be done before any actual mining can be started. The general pract ice 
is the same as for reserve calculation except the detail is much greater, 
costs are evaluated, and estimation is kept to a minimum. Much reli
ance is placed upon the logs, particularly the thickness and grade in
dications. In addition, mechanical problems, such as soil competancy, 
the presence of water, bed uniformity, and depths can be obtained from 
the logs. Commonly, coring is used to a great extent in this phase. 
However, the sonic log and surface seismic measurements could supplant 
much of this coring. 
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Uranium Roll Front Zonation in the 
Southern Powder River Basin, \Nyoming 

By Bruce Rubin' 

INTRODUCTION 

Techniqu~s in the exploration for uranium in 
Te rt iary 6:lsins of '..Iyolr.ing have taken a giant step 
for~ard over the last d~~aJ~. No longer is the 
random dr i II ing , or "h i t-t)r -mi:;s" m.:!t;"Jd uti I i zed 
by mcs t CQm;lan i es or i ndeo~n..!en t:;. I no; te ad, the 
Geochemical Ce ll, o r " ro ll -t'r~mt" conc~pt has been 
used extensive ly, and i ts u~~ has be~n a major 
factor in recent discoveries, ~special Iy in the 
southern Powder River Basin. 

Briefly, the "roll-Front" i s a "Ctl- shaped in
terface between the alte red and unaltered portions 
of a sandstone along which uranium has been depos
ited. (see fig. I) The interface probably is 
caused by oxidizing agents moving dewn dip through 
a carbonaceous and pyritic water saturated sand
stone (reducing environment) . (Rackley, et al. 
1968) As the oxidizing agents move through the 
reducing environment they alter the sandstone and 
precipitate uranium on the interface ahead of the 
altered portion of the sandstone. 

Alteration consists mainly of sandstone color 
change.- remova I of py r: te and ca rbon, and kao I i n
Ization of feldspars. Although interfaces extend 
····----...ands of feet laterally. the upper and lower 

~ces are on Iy a few tens of fee ·t apart. 

Previously, only ewo general criteria were 
used to locate "roll - fronts" in sedimentary host 
rocks. They were, through surface profi Ie drilling! 

1) to locate altered sandstone, 

2) to locate unaltered sandstone. 

Subsequent splitting of the distances between 
altered and unaltered sandstone until the so-called 
high grade "nose" or Frontal portion of the "roll
fr,,"C" was intercepted was a rei iable but costly 
eventuality. (see Fig. 2) Geological investi
gations made during Teton Exploration Ori Iling 
Company's recent discovery in the southern Powder 
River Basin, ~yoming, may have yielded a new 
technique in the exploration For uranium; a 
technique based on the altered-unaltered sandstone 
relationship, but 20-40% more efficient. 

Inve~tigation has sho./O a defini te zonation 
across the "roll-front"; a zoning that, when effect
Ively Interpreted and uti l i zed, gives the geologist 
~ better insig/1t into the configuration of the 
deposit as wei I as saving tim~, effort, and money, 
since fewer holes wi I I be needed for the successful 
~ompletlon of each profi Ie. 

ACKNOWI.EDGEMENTS 

Spec i a j thanks to Bob Johnsen, an ea r ! y 
co llabora t or, wnose adv ice and ideas help~d to 
develop the " zona l" concept . The specific contri 
butions of the many who aided in the col lect ion and 
interpretat ion of data ~pon which th i s report i s 
based, and tlte cooperat ion .of the management of 
Teton Exploration Dr illi ng Compan y and OUlla l Corp
orat ion, are h~reby acknowledged. 

STRATIG RAPHY AND ALTERATION ZO NING 

The'ore-bearing formation in Teton l s inve5ti 
gaticn is ' the · ~asatch formation of Eocene Age, 
overlying the Paleocene Fort Union formation. The 
Wasatch i, continental in nature, consisting of 
Interbedded sand, si It, and shale. Due to deposi 
tionin a fluvial environment there are, locally, 
abrupt changes in rock type such as pinch-outs and 
scour zones. But, analysis of the area on a gross 
scale indicates the overall continuity of the sand 
units to be fairly consistent. (see f ig. 3) 

It was this continuity of geology, along with 
readily dlscernable alteration products and a large 
amount of usable data that enabled the writer to 
recognize the discreet zones across the "roll
fronts." The following describes, in sequence, 
from unaltered to most altered, the nature of the 
sandstone and the radiometric characteristics of 
each zone of the "roll-front. I.' Zones i lluserated 
in Figure 4 have been numbered to facilitate 
computerization. 

Unaltered Host Rock 

The unaltered host rock is a I ight to medium 
gray, (Geological Society of JlJT1erica Rock Color 
Chare, 1963) " sub-a rkosic sandstone. Grain size 
varies from medium-fine to medium coarse, and sort
ing commonly is fair. The sand grains are mostly 
sub-angularj grain size, sorting, and angularity 
are unaffected by subs~quent alteration. Main 
constituents include clear to med i um gray quartz 
(80~), and light gray to medium red feldspars (IS~). 
Carbon fragments are shiny and firm «5~)j pyrite 
aggregates are glossy and smeoth «1%). There are 
no anomalous "kicks" on the garrrna log In the un
altered sandstone. 

Remote SeepaQe Zone 

The Remote Seepage Zone is very similar to the 
Unaltered Zone and is recognized only by a weak 
anomalous "kick" on the gamma log at the base of 
the sand host. Cores of the Remote Seepage Zone 

Uranium d~po.lts In th .. I'nwtl .. , Illy" I\.'l.tn havl!' b .... n rnund dllrtnc thl!' ",U1 d .. ~~d .. throllch th" .. ~t .. n'lv .. "'I!' ot th" "Toll-r"'nt" 
eon(" .. "t. \ ' nt1l nnw tar tuo m:lnv hol~~ wrrf" drlll.".j l() su('.·("s~(ull .v ("1"11111 .. 1" ,O;tf"h I'lrl ~ (iJt· :u ' ru"'iS IhA .. .,rin"", urull .. (rnnts'· rtl~H·O\· ,rn·d. Thf' 
rKucnlll"n n: ,I~ ''''",' 3U"'. lhl!' "rull-Irunt" Ita. r""I,h·t1 lhe ~ I'ulu~ist lu r((~~tI\'I"IY II til I,,· Itis driJlin~ <u .lS In 1r.l-t'rsrrt th" hie!! 
"atl .. II Itt: ZIl:O;~: " ' IIIt 10·,.. .·' itnl," I'''' prul,t" . t · .'II"·I1"~nlly. Um ... r/turt. and munry It:&H b ... rn sa,rt.i :llIlIwlnl:' th ... l:''''':~ls' morl! tim ... 
to do more m .. "nin,;/ut c.ut .. ~y :and 1"'''~tn;lIl\'e Ihinl"n.:. 

IGfOlaclst. Tfton Ellplo,atlon Drlllinc Co .. CUller. Wyomln.:. 
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host rock exhi b i t no vi sib le a l teration . 

~ar Seepage Zone 

The first s ign s of a l t e rat ion can be detected 
in the Near Seepage Zone, and are seen as weak, 
s potty l imonite s t ~in 5 on the quar t z gr a ins with 
traces of kao lin ite from feldspar. The anoma lous 
" kick" on the gamma log is st ronger than that of 
the Remote Seepage Zone but rare ly exceeds an are 
grade and thickness of 5' @. 12% U308 . Both rad io
metric anoma ly and a l teration usually are confi ned 
to the lowe r 1/2 to 1/3 of the sand host. 

Ore Zone 

Increased mineralization changes the overall 
color of the host rock to medium gray/medium dark 
gray In the Ore Zone. Limonite stain in creases 
to about 5%, and the first signs of hematite 
staining occur. Kaol ini te from feldspar increases 
to about 15%, and initial pyrite breakdown can be 
seen as slight pitting and tarnishing. The gamma 
log anomaly is fairly strong and unbroken; grades 
and thicknesses of the are are rarely less than 
6 1 @.15% U308. Both alteration and radiometric 
anomaly usually are confined to the 10YIer 213 ' to 
1/2 of the sand host. 

In te rf ace Zone 

The Interface Zone includes more intense 
oxidizing action than any other zone. This 

~xidizing alteration changes the color of the host 
. ock in the Interface Zone to medium gray/yellow

Ish gray. This is caused by a moderate amount of 
lImonite staIn; hemati te is scarce, but increasing. 
Kaolinite from feldspar increases to ~5%. Pyrite 
is more pitted and tarnished, but sti II readi Iy 
dlscernable. Carbon, beginning to show the effects 
of alteration, is slightly dull and slightly flaky. 
The gamma log anomaly is broken into a series of 
at least two, usually three "kicks." The ore 
grades tend to be greater than .15% U308, wh i Ie the 
ore thicknesses tend to be less than 6 1

• Cores of 
the Interface Zone host rock show dark gray sand 
in the position of the "kicks," and yellowish gray 
sand between the "kicks." Both alteration and 
radiometric anomaly usually are confined to the 
lower 2/3 of the sand host. 

Near Barren Interior Zone 

The alteration of the Near Barren Interior 
Zone is recognized easi Iy because of its 'grayish 
orange/grayish yel low color. Limonite stain is 
dominant; hematite stain is increasing. Kaolinite 
from feldspar is greater than 50~; pyrite is 
pitted and dul I and on the verge of being totally 
destroyed. Carbon is dul I and flaky. The gamma 
log anomaly is usually two strong "kicks"; the 
upper "kick" is usually about 1/4 the way down from 
the top of the sand host, and the lower "kick" is 
at the base of the sand host. Cores of the Near 

/ -Barren Interior Zone host rock show dark gray sand 
.n the position of the "kicks" and yellowish/orange 
sand between the "kicks." Grades and thicknesses 
of the ore commonly are about 6 1@.15% U308. 

Remo t e Bar ren In te ri or Zone 

The str i k ing redd i sh a l terat ion of t he Remote 
Barren In ter io r Zone i s caused by a dom in ance of 
hema t ite stain; limoni te sta in i s we ak. Kao l in i te 
from feldspar is greate r than 75Z, and py r i te and 
ca rbon ar e a lmost totally destroyed . The gamma log 
anoma ly is usually two Hkicks"; one a t t he top o f 
the sand host , and one at its base . Grades and 
thicknesses of the ore usua l'.y are less than 
5'@. 12% U308. Cores of the Remote Barren In terior · 
Zone host rock show medium gray sand in the posi 
tion of the "kicks," and redd ish sand between the 
" kicks." The horizontal distances be tween zones 
i s proportional to the sand thickness. For 
Instance, in a 30 1 sand un it the distance from the 
Remote Barren Interior Zone to the completely un 
altered host rock is about 200' . In a IS' sand 
unit that distance may be 50 feet or less. 

The importance of the recognition of these 
zones and t he effective uti I ization of subsequent 
dril I ing cannot be stressed too strongly. To 
illustrate this point consider, again, figure 2. 
Here the "splitting the distance" teChnique was 
used to intersect the Ore Zone of the "rol' -f ront. 1I 

If hole #3 had been recognized as a Remote Seepage 
Zone, hole #4 and hole #5 would not have been 
needed. An effective off-set hole to posi tion 6 
would have been made instead of dri 1 ling positions 
4 and 5. (Effective off-sets can be made following 
the recognition of all zones except the Remote 
Barren Interior and Unaltered host rock.) Figure 2 
shows 33% overdrill for that specific profile. If 
savings of that magnitude in time, dri 11 ing, and 
probing could be duplicated or even approached, 
using the aforementioned zonal criteria, the cost 
per pound of uranium found would decrease consider
ably. 

PHYS I CAL CONTROL OF "ROLL -FRONTII MOVEMENT 

Control of the movement of the "roll-front" by 
the physical nature of the host sandstone was also 
revealed by the detailed investigation. The speed 
and di rection of the '~rcll-front" are defini tely 
affected by the thickness and changes in thickness 
of the host rock. Note how, in figure 5, the zones 
of the IIroll-front" move around thinner sand zones, 
and toward thicker sand zones. 

Commonly, the shale member between host sand 
horizons wi II "lens-oot" and the "roll-frontll of 
the upper sand wi 11 drop through the shale break 
and occupy portions of the lower sand host. (see 
fig. 6) The geometry of the "roll-front" in the 
lower sand host usually is without definite shape 
and is surrounded completely by unaltered sandstone. 
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URANIUM LOG INTERPRETATION 

GAMMA RAY ANOMALY CALCULATION METHODS 

There is no "standard" method of calculating the apparent uranium content 
of a horizon from t he gamma ray log . Further, t here are few good methods 
of determining disequilibrium. 

The method for manually cal cul ating grade most commonly used by uranium 
exploration people and mining peopl e i s the method proposed by the A. E.C. 
This method is: 

1. Pick bed .boundaries at the point where hal f of t he peak counting rate 
occurs. 

a. This applies to a simple bed only. 
b. The bed boundary in a multiple bed situation is taken as half way 

between the peak and valley. 
c. The bed thickness is the distance between bed boundaries. 
d. Bed thickness is often rounded off to the nearest half foot, two 

tenths foot or one tenth foot depending upon depth and interval 
used. 

2. Start at the top (or bottom) bed boundary the counting rates are read 
at half foot intervals and tabulated. 

a. Sometimes the interval used ;s 0.2 foot. 
b. Occasionally the interval is 0.1 foot. 
c. Almost all foreign intervals and some U.S. intervals are 0.1 meter. 
d. The tabulation is continued to include the next bed boundary or 

the first value past the next bed boundary. 

3. Correct each counting rate for deadtime effects by using this expression 
to obtain the correct rate, N: 

N = n 
l-)Jn 

where n is the recorded or uncorrected counting rate and )J is the 
deadtime in seconds. 

4. Apply the tail factor. 

a. Multiply the first and last value from a single bed by 1.38. 
b. In a multiple bed situation do not use the 1.38 factor for interior 

or shared boundaries. 

5. Obtain the area under the curve by adding all tabulated, corrected 
counting rates. 

a. Do not use any value more than once. 
b. Eliminate any valleys more than three feet thick if they are lower 

than half peak value. These are probably barren 
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6. Mu ltiply t he area by t he II water factor" or hol e factor. This is ob
ta ined empiri cally . This is t he true area. 

7. Multiply the true area by the K-fa ctor to obtain the GT product. 

a. The K-factor will depend upon the calibration of the t ooi and upon 
t he intervals used . 

b. The usual U.S. K-factor is for half- foot intervals . 

8. Divide .the GT product by the thickness to obtain equivalent U30S grade 
in percent . 

9. If the disequilibrium is known it may be used to correct the value of 
G at t hi s po int. 

The deadt ime, p ~ of ._the system is obtained by using the expression 

}J = n- mR 
nm (l -R) 

where ·n is the uncorrected _counting rate in a known grade low value bed-;- -
m is the same for a higher. grade bed~and R ts·-theratio of .actual low 
grade to actual high grade·.: This is the so-called "two-pit~ method and is 
described in A.E.C. and E.R.D.A~ literature. 

This method which has just been described is reasonably accurate and is 
used in most of the manual calculations. Its accuracy improves with the 
thickness of the bed. At three feet thickness its accuracy is 95.6% of the 
correct value. At ten feet thickness it is 98.7% of the correct value. 

A few people and most computer programs use a "background- to-background" 
method. This method is identical to the previous or "tail-factor" method, 
except the T.38 factor . (4a) is not applied. Instead, the counting rates 
are tabulated from three intervals before the first bed boundary until 
three intervals after the last bed boundary. It is necessary with this 
method and is part of the A.E.C. Gamlog program to break each multiple bed 
into a series of apparent, individual beds. This method is described in 
A.E.C. literature. It has the advantage of increased accuracy. At a three 
foot thickness it is within 99.4% of the correct value and improves in 
accuracy as the thickness increases. 

A third method is applicable only to uniform anomalies more than three 
feet thick. Unfortunately, it is applied to many situations incorrectly. 
In this method the bed thickness is determined as before. ·The grade, G, 
is determined with the expression 

G = 2KN 

where K is the factor for half-foot intervals and N is the average, peak, 
corrected counting rate. This method should also have the hole factor ap
plied to its value of G. 
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These three methods probably represent 80% of the serious interpretations. 
The first method is, by far, the most popular . The second is used, primar
ily, in machine calculations (perhaps 10%). The third method is probably 
used in ano t her 10% of t he seri ous evaluations. 

The remaining 20% of calculations is made up of severa l methods. The 2KN 
method is often erroneously applied to the average anomaly counting rat~ 
instead of the average peak counting rate . Further , it i s commonly applied 
to anomalies less t han t hree feet thick. 

A method commonly used for f i eld estimations is an extrapol ation of a 1000 
cps grade . For example: 111000 counts per second equals . 05%" Therefore, 
10,000 counts per second equals 0.50%. This makes no allowance for dead
time or other corrections, but is quite satisfactory for field estimations . 
Unfortunately, it is too often used for reserve calculations. This results 
in an apparent severe disequilibrium, and worse, in a nonlinear disequi 
librium. 

Bed thicknesses are often taken from counting rates which are 1/3 peak. 
However, it is easy to demonstrate, mathematically, that the bed boundary 
must be at the half value. 

In general, contractor methods are one of the first two and are readily 
accepted. 
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SPWLA FOURTEENTH ANNUAL LOGGING SYMPOSIUM, MAY 6.9, 1973 

INTERPRETATION OF GAMMA- RAY LOGS 

JAMES K. HALLENBURG 

ABSTRACT 

The area under a gamma- ray log curve is a function of t he 
amount of radioactive material within the sensitive volume 
of the detector. The finite volume of detection results in 
bed boundary effects and multiple bed effects which can be 
simplified for analysis. 

INTRODUCTION: 

The purpose of this discussion is to furnish a working re
ference for the interpretation of Gamma-Ray logs for uranium 
exploration. There are discussions and topics included which 
obviously are no~needed for field or even office u~e. There 
are many which have been covered previously. However, a 
thorough knowledge of any system is vital to its' effective 
use. The principles outlined here are applicable to other 
fields and to other systems with minor modifications. 

The procedures recommended will, undoubtedly be modified from 
time to time. However, the three important considerations are: 

1. Accuracy. The method we use to prepare raw data for 
the initial filing and compilation must be the most 
accurate we know to use. 

2. Uniformity. If we each use a different interpretation 
system nothing but confusion will result. Therefore, 
we must use a uniform system for preparing raw data. 

3. Standardization. Since we use our information to 
compare, trade, bargain, and inform other people and 
organizations we must use a standard method so we will 
each know without preamble what we are talking about. 

We feel that this paper is a start in this direction as far as 
our organization is concerned. 

- 1 -
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INTERPRETATION OF GAMMA RAY LOGS 

Downhole gamma r ay logs can be r un with a number of types of 
equi pment and for a number o f purposes. This discussion will 
be confined to logs made with scintillation equipment in a 
stee l housing . A standard r a temete r and pulse counter will 
be assumed. 

The principles will be ' applicable to logs made with Geiger
Mueller , propor~ional, and semi conductor detectors. They will 
also apply to equipment which scales downhole, corrects or 
compensates for deadtime, and which measur e s pul s e curren t . 

A discussion of the various systems available will be covered 
in detail at another time. 

It is strongly recommended that the references listed at the 
end of this be researched; particularly the Atomic Energy 
Commission papers. 

Operation 

A scintillation gamma ray detector uses a fluorescent crystal, 
usually thallium-doped,sodium iodide. This crystal will fluo
resce in the visible light range when a gamma photon passes 
through it. The resulting light pulse is very brief; approxi
mately 400 nanoseconds (4 x 10-7) in duration. This light pulse 
is detected with a photo-multiplier (a sensitive, amplifying 
phototube) and then the number of pulses in a given amount of 
time is counted. In general, the density of the gamma flux is 
directly proportional to the amount of gamma emitting material 
present. That is to say, by counting the number of gamma pulses 
per second we can determine the amount of radioactive material 
present,emitting gamma rays. We can detect only gamma rays with 
our equipment because the housing and drilling mud effectively 
shield out the beta and alpha particles and there are not enough 
natural neutrons present to make a good measurement. 

Calculations 

The area under the gamma ray c~rve is a function of the amount 
of radioactive material present within the sensitive volume of 
the detector. This has been shown in the paper ~Quantitative 
Interpretation of Gamma Ray Logs. II Therefore, if we calculate 
the area under an anomaly we may interpret this in terms of 
equivalent uranium oxide: 

A = r (eU30a) 
) 

1) 

We may calculate the area under any curve by a process of in
tegration. 

Sec. 2c, P 2 of 28 
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In t e gra t i on i s merely a process of breaking an area into a 
number of rectangles whose widt hs are uni f or m and as small as 
possible and whose heights are equal to the average amplitude 
of the curve. This is shown in Figure #1 . As you can see 
the error of the area determinati on would increase if the 
width of the rectangles was increased . 
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The area under the curve then becomes: 

Figure 1 

A = w hI + w h2 + w h3 + w h4+.'. W h 2) 

b 

A = W~hb 3) 
o 

where b is the number of rectangles, w is the uniform width and 
h is the heigth of the rectangle. 

The average counting rate for each rectangle, N is an indication 
of the heigth, h. Therefore, if the width is constant 

4) 

Sec. 2c, P 3 of 28 
- 3 -



SPWLA FOUR TEE NT H ANNUAL LOGGING SYMPOSIUM, MAY 6.9, 1973 

Thus , w times the number of i n tervals is a f unction of the 
thickness of the bed and N a function of the grade, G of the 
or e in the bed. Therefore, 

KA = GT 5 ) 

where K i s a proportionali t y constant. 

We ar e saying her e that we can br eak an anomaly i nto a number 
of uniform width rectangles whose heights are the counting 
r a t es and by applying a K factor we can deter mine the effective 
average grade of that anomaly. 

This can be found in detail in the paper "Quantitative Inter
pretation of Gamma Ray Logs". 

Bed Boundaries, Theory 

It is important for us to know the thickness of the bed as well 
as the grade. Figure 2. A gamma ray detector always "sees" the 
radioactive bed before entering it and after leaving it. 

T 

- 4 -
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This amount of anticipation is the zone or radius of investiga
tion . I t is typically on the order of one foot in an average 
formation. It will depend upon the type of detector, the size 
of the detector, the type housing, the hole size, the dis 
crimination level, and the time constants. The response is sine
soidal and is given for a thick bed (T greater than 2 R) by the 
deflection (neglecting the effect of the borehole ) : 

6 ) 

where d is the distance from the detector to the bed boundary 
and R is the r adius of inves tiga tion of t he de tec t or . Figure 
2 . 

If we check the slope of the deflection cur ve by taking the 
second der ivative of D with respect to d and see what happens 
when d = 0, (in other wor ds, at the bed boundar y) we find that 
the slope passes f rom positive to negative with the zer o, or 
inflection point at the bed boundary. 

The maximum amplitude must occur when the detection volume is 
all within the bed or at d = R. Then the deflection becomes: 

7) 

When the detector ' is at the bed boundary d = 0 and 

D = 2 IIR3 k 8 a) 
o 3" 

or 

= 1 8b) 
D 2" max 

- 5- Sec. 2c, P 5 of 28 



SPWLA FOURTEENTH ANNUAL LOGG ING SYMPOS IUM, MA Y 6. 9, 1973 

The mi nimum i s when d = 2R or before the sphere enters the bed. 
Then Drnin. = O. 

Thi s i s telling us that with a thick, simple bed with a sharp 
boundary, the inflection point always occurs at the bed boundary 
and it always occurs at half amplitude. 

If the bed is thin (T less than 2R) then the deflection becomes 
less than it would be if the bed were of infinite thickness. 
See Figure 3. 
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In this case the actual deflection will be: 

9) 

where Cl and C2 are the volumes of the upper and lower adjacent 
beds enclosed by the sphere of investigation and Cm is the volume 
of the beds of interest, enclosed. Dl' D2' and Dm are the infinite 
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thickness deflections of these beds. 

If the detector is centered in 
., . 

a -cn.l.ll bed and the deflections 
of the adjacent beds are negligible the true deflection or the 
infinite thickness deflection becomes: 

Dm = 16 R3 (D-l) + 1 
T (12R2 - T2) 

Counting Rates, Theory 

9A) 

All radioact~ve events are random occurences. That is, we are 
unable to predict exactly when one, individual event will occur. 

Further, all electrical (or photo) pulses resulting from the 
detection of these radioactivity events have a finite length. 
This is because the area under the pulse is proportional to 
the power of the pulse. Since all of our instruments need 
some power to activate them, however sensitive they may be, there 
can be no such thing as a pulse of zero width (zero deadtime) . 

Pulses which start out narrow are spread out as they are 
amplified, clipped and transmitted. The resulting width of a 
pulse will depend upon the various inherent time constants of 
the circuits and upon the corrective measures. taken. For ex
ample, with one major type of equipment the output of the gamma 
ray tool puts a n~gative pulse on the downhole power supply line 
for transmission to the surface. That is, the supply line has a 
potential of 125 volts which is pulled down, momentarily, to a 
potential of 120 volts by the pulse. The only place the supply 
line can obtain the power to recharge to 125 volts is from the 
surface power supply. The cable has a capacity of .14 micro
farads and the power supply has a resistance of about 200 ohms. 
Therefore, the recharging time constant is: 

Tic = RC = 200 x.14 x 10-6 = 28 microseconds 

This means that no matter how short the driving pulse is ( it is 
typically about 2 microseconds), the resulting pulse at the sur
face will be about 20 microseconds long. That is, unless correct
ive circuits are incorporated. This is generally done and will 
not be covered here. 

The problem is, that with a finite length and a random nature, 
there is a statistical probability that one pulse may occur on 
top of or close to the preceeding pulse. The result is that the 
instrumentation sees these as one pulse. There is a time after 
the start of a pulse during which another pulse cannot be re
solved. This is called the system deadtime and is related to the 
pulse width. The probability of this occuring is: 

P = ~N = ~n 10) 
N 
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where 6N the counting rate error due to coincidence, N 
the correct counting rate, ).I is the deadtime or pulse ... ·lidth in 
seconds and n is the recorded counting rate. Similaril~, the 
counting rate error is: 

6N == 

, 
l.m-

1 - jm 

11) 

and the correct counting rate is: 

N = n 
1 - J,Jn 

This is saying that there can be errors in the counting rate re
cordings caused by the random nature of the signals and finite 
pulse length. Since we can read the analog recordings to ±~%, 
the correction should be applied any time it is greater than ±~%. 
This point is given for various deadtimes: 

System Deadtime 

II 
Microseconds 

.5 
1 
2 
5 

10 
20 
50 

Recorded Counting Rate 

n 
~% correction point 

10,000 
5,000 
2,500 
l,OOO 

500 
250 
100 

cps 
cps 
cps 
cps 
cps 
cps 
cps 

Likewise, any time the correction becomes greater than 50% the 
correction is not reliable. This is not a hard and fast point, 
but rather, the point at which the reliability of the correction. 
becomes less than the chances of error (reliability becomes less 
than 1). These points are: 

II 
Microseconds 

.5 
1 
2 
5 

10 
20 
50 

n 
50% correction 

1,000,000 
500,000 
250,000 
100,000 

- 8 -

50,000 
25,000 
10,000 

cps 
cps 
cps 
cps 
cps 
cps 
cps 
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This limit is imposed by the longest deadtime in the system 
regardless of the correction applied. For example; if a 
sys'tem is corrected so tha t the readout has zero deadtime f but 
at some place in the system really has a 5 microsecond dead
time, the limit of reliability is still 100;000 cps. In this 
case a zero deadtime is only a convenience in reading and 
calculating logs. It is not a real error correction. 

These two relationships illustrate not only the fallacy of a 
zero deadtime system, but also, the importance of having as 
short a deadtime as possible. In other words, it is fallacious 
to label a ~ystem as corrected to zero deadtime when really you 
have a 1 microsecond pulse width corrected to zero deadtime. 
It is equally erroneous to use a compensating network to obtain 
a 2 or 3 microsecond pulse width at the surface when the trigger 
circuit in your ratemeter puts out 30 microsecond pulses. 

Interpretation 

The explanation on page 3 involved an integration from zero to 
zero through the anomaly. This is one way of making an integra
tion of this type and is the way the A.E.C. Gamlog program handles 
the problem. However, for a visual inspection and manual inter
pretation it is easier to start and end at the bed boundaries. 
Bed boundaries must be found anyway and we never have a zero 
indication on our" logs because of the radioactivity from adjacent 
beds. Therefore, we use a different method which will give 
essentially the same results. 

GlWSS GAI4KI\ LOG IIOlUI SHU1' 

Probe K. Factor 1101. Dia. k RAlmar • R 1 Q. No. 
Al.r 'actor Pr0l"'rty 
Water- 'actor Coord. N. 
MUd. '"ctor COmpo_ I t. ~c z. 
caainq Factor o.acl 1'a. (t) Interp. by Data 

Section T. R. 

n rN~~ n IN;'~ n IN.~ n ~.~ n 'i~ 

~ 
£1 + £, 

+ (1." 

+ 
'2 + 

'4 
'5 
1. 

+ 

'I 

.'.~ 
LtO + 1n 

(6,1-6.5 '. +112 
(6 .• 6- .j) 

(7,1-7.5) +l.~ 

(7.6-9.0 ilS +11' 
IL),-a,~ '16 Hi. 
(8.6-9.0 17 
(9 1-9.5 lJI ,. 
19.6 10.0 ,. +t •• 

""f'!. • 0". , eU,O. 1Gl 

Tllic~ne •• (1') 

riqure • 
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The first step in any interpretation is to examine the log head
ing and determine what the conditions were under which the log 
was recorded . These conditions should be noted and taken into 
consideration. 

There are several numerical values which must be obtained from 
the log heading and recorded on the top of the Gross Gamma Log 
Work Sheet, Figure 4. 

These are: 

1. Probe K factor 
2. Water factor 
3. Casing factor 
4 . Deadtime 

In addition, these are useful 

1. Hole diameter 
2. Time constant 
3. Hole nwnber 
4. Date 

For a simple bed the next step is to find the bed boundaries. 
(Figure 5). 

&.Irnft a.d RIll I Sarran led Bec! 

'l'yp1cal 
eum. Itay Detector 
A •• pen ... in _ thick, 

Statiatical Un i to,.,. , .h.~ly boW1dad 
Varia tiona 

~~-<--~:: 
ltad1oa,,1:1 va a.d. 

1- .. 10' 
2000 ~ r 

COW'lt. 
Per 

Sileond. 

Halt"Valu •• 
V-

1000 :-::::::.. 
/ .( ~ 

"u d • 

RelAtiv. DeptJl, d+ 
~ I..J........... 0 

0 lU ~u IU )U OU 70 .u 
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A simple bed is a single, isolated, sharply bounded, homogeneous 
bed. It is characterized by a simple appearance and a distance 
of approximately 2 feet from background to maximwTl deflection. 
Determine the maximum count~lg rate, Nmax ' Divide this value bv 2. 
The two places on the curve where the value Nmax occurs are the 

lower and upper bed boundaries if the bed is m~re than 2-3 feet 
thick (the diameter of investigation of most scintillation gamma 
ray probes). If the bed is thinner than 2 feet the error will 
not be significant. Therefore, always use the half amplitude 
value to locate a bed boundary. 

A bed boundary counting rate and depth is our starting point in 
determining the amplitudes of the investigation rectangles de
scribed on page 3. It makes no difference whether you start on 
the top or bottom. Just be consistant. The counting rate value 
of this starting point is labeled elf 

Ideally we want the width of the integration rectangles to be as 
narrow as possible. In a mathematical integration the width is 
made to approach zero. In the case of a manual integration our 
resolution is not that good. One-half foot intervals appears to 
be the best compromise between accuracy and readability. Smaller 
and larger intervals have been used, but difficulty of reading 
and reduction of accuracy respectively, become problems. There
fore, our discussion will be limited to half foot intervals. 

After determining el the counting rate value of each intermedi
ate half foot through the anomaly must be determined and listed. 
These values are labeled il' through ilast . We are listing the 
approximate average height of each rectangle which extends ±~ 
foot from the determined point. 

Finally, we have listed all of the intermediate values (i l to i last ) 
and come to the last point. If the bed is an integral multiple 
of one-half foot thick (i.e. 1.5, 4.0, 6.5 etc.) the last point, 
e2 will coincide with the other bed boundary. If the bed thick
ness is not an integral half foot the value of e2 will be the next 
half foot value after the bed boundary. 

Each of these counting rates must be corrected for deadtime error 
before it can be used. As we-sa.w earlier, the corrected counting 
rate 

N = n 12) 
1 - ]..tn 

Also, as we saw earlier, the area under the anomaly is a function 
of the grade, which we are trying to find, and the sum of the 
counting rates (4}. Equation 4 summed the counting rates from 
zero to zero. We are only summing here from bed boundary to app
roximate bed boundary. Obviously the detector is affected by the 

- 11 -
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radioactive material while it is in the barren zone and by the 
barren zone while it is in the radioactive zone as long as the 
detector is with in one influence radius of the bed boundary. 
Therefore , the A.E.C. has determined empirically that the value 
o f EI' and E2 (corrected f i rs t and last readings ) mu~t be 
multiplied by 1.38 to take into account the "tail s ll

• Thus, 1.38 
is the II tail factor " . We have checked t h is value and have found 
that it is very close for beds thicker than 1 foot and thinner 
t han about 10 feet. At a later date a better method will un
doub tedly be adopted. 

Thus , to f ind t h e area, A under t he anomaly , t he corrected count
ing r a t e s of t he i n t e r media t e values (Il t hrough I last ) must 
be added, plus 1 ~3 8 El and 1.38 E2 . Therefore: 

b 

A = 1.38 (El + E2) +2: Ib 13) 

I 

corrections 

While the idea that the gamma flux density through the detector 
is proportional to the radioactive material present in the forma 
tion through which the borehole passes is essentially correct, 
there are some other factors which must be considered. 

K Factor 

Since _the anomaly area is a function of the radioactivity, a pro
portionality constant must be applied to convert from area to 
equivalent uranium oxide. This proportionality constant is de
termined empirically by use of the A.E.C. IIpits." 

The A.E.C. pits are located in Casper, Wyoming; Grants, New Mexico; 
George West, Texas and Grand Junction, Colorado. The N-3 pit in 
Grand Junction is the industry standard and the others are second
ary standards. These pits are all designed to be infinite in ap
parent size. That is, they are thicker than 2 feet and have a 
radius greater than 2 feet. They are filled with uranium ore of 
a known grade and are sealed in aluminum containers so they are 
at equilibrium. The reference IIA.E.C. Calibration pits ll contains 
the details of these pits. 

To use the pits a system (probe, cable, ratemeter, recorder, 
digi-tal system) is run completel in two pits, a high grade and a 
low grade pit. The probe is moved very slowly through the ore or 
is stopped centered in the ore. The response, in counts per 
second is noted for that grade of ore. This is repeated for the 
second pit. Since the grade is known and the response is deter
mined the K factor may be determined. 

K = G 14) 
2 N 

- 12 -
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where N is the corrected counting rate. 

Two Pit Hethod 

The method usually used i s the so called "Twopit Method" for 
determining the appar ent system deadtime and t he average K 
factor . The details are given in the reference "Twopit, A 
Differ ent Appr oach to Ca libration of Gamma- Ray Logging Equipment" 
by Crew and Berkoff. Briefly the method is: 

1 . Deter mine the aver age counting r ate i n several r uns 
t hrough t he ore or for at l east 2 0 seconds. Do this 
f or 2 'gr ades o f a r e. Record s evera l cur ves through 
the ore. Use an e xpanded depth scale . 

2. Determine the appr oximate system deadtime by using this 
expression for deadtime in seconds: 

Jl= n-Rm 15) 
nm (1 - R) 

where n is the recorded counting rate per second in the 
low pit, m is the rate for the high grade pit and R is 
the ratio of the grade of the low pit to the high pit 
(for Casper pits R = 0.1476). 

3. Use the value found for Jl to calculate the K factor for 
the low pit, using equation 13. Use this K factor and 
the half-foot values of the high pit to determine the 
grade of the high pit. If the grade is 2.242% the dead
time is correct. If the grade is high, lower the dead
time slightly. Repeat to agreement. 

The K factor lumps several constants. Since the area is in feet
counts per second, the K factor units are % equivalent U308 per 
cps. The value is always determined or corrected for an air
filled borehole. 

The Area is multiplied by the K factor to determine the uncorrect
ed Grade-Thickness product 

GT = KA 16) 

Corrections 

Unfortunately, there are a number of modifying influences in 
the borehole. These must be taken into account and corrected for. 

Hole Size 

So far we have assumed that the detector is completely surrounded 

- 13 -
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with formation. This, of course, is only true when using a 
punch probe in a truck load of ore. Generally t here is a bor e
hole t hrough which the probe is passed. Therefore, the uncorrect
ed GT value must be multip l i ed by an air factor , water fa c tor , or 
mud factor which will take hole size into account. 

Air Factor 

If we assume that the pr obe is centered in the borehole (it 
usually is not) then the amount of radiation reaching the de 
tector in an air filled, uncased borehole will be a function of 
the hole diameter.- This is because 50% of the radiation reach
ing the detector originates in the first half inch layer of 
formation. However, the detector is usually against the wall of 
the hole, so the effect is somewhat modified. Since the response 
in this situation is highly complex, the Air Factor is normally 
determined for a particular probe empirically. Several curves 
of Air Factor are attached. Normally the Air Factor is small and 
is usually ignored. 

Water Factor 

The Water Factor should be used, obviously in place of the Air 
Factor, when the borehole is water filled. The effect is similar 
to the Air Factor effect except that the attenuation of the gamma 
rays by the water between the formation and the detector becomes ,~ 
significant. Therefore, in addition to hole area, path length 
through the water (and probe diameter must be taken into account). 
Again, because of the complexity of response, the factors are 
usually determined empirically. Several curves are included. 

Mud Factor 

With light, natural muds the value of the Mud Factor is so near 
that of the Water Factor we generally use the Water Factor. This 
would not be true if a weighting agent, such as barite is used. 
However, the quantities of bentonite and other agents used is 
usually negligible. 

These hole size factors must be used to correct the uncorrected 
GT value because they are quite significant. Notice, for example, 
that the Water Factor for a commonly used 1-11/16" scintillation 
probe in a 4-3/4 inch hole is 1.142. The correction is greater 
than + 14%. 

Casing Factor 

A Casing Factor must be applied any time a gamma ray log is made 
through drillpipe or casing. This factor depends upon the thick
ness and material of the pipe and upon the energy of the radiation. 
The expression for the Casing Factor is: 

Fc = eat 17) 

- 14 -
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Where e is 2.7183, a is the absorption coefficient of the pipe 
material and t is the pipe thickness in centL~eters. For pipe 
the following table may be used: 

Pipe Thickness Fe Steel Fc Aluminum 
Inches Factor Factor 

1/16 1.18 1. 05 
1/8 1.40 1.10 
1/4 1.95 1.23 
1/2 3.86 1.52 
1 14.7 2.29 
2 217 5.37 

You can see from this that it is absolutely necessary to know 
the thickness of the steel pipe and, especially the drill collars. 
This must not be left to the driller to determine. Use a pair of 
calipers and measure it. Even aluminum or fiberglass pipe can 
cause a significant correction. 

For a large group of calculations these factors may be lumped to 
give a "Composite K factor" or Ke. 

Disequilibrium 

We are interested in finding uranium ore. However, all of the 
uranium isotopes are weak emitters of low energy gamma photons. 
Therefore, only a small percentage (less than 5%) of the gamma 
photons which we count indicate the presence of uranium. The 
rest are daughter products such as lead 214, protactinium 234, 
and bismuth 214. The chemistry of these elements is such that 
the uranium is subject to removal by solution in the oxidized 
state while most of the daughter products are not. Thus, the 
amount of. gamma radiation measured in a borehole is not a 
measure of the amount of uranium, but only an indicator of the 
possibility of uranium. Therefore, a gamma ray log is read as 
equivalent uranium or eU308. This is the amount of U308 which 
would be present if anomalous formation were in equilibrium. 
The ratio of the actual uranium (as U308) to eU308)is the dis
equilibrium ratio: 

D = 18) 

A ratio of 1 represents a condition where the uranium is in 
equilibrium with its daughter products. A ratio less than one 
indicates a deficiency or uranium and greater than one indicates 
an excess of uranium. 

Sec. 2c, P 15 of 28 
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Therefore, any value of eU 30 8 must be corrected for disequilibrium 
before any meaningful values can be obtained. 

The value of D will vary in a predictable manner within a geo
chemical cell system. The value of eU308 should be multiplied 
by D to obtain U30 8 , 

Complex Bedding 

So far we have dealt with simple beds. Unfortunately we usually 
have complex beds to deal with. These take the .forms of multiple 
beds with barren beds or streaks between them, adjacent beds with 
different grades, and graduated boundaries .. There are a number 
of rules we can follow, but eventually judgement wil1 be required. 
Judgement must be based upon experience, logic and common sense. 

Multiple Beds 

We saw earlier that a simple bed with a sharp boundary caused 
a sinesoidal response in the detector. We can use this to 
determine what the result of 2 beds will be. 

If two beds of equal grade and equal disequilibria are adjacent 
they will appear as one bed. This is calculated in Figure 6. They 
can be any amount thicker and the result will only be a longer flat 
top. The distance from zero (or background) to maximum will be 1 
sensitive diameter, "or about 2 feet. 
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If t he t wo beds are not of equal grade, but the first i s twice 
the grade of the second, the appearance will be as in Figure 7 . 
Aga in, increasing the t hickne ss of the bed, over the minimum 
shown! will only spread out the d i agram . Ther e is no r eal val l ey 
between beds but only a change of slope. 
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If there is a separation of a barren or low grade bed between two 
high grade o~ds, the resulting curves are shown in Figures 8 to 11. 
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Notice that a barren bed with a thickness of only 1/2 foot will 
bring the valley between two high grade beds down almost half 
way. Notice, also, that the peaks of the twu high grade beds 
always occur over the centers of the beds and that the center 
of the valley always occurs over the center of the barren bed. 
It is apparent, too, that we have little way of telling (Figure 
11) if that center bed is 3 inches of barren bed or 6 inches 
of low grade. 

We may begin to adopt a set of interpretation rules at this 
point which will eliminate or minimize our errors in determining 
grade or thickness. 

Referring to Figure 6, with a simple bed the bed boundary may be 
found by determining the maximum deflection, dividing it by 2, 
and determining the lower and upper depth of these two half-value 
points. In Figure 6, these occur at a value of 1000 cps since 
the maximum is 2000 cps. This is the basic situation upon which 
we base our interpretations. 

Start with the lower (or upper) bed boundary, dl' Note the depth 
on the work sheet (Figure 4). Also, note the upper bed boundary 
depth on the work sheet. The difference between them is the thick
ness, T in feet. The starting boundary counting rate becomes el. 
When el is corrected for deadtime error it becomes El' Progress 

'up (or down) the curve noting the counting rate for each half foot 
interval. These ara the values of il, i2, i3, etc. When they are 
corrected for deadtime errors they become Il, 12, 13, etc. The 
last point to be noted will be e2' It will be at the upper (or 
lower) bed boundary if the bed is a multiple of a half foot thick. 
If it is some other thickness it will be the next point past the 
bed boundary. This value will become E2 when it is corrected. 
This procedure, with minor modifications is used on all manual 
calculations. 

If the two beds are adjacent (similar to Figure 6) but of differ
ent grades, the result is shown in Figure 7. Note, again, that 
the upper and lower bed boundaries are at the half values. This 
time, however, the upper boundary is at half of the upper bed 
peak value and the lower boundary is at half of the lower bed 
peak value. Note that the two peaks of the curve occur over the 
mid-points of the two beds. Also notice that the "valley", in 
this case, is not over the boundary between the two beds. It 
is displaced toward the lower bed and the lower side of the high 
grade bed is distorted. If you wish to find the center boundary, 
locate the point half way between the upper peak and the lower 
peak. This will be very close to or on the center boundary. 

- 20 -
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To determine the average grade, in this case proceed as with 
a simpl e bed. Start at eith er t h e upper or lower bed boundar y 
and determine the counting r ate e ach half foo t . 

If you wish t o de t ermine t h e i ndividu a l grades th~re are t wo 
way s t o p r o c e ed. Th e first method i s precise b u t h ard to use 
because it requi r es exper ience. The second is a close approxi 
mation and i s much easier to use . The l atter i s the recomme nded 
me thod. 

The first method requires that the boundar y between t he t wo beds 
be determine d by locating the poi nt h a l f way between t h e low 
gr ade and hi"gh grade peaks. Then dr aw in the probable cur v e f o r 
e ach bed as if it were simple . The half value fo r e a ch bed must 
be at the bed boundary. The result will be as the dashed curves 
of Figure 7. Then determine the half foot points for each simple 
curve independently. 

The second method only introduces small errors and is much easier 
to use. In this case determine the center bed boundary as before. 
Then proceed from el with half foot values to the bed boundary. 
Do not use an e2 value for this bed. Otherwise, proceed as if 
this Here a simple bed. Then, start on the second bed at the 
center bed boundary. This will be il' Do not use a value for el 
in this case. Proceed to el and treat this as a simple bed. Thus, 
the lower bed will have el, il, i2, i3, •.. ilast lower. These will 
correct to 11' 121 13/." Ilast lower' The area will be: 

n 

Al = 1.38EI+~ Ia 
o 

Similarily the upper bed area will be: 

n + 1 

I 
a 

- 21 -
Sec. 2c, P 21 of 28 



SPWLA FOURT EE NTH ANNUAL LOGG IN G SYMPOSIUM, MAY 6· 9, 1973 

Sarren 

.000 

Count. 
per 

Second 

RIA RIA 

-. ~. _>I< •. lIa&i_ Ddlection . +--
I 
I 

Depl:h Scala Sp.ea4 Que 

vaUey I 

I 
I 

8.c~a n 

'-""0 aeds Thi cker Than 2R 
A.ctivity A - Activity 8 
Low Grade Separation 
Thicker Th&n 2R 

Halt Val... __ _ .J.. ___ _ 

2000 

Count 
per 

Second 

000 

o 1 

.. 
"0 

I 
I 
I 
I 

Gradu.t.ed Radio.cttvl ty 

Relative Depth teet 

> • 

I 
I 
I 

.. 

." 
I 
I 
I 

R ______ ~- -- -+-- --.~ 

--~ 

---~ 

22 

Plqure 1) 

3arren 

One Bed Thicker than 2 . it 
A.ctivity Graduated On 
Upper Site 

Plqure 14 

Sec. 2c, P 22 of 28 



SP WLA FOU RTEE NTH ANNU AL LOGG ING SYM POSIUM, MAY 6· 9, 197: 

where a is the last lower n value and m is the last upper i 
value. Do not repeat any val ues nor use any value t wice. The 
resulting G and T va lues will be extremely close to the correct 
va lues. 

I f we h a ve a separ a t i on of 2 feet or more between beds t h e y will 
be independent as shown in 8 . These high grade beds are drawn 
a s minimum thickne s s (2 fee t thick ) be d s , but thicker b e d s would 
g i ve the same result. When the thickness of the barren bed be
comes less t han t wo feet the valley fills in rapidly . 

To determine the grades and thicknesses of two beds which have a 
barren bed between them, treat them as independent beds if the 
valley between them is lower than the hal f value . The inside 
bed boundaries will be at the point half way between the peak 
and zero. This can be seen in 8 and 9. 

If the barren bed is narrower than .7 foot or if it is not barren 
the valley will be less than half way down from the peak. In 
this situation we have little or no way of telling how thick the 
center bed is nor its grade. We can estimate the thickness by 
measuring one foot from each peak. The distance between the ends 
of the one foot measure is the probable barren bed thickness. 
This is shown in 10 and 11. This type should be averaged all 
the way through. The error incurred by including the barren streak 
is probably smaller than that due to the uncertainty of the bed 
boundary or the grade of the streak if it is low, not barren. 
This idea may be changed in the future if we are able to develop 
good methods for determining these uncertainties. 

The problems in the previous example are aggravated if the two 
high grade beds are not the same grade. This is shown in 12. 
Average the whole anomaly if the valley does not come down half 
way. If the center bed is thick and obviously has grade, as 
shown in 13, the thickness may be determined by measuring one 
foot in from each peak. The grade of the center bed will be, 
if the center bed is more than 2R thick; 

G = 2 KN 

where N is the average counting rate of the flat part of the 
valley. The grades and thicknesses of the high grade beds will 
be found as outlined for Figure 7. 

The final case is shown in Figure 14. In this case the lower 
boundary is no problem. It is at half the peak value. The upper 
boundary is a problem because it is not sharp. The grade gradu
ally tapers off to zero. In this type bed the boundary should be 
picked at half value if the area of the discarded tail is neglig
ible. If the discarded portion is significant (high grade and 
long slope) then place the arbitrary bed boundary at 1 foot in 
from the departure from background. 

- 23 -
Sec. 2c, P 23 of 28 



SPWLA FOURTEENTH ANNUAL LOGG ING SYMPOSIUM, MA Y 6. 9, 1973 

References : 

1. Quantitati ve Interpretation of Gamma Ray Logs by.Scott, 
Dodd, Drou llard and Madra. A.E.C. Pub l ication. 

2. A.E.C. Ca libra tion :Pits - A. E .C . Publica tion . 

3. Handbook of Chemistry and Physics, 51st Edition. 

4. Twopit, A .. Different Approach to Calibration of Gamma Ray 
Logging Equipment, by Crew and Berkoff. A.E.C.· Publication. 

5. Sch1umberger Log Interpretation Principles .. 

6. Application of Borehole Geophysics to Water-Resources 
Investigations. Keys and MacCary, U.S.G.S. Publication. 

7. GOI Log Interpretation Reference Data Handbook. A 
Gearhart-Owens Industries Publication. 

8. Interpretation of Electric and Gamma Ray Logs in Water 
Wells, by Hubert Guyod. 

9. Nuclear Radiation Physics. Lapp and Andrews. 

A P PEN D I X 

Sample calculations for grades of synthetic curves, using A.E.C. 
method: 

Simple formations of several thicknesses (Figure 11) 
(Grade = . 100 % ) 

Thickness 2' 2.5' 3.0' 4.0' 

A 8160 10160 12160 16160 

GT .204 .254 .304 .404 

G .102 .102 .101 .101 

ERROR + 2% + 2% + 1% + 1% 

Sec. 2c, P 24 of 28 
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Double beds of 2 different grades (Figure 12 ) ( .100 % and . 0 5 0 %) 

T 

A 

GT 

G 

ERROR 

4' 

1 20 7 1 

.3 02 

. 07 5 

0 . 0 % 

Two beds o~ .1 00 % separated by 1/ 2 foot of barren forma t ion 
(Figure 13C) 

T 4. 5 ' 

A 16160 

GT . 404 

G . 090 

ERROR -10% 

G w/o barren .101 

ERROR + 1 % 

Two beds of .100% separated by 1/4 foot of barren formation 
(Figure 13 D): 

T 4.25' 

A 16343 

GT .408 

G .096 

ERROR - 4% 

G w/o barren . 102 

ERROR + 2% 

- 25 -
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Ore Zone 

Drv Basis 
Sample No. Marked ~ U308 - ~308 

Ll'I-311 H-l- Caspar 2.12 2.09 

Ll'I-31l H-2- Casper 2.18 2.17 

Ll'I-311 H-3- Caspar 2.28 2.18 

Ll'I-311 H-4- Casper 2.09 2.06 

Ll'I-311 H-5- Casper 2.19 2.09 

Ll'I-lll H-6- Casper 2.l4 2.l9 
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Ll'I l25 - Top Barren Zone 

August 17, 1967 
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L-2-Casper 0.290 0.299 

L-l-Cllsper 0.286 0.278 

L-4-Casper 0.293 10.290 
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L-6-Casper 0.2a8 10.286 
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L-Io-Casper .Q.,lli .!hill. 

Average O.lOl 0.299 
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SPONTAN EOUS POTENTIAL MEASUREMENTS 

The Dotentials which we measure and record as the Soontaneous Potential 
curve are made up of three components; the electrochemical, the redox, and 
the el ectrof1 1trat1on components . There is another which we usually try 
to eliminate from our logs. These are el ectrode effects . While there are 
a number of separate components, t hey can definitely be interacting even 
though the connection may not always be entirely clear. 

A. ELECTROCHEMICAL COMPONENT 

Sand - Shale - Mud Trinity 

The classical explanation of the electrochemical component of the S.P. 
is that the sand, shale, and mud in contact with each other act as 
electrodes, electrolytes, and conductors by virtue of their different 
salinities. (See Figure If} A voltage drop results in the mud column 
because of the flow of S.P.current, and since we move our electrode 
through the mud column, we measure the variable voltage with respect 
to a surface reference electrode and call it the SP. 

How does this current 9riginate? Picture two media, in contact, and 
containing dilute ionized solutions of different concentrations. (See 
Figure 2.) Assume, for the moment, that they contain only sodium chlor
ide, NaC1 solutions in the form of Na~ and Cl- ions. These solutions 
are nearly neutral and equal in their pH values and about equal in 
their eH values. Separating the media is a permeable surface perpendi
cular to the direction of diffusion. In this case the anions (the 
negative ions) have a higher mobi.1ity than the cations (the', positive 
ions). Therefore, as diffusion takes place an unbalance of charges 
builds up and a potential can be measured across the junction which 
will be a function of the concentrations and activities of the ions. 
Since the conductivity of an electrolyte is a function of the ion con
centration, the diffusion potential, ED, across the junction will be 
approximately: 

ED = Ko log -BsL 
Rc 

(1) 

where Ko is the diffusion coefficient. For NaCl this becomes approxi
mately: 

EO = - 11.6 log Rd mill i vo 1 ts . (1 a) 
Rc 

Various salts have different mobilities and will consequently have 
different Ko's and different potentials. 

We can have an S.P. between any two beds having different salt concen
trations. And, the potential will depend upon the relative concentra
tions of the salts. Also, the potential will depend upon the types or 
mobilities of the ions. 
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This can cause interesting effects in beds where the invasion by hole 
fl ui d is rapid. This is t he usual case in shall ow , freshly drilled 
exploratory holes. A difference in salinity between t he hol e fluid 
and the format ion water wi ll usually mean a densi ty di fference. If 
the rate of invasion is more rapid than the diffusion rate within t he 
b- d a"'" 1 1 _ .... ... ""''''"'' 1 1r"\ \/ ""'I"'';J'"\''''' ,.1,.: ,.. .. ""..; ..... 1 1+'· 1'\11'\ , .,..;" ;'!"Jo V t"'\. ... ,~""',... T&"';~ hi "; " ".+.0,., c , II U I/ C V C II I II V Q.;:) 1\,11 1 "" ,;:) 1. " 1.11.1'" \,I II \'fIll io U " \; ... , ...... "'. III ' .;:) " III \,I I " "' " 

result in a "sawt ooth" S.P. curve. 

Equat ion (la) holds qu ite closely if we are worki ng in two coarse 
gra i ned sandstones. But , if t here is a l ittle shale in one of t he 
sands , we find tha t t he depart ure f rom t hi s t heoreti ca l value of - 11. 6 
mi llivol ts is great. The so l id mi neral s in the rock, parti cularly t he 
colloida l cl ay fragments, absorb ions from t he el ectrolytes in t he 
pores. There are t hree processes by whi ch t hi s may take pl ace. 

1. Ions whi ch are the same composi t ion as t he ions of t he so lid min
eral s in rock wi ll form a concent rated layer of ions at t he 
liquid-solid interface as a resul t of t he di fference in t hermo
dynamic pot ential between them . As a result, the composi t ion of 
the free electrolyte is changed, since the bound ions will have 
zero mobility (Figure 3). . 

2. Ions may form insoluble compounds with the ions of the minerals. 
The result is that the local electric field in the pores is changed 
so that it may change the rate of diffusion of the f ree ions 
(Figure 4). 

3. Ions which are unrelated to the ions in the solid mineral may be 
absorbed because of the tendency' to form hydrates. The surface 
charge on these minerals is ' commonly negative (Hgure 5). " 

The things which affect this diffusion-absorption potential are: 

1. The chemical composition of the rock matrix and the shale or 
clay; 

2. The concentration and composition of the salts in the electrolyte; 
3. The surface area exposed to the electrolyte, which include: 

a. The degree of saturation of the rock with the electrolyte; 
b. The density of the rock; and 
c. The grain size of the rock. 

These things are defined by the diffusion-absorption activity coefficient, 
ADA: 

(2) 

where So is the specific area, 0 the porosity, Sw the water saturation, 
and j( the concentration; t; is the zeta potential. 
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The total diffusion~absorption component of the S.P. potential, EOA ' is: 

fpl cp'

fo Co 
(3) 

where rp' and cpt are the average values for activity and concentration 
of the electrolyte filling the rock pores. For two formations in contact 
since the resistivity depends upon the activity and concentration, we may 
write, 

B. REDOX POTENTIALS 

R2 
Rl (4) 

The S.P. which we measure is also influenced by the states of oxidation 
of adjoining formations. The EMF developed between an oxidizing phase 
and a phase being oxidized is: 

Eox = RT 1 n kq ( 5 ) zr- c2 

where k is the reaction rate and cl and c2 are the quantities of materials 
present in the more and less oxidized states respectively. 

This component is quite important in the shallow beds encountered in 
minerals logging. The same action of the surface water which carries 
down oxidizing materials and oxidizes mineralized bodies sets up re
duction-oxidation or redox potentials with respect to surrounding beds 
where oxidation is not taking place. The quantities of organic material, 
sulfides, and bacteria involved in some roll front depositions will 
create a reducing environment which will set up a potential with res
pect to the surrounding beds. The potential will be positive if the 
bed is in an oxidized state with respect to the neutral beds, and nega
tive if it is in a reduced state. It is extremely difficult to sep
arate pH and eH effects. These potentials may become important in 
deep wells, also where dissolved oxygen can be carried. down in the drill
ing mUd. These potentials, like the diffusion-absorption and activity 
potentials, are temperature sensitive. The deeper we go the more im
portant all of these factors become. Fortunately, this is balanced by 
the fact that deeper formations are a more nearly constant environment 
(See Figure 6). 

One of our local problems is explaining the action of the S.P. in coal. 
Coal may be oxidized by oxygen carried down by drilling mud or surface 
water and, as a result, a double layer of charge will collect on the 
surface of the coal with the negative side away from the coal. Oxygen 
or some other oxidizing agent must be present, however. The presence 
of sulfide minerals in the coal can intensify the reaction. The carbon 
content of the coal will influence the potential. On the other hand, 
the presence of large amounts of clay or shale can reduce this deflec
tion. The same type reaction may be found in metamorphic and graphitic 
states. 
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pH is a measure of the hydrogen ion concentration in the solvent. In 
our case, the solvant is- the-formation water. By definition: 

(6) 

(6a) 

pH reactions are extremely difficult to separate from redox reactions 
and, in fact, usually are the same reaction. For example, if we have 
a formation containing pyrites, FeS2, washed with surface water con
taining oxygen, we have a reaction of 

FeS04 -< Fe++ + S04 --7-
H2S04 -<-""7'''' 2H+ + S04 

(7) 

(8) 

(9) 

and, upon oxidation, also have an increase of hydrogen ions and a 
lowering of pH. If part of the formation happens to be calcarious, a 
further change can take place. 

(10) 

In other words, the presence of oxygen in the drilling mud or formation 
water could conceivably oxidize the pyrites in one formation or one 
part of a formation, change its pH and further on cause an acid-base 
reaction with a further change of pH, since 

'> 2H:r + C03 (11 ) 

which is weakly ionized. 

In one example we found a pH of 5.9 in the altered or oxidized zone 
along with traces of ferric salts. Below, in the unaltered zone the 
pHva-ri ed fr:om 7.0 in a coal zone to 8.9- irr a sand. It is not known 
if there were ferrous salts in the sand or not, but the color indicated 
the pos sib i1 i ty. 

eH - pH Measurements 

The potential value of eH - pH logs has been recognized for several 
years, particularly in the minerals industries. The problem, however, 
has been one of a representative way to make the measurements. First 
of all, a'simple lead mud fish is often not a suitable reference elect
rode, because it is too highly influenced by many environmental factors. 
A metal-metal chloride electrode probably must be used to achieve the 
required stability. A metal measuring electrode will respond to most 
factors in a borehole. It will measure a mixture of things which we 

Sec. 3, P 8 of 17 



call the SoP, Therefore, we must choose our electrodes to measure the 
parameter or parameters we wish. 

Ideally, if we wish to measure pH we should use a glass electrode and 
refer it to a mercury - mercurous chioride or a siiver - siiver chioride 
electrode. The description of electrodes have been described in many 
texts. These will measure pH as an eiectrode effect but only if nothing 
else is present. Silver or platinum is usually used for redox. 

If we refer the measure electrode to a surface reference, we would 
measure the values we want but they would be superimposed upon other 
things, since a pH electrode will also measure any other potentials 
present. We can get our measurements by putting the reference electrode 
downhole and the measure electrode close to it. We aren't particularly 
interested in the mud column, however, except as a medium for making 
measurements. The drill hole usually has just been thoroughly flushed 
with surface water. It has been determined that, with time, diffusion 
will eventually result in a fluid in the borehole which is represent
ative of the formation fluid next to it. A period of time of from 
about 4 to 60 days is often required. 

This problem can be partically circumvented by inserting the electrodes 
into the moving mud column and making the pH and redox measurements 
during drilling. At this point the drilling mud return will contain 
fresh hole fluids. (See Figure 7.) 

C. ELECTROMECHANICAL COMPONENT 

When a fluid flows into a formation from the borehole, an EMF is gener
ated across the formation boundry. The direction of flow depends upon 
the differential pressure between the mud column and the formation. 

These electromechanical or electrofiltration EMF's are caused by a 
preferential absorption of one ion type on the surfaces of the formation 
matrix. As a result of this absorption, the free water in the pore 
space becomes enriched with ions of the opposite charge. The difference 
in potential between the free and the bound water is the contact po
tential. The capacity to generate these EMF's is called the electro
kinetic activity coefficient. 

Fluid will flow along a capillary tube (Figure 8) of length 11111 and 
radius IIR" wi th ve loci ty, v: 

v = R 

4}Jl 

where J.I is the liqufd Vis(-;osity and ra is the 
along the wall. And, according to Helmholz's 

EH = C4~jJ ~ p 

(12 ) 

radius of the zero flow 
law, the EMF, EH is: 

(13 ) 

where t is the dielectric constant of the formation fluid, e is the 
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resisti vity of t he liquid, ft is the zeta potential , P is the differential 
press ure, and JJ i s the vi scosity . [, P-, and e are always positive 
whil e ~and p can be either pol ari ty. And, since the po t enti al is 
di rectly proporti onal to p, it is a function of t he chemistry of the 
fonnation. A flow of mud filt rate into the formation or a flow of fresh 
water out of the formati on can cause large and rapid S.P. changes at 
the bed and uphol e. 

Since t hi s potent i al is al so di rectly proportional to the differentia l 
press ure between t he o orehole and t he formation, any devi ation from 
a linear hydrostati c head in either the fo rmation or t he mud co lumn 
will cause an SP shi ft. For instance, i f t he hydrostati c gradi ent in 
the mud column is higher than that of t he formations, EH will be nea r 
zero at t he t op of t he mud column and posi ti ve near t he bottom . Thi s 
may be a reason for the SP drifts in shallow, f reshly drilled holes . 

Electrode Effects 

Electrode effects, including pH and eH, are usually neglected or ignored 
in a coverage of SP logging. However, they are as important, in 
several ways, as the formation potentials which we wish to measure. 

Any time a metal electrode is placed in an electrolyte, a potential 
develops between the positive metallic ions which go into solution and 
the charge left behind on the electrode, forming a double layer. The 
potential drop depends upon the chemistry of the metal and solution 
and upon the concentration of anions involved. 

If the electrode is in contact with an electrolyte containing a salt 
of the same metal, the entrance of metal ions from the electrode is 
opposed by the osmotic pressure of the metal ions in solution. Under 
these conditions the electrode potential is: 

RT 
E e = Eo - ZF 1 n C (14) 

where Eo is the standard electrode potential of the metal, R is the 
Universal Gas Constant, T the absolute temperature, Z the valence of 
the metal, F Faraday's Number, and C is the concentration of metal ions 
in solution. This type of situation is very stable and the electrode 
is called a non-polarizing electrode. This is used as a reference for 
eH and pH measurements. 

The electrodes whicp we commonly use for SP measurements are not of 
the non-polarizing type. Several effects may arise from this fact. If 
the electrode is allowed to stand still in the hole in viscous drilling 
mud, the diffusion of metal ;-ons into the surrounding fluid quickly 
sets up a situation resembling that of a non-polarizing electrode. 
(See Figure 9.) The result is a drift to the potential of a non-polar
izing electrode whenever the electrode is stopped. As soon as the 
electrode is moved again, the reaction products are left behind and 
the potential of the polarized electrode returns. This also accounts 
for the SP shift upon leaving the bottom. This indicates that, if non-
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polari n9 electrodes cannot be used, t e metal eiectrode shouid e 
moved at a constant speed. This potent a1, due to the mOVement~ 5 
called a triboelectric potential. 

The eiectrode potential depends upon the absolute temperature. This 
means that there will always be a baseline drift due to the normal 
t~mn2ratur2 aradient in the hole. Further. any entry of oas or for
ma"i1on-water"'into-the hole-islikely to change~the temperature causing 
further baseline shifts. 

Sedimentation potentials may be observed when cuttings in the mud 
settle out. As the solid particles drop, they absorb anions and be
come negatively charged. The result is that the bottom of the hole 
will become more negative and the top more positively charged. While 
these potentials are usually not large, they are usually found in 
holes which lack chemical control of viscosity. 

Galvanic potentials will be observed if several types of metals are 
used in the sonde and cable construction and are exposed to the mud. 
Particularly aggravating potentials may be set up if the logging 
electrode and the return electrode are dissimilar metals. One ob
serves lead, iron, copper, stainless steel, and solder electrodes in 
the field. Housings are made of aluminum, brass, steel, stainless 
steel, and plastic. Suppose we use the standard 8010A tool as an 
example. And, supposing we do not tape the subs at each end of the 
tool. The insulated portion of the tool is 47 inches long with a 
steel top sub and head and a 316 stainless steel bottom sub. Let us 
suppose further, that we are in 1 ohm meter mud and formation. Then 
the potential of the top sub would be (Figure.l0} 

EFe = .441 volts, 

the potential of the stainless bottom sub 

Ess = -.31 volts, 

and the difference between the two would be 

Et = EFe - Ess = .75 volts. (15 ) 

Current wou1 d flow from the top to the bottom through the mud for 51.25", 
(1.302m). This constitutes a 2 electrode device with a constant of 

Kn = 411 L = 1.64m, and (16) 

the current would be: 
E I = Kn}f= 1.24 amperes. ( 17) 

The distance from the SP electrode to the center of the sub is 3" (.076m). 
This gives a constant 
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'<t. = 471 AMAB 8M = 1. Olm, and 

RI 
E = Kr = 1. 23 viA m. 

( 18) 

(1 7a ) 

A resistivity or resistance curve can also be obtained by using a 
measure circuit of too low an impedance (Figure 11 ) . In this case the 
circuit draws current and a single point resistance curve may result . 
In other words, the SP would have superimposed upon it a resistivity 
curve which would be in the direction opposite to, but almost a mirror 
image of t he res i stance curve. All good- looking" SP curve may be worse 
t han usel ess. 

Mechani cal damage to the el ect rode will always res ul t i n anomalous 
excursion of the SP curve. With most tools this is especially notice
abl e when logging going down. The electrode is not protected by t he 
tool and can easily touch the wall of the hole. This will invariably 
cause a change of potential by removing some of the double layer and 
by scraping some of the deposited reaction products. 

Finally we come to the question of the best electrode material. We 
have already determined that the measure and the reference electrode 
should be of the same metal. 

The approximate electrical model of a metal-electrolyte interface is 
shown in Figure 12. Where Ee is the electromotive or electrochemical 
potential of the metal, 0 is the rectification action of the surface 
salts of the metal, Rs is the contact resistance of the metal surface, 
Rb is the leakage resistance of the rectification action, Ce is the 
interface capacitance of the electrode, Rc and Rp are the associated 
resistance of the interface, and Cs is the surface contamination cap
acity (oxides, etc.). With this model in mind, let us examine some of 
the advantages and disadvantages of each metal. 

1. The most commonly used is lead. Lead has a low Ee, Rb is zero, 
Rp is low, Cs is zero. Therefore, it appears the same with the 
current flowlng in either direction. Furthermore, reaction products 
like lead chloride have a tendency to remain on the surface making 
an approximation to an impolarizable electrode out of it. It is 
subject to concentration errors when moving, however. 

2. Iron can be successfully used for a different reason. With iron, 
Ee is low, Rb and Rp are extremely low because when iron rusts, the 
oxide leaves the surface and the corrosion pits it. This results 
in a tremendous surface area. Further, it is mechanically strong . 

3. Many electrodes are made of stainless steel. The reason stainless 
steel is stainless is because it forms a protective coating re
presented by Cs' This effectively insulates the electrode to one 
extent or another. This is also true of aluminum. Further, stain
less steels can exist in an active or a passive state depending 
upon the pH of the electrolyte . These two states have very dif
ferent electrode potentials Ee; active is near +.5 volt while passive 
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i s nea r -1 volt . Thi s can and often does change in the bo rehole, 
depending upon the chemica l environment. 

4. Copper, brass and bronze _have been used. The sal ts of t hese meta l s 
are toug h and clinging. They are al so excell ent rect i f iers . Rh i s 
high . Thus, 0 ex i st s and has very non- linear characteri sti cs. ~ 

Telluric Currents 

Telluric currents or earth currents are currents flowing wi t hin t he 
earth' s surface l ayers. They are normally small but may be unusually 
large under some conditions. These currents appear to be assoc i ated 
with sunspot activity. They exhibit diurnal variations, -and the short 
period vari ations are absent at night. 

The amplitude of the voltages resulting from telluric currents is 
typically on the order of 6 to a few tens of millivolts per kilometer. 
or, in a 1000 foot hole in a low resistivity area, they could amount 
to 10 millivolts or more. 

As you can see, the S.P. curve which we are now recording is a rather 
complex assemblage. There is a lot of information there. Our problem 
is chiefly one of trying to extract the useful information. This can 
be helped by learning more about the curve and by designing our instru
mentation to select the useful parameters and reject the others. 
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INTERPRETATION OF THE SPONTAN EOUS POTENTIAL CURVE 

While the spontaneoys pontential or S.P. curve is compl ex fn make up , its 
interpretation is relatively simple. This is, paradoxically, probably due 
to its complexity. We have not learned much about it , yet . 

The several components of t he S.P. signal: t he diffusion-absorption com
ponent, t he redox component, and the electrofiltration component (primarily) 
can be separated and each used. 

A. OIFFUSION-ABSORPTION COMPONENT 

The diffusion-absorption or d-a component i s found by measuring t he 
di stance, in millivol ts, of t he defl ection in a sand from t he adjacent 
shale potential. In Figure 1, thi s is the di stance , d, in each of the 
four sands illustrated. The deflection, d, i s caused by a difference 
in ion concentration between the fluid in the sand, the drilling mud, 
and the adjacent shale. It (and the redox component) are the result 
of the potential drop in the mud column due t o t he current flow (IR drop) 
in the column. From the previous section we saw that this potential 
is EOA: 

Rmf 
EOA = -11.7 log Rwe (1) 

Where Rmf is the resistivity of the mud filtrate and Rwe is the effect
ive resistivity of the fonnation fluid (assuming only NaCl as dis-
solved solids). . 

Equation 1 is true at 75°F or 296°K. EDA is directly proportional to 
the absolute temperature, but we usually can neglect this factor. 

The value of EOA can be either positive or negative depending upon the 
values of Rmf and Rwe. The deflection, dl' is negative (or "normal ll ). 
The deflection, d4, is positive (or IIreversedll), because the formation 
fluid in 54 is quite fresh; fresher or lower resistivity than the mud 
filtrate. This is a common occurance and quite normal. In fact, it 
is sometimes created artificially by putting NaCl in the drilling mud 
in order to get a readable S.P. curve. 

The value of EOA is used to determine the value of Rw through the use 
of equation (1). Figure 2 is a plot of equation (1). The determination 
of Rw involves several simple steps: 

1. Determine the deflection, d, for the sand, S. In a simple, clean, 
homogeneous sand, Sl' it is the average deflection. See Figure 1. 
The resistivity curve (or resistance curve) shows, by its simple 
shape that 51 is a clean, homogeneous sand. Sand S2 has shale in 
the upper part of it. We can tell this because the resistivity 
increases from top to bottom and the S.P. curve becomes more negative 
from top to bottom. Sand, S3, has either hydrocarbon in the top or 
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a salinity change from top to bottom. Since there is no evidence 
on the resistivity curve of shale streaks to isolate a sa lini ty 
change, the change of deflection is probably due to hydrocarbons. 
Sand, S4' is a fresh water sand; very clean . 

2. Determine or estimate the value of t he formation resistivity, Rt . 
This ; s covered in the section on interpretation of resistance logs . 
The value of the mud resistivity, Rm, should have been recorded at 
t he t ime of logg ing . Sometimes the value of Rmf has al so been 
noted. If not, the empirical relationship of Figure 3 may be used . 
Correct the val ues of Rt and Rmf for temperature, if necessary, 
with the chart in Figure 4. 

3. Use the deflection from step 1 to find t he value of Rmf/Rwe from · 
Figure 2. Calculate Rwe: 

Rmf 
Rwe = rati a (2) 

This value of Rwe assumes that only sodium chloride, NaCl, is dis 
solved in the formation water. 

4. Other salts than NaCl are usually present in formation waters but 
usually are not particularly important. However, in the areas 
where we do most of our work, the waters usually have low NaCl con
tents. Therefore, the effects of the others become important. 
Figure 5 shows the variations of activities for several salts. If 
the salt contents are known, the relative activities of each ion 
can be used to correct the value of Rwe. If the content is not 
known, Figure 6 should be used. This is an empirical chart using 
average compositions. This value of Rw can be used for further 
interpretations. 

In water well work the value of Rw can immediately tell if the 
formation will yield potable water or not. 

Of course, the amplitude and shape of the EDA deflection can tell 
much about the quality of the sand. This was pointed out in 
step 1. Clays and shales will usually reduce the deflection of 
the EQA component of the S.P. Hydrocarbons will also reduce it. 
This 1S the portion of the curve petroleum people usually consider 
as the S.P. 

B. REDOX COMPONENT 

The redox component of the S.P. curve has not been used, so far, in 
field interpretations and very little in rlgorous interpretations. 

Redox potentials are _important because much .of the mineralization in 
sedimentary formations takes place at' a reduction-oxidation (or redox) 
interface. Many of the minerals we seek, or-are associated with the 
minerals we seek, are reducing. These include petroleum, coal, and 
pyrite (and other sulf1des). The roll front zonation described.by Rubin 
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in his paper attached to the Gamma Ray Log Uses section is a redox 
i nterface. His descriptions are for uranium, but also are valid for 
sedimentary iron, copper, vanadium, sil ver, and other heavy metals . 

Each ion change has a redox potential associated with it. If a sUl 
fide ion i s oxidi zed to a su lfate ion, i t gives up energy in the form 
of electrical energy as well as heat . The reverse is also true. These 
energy changes are detectab le as characteristic potentials . Much work 
is being done on this complex subject. An excel l ent reference is 
II Solutions , Minerals , and Disequilibria ll by Garrels and Christ . 

If t he redox potent i als are known or derivab l e, we can tell where we 
are with respect to a II ro ll -front,1I how wide t he II ro ll -front" may be, 
and where t he mineral i zation may occur. 

Mos t S.P. measurements are made as relat ive or diffe rent i al meas ure
ments , because the absolute value has not previously been valuabl e in 
1I 0 il - field work." Therefore, with old logs we mus t be content wi t h rela
tive measurements . 

One must pick a formation where the redox state is known. This may be 
the surface, if it is highly oxidized, or it may be a sand such as 
the Dakota Sand in the New Mexico m.ineral belt. The Dakota Sand is 
usually well reduced. If the shale base line is traced, it will have 
a small drift to the positive or negative direction going from one 
sand to another and even within a sand. The direction of the drift 
and position with respect to the reference sand will tell the redox 
state of the sand. If it is sloping to the positive direction (right) 
the next sand is more reduced than the last. If the potential is more 
negative than the potential in the reference sand base line, then the 
sand is more oxidized than the reference. With practice one can even 
trace redox trends within sands. 

In the future we will measure absolute S.P. potentials. When this is 
done, we'll be able to map isopotential contours using these for locat
ing trends and probable mineralization. 

C. ELECTROFILTRATION COMPONENT 

The electrofi1tration component of the S.P. curve is usual1y the result 
of invasion of a sand by drilling fluids in a freshly drilled hole. 
They can be detected by repeating an S.P. curve one or more times. If 
filtration is taking place seriously, the second curve will be displaced 
from the first with usually little serious change of character. 

A lost circulation zone is usually detectable by its large anomalous 
negative potentials. A sand "making" water will have a positive poten~ . 
tial associated with it. 
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INTE RPRETATI ON OF SI NG LE POINT RESISTANCE AND RES ISTIVITY LO GS 

Electrical resi stance ;s t he ratio of the voltage drop or potential gra
dient produced by a flow of current to t hat current. In other words; it 
is the resi stance to t he flow of electrica l current t hrough an electric 
potential field. In geophysics it is the resistance to the flow of cur
rent through the pore spaces in the rock of a formation. Since the pore 
spaces are typicall y filled with water soluti ons, the resistance can be 
used to determine t he amount of pore space in a rock. 

El ectri cal res i stance depends upon t he geometry of a materi al and upon 
its res istivi ty. Res i stance, r i s given by: 

(1) 

where R is the electrical resistivity of a material, L is its length and 
A is its cross sectional area . Resistance is defined as: 

r =- E -1 (2) 

where E is the potential across a piece of material and I is the current 
through it. If E is in volts and I in amperes r will be in ohms. This 
is Ohms Law. 

The reciprocals of resistance and resistivity are conductance and conduc
tivity respectively. 

If we pass a known current, I through a sample of material we can measure 
a voltage drrip, E a1~ng it. Therefore, we can determine the resistance, 
r. If we measure the 1engtn and cross section of the sample, we can deter
mine the resistivity of that sample. 

Resistivity is a basic property of a material as its color and density are. 
From equation (1) we can say 

R = r-A. (lA) 
L 

With most conventional geophysical resistance and resistivity measuring 
devices, a constant current, I is caused to flow through an electrode into 
the surrounding formation. The resulting voltage drop, E is measured. 
From equation (2), r is proportional to E if I is held constant. Similarly, 
from equation (lA), if A and L are known and constant, a measure of the 
voltage drop, E can be interpreted in terms of resistivity, R. 

The pore space of a clean formation rock is filled with water containin~ 
various dissolved salts (assuming no petroleum or gas in the pore space). 
This formation water will conduct a current of electricity because it, and 
more especially its dissolved salts, .are ionized. If a potential field is 
placed across it, the positive ions will migrate toward the negative direc
tion or cathode and the negative ions toward the positive direction or anode . 
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(For this reason negative ions are called anions and positive ones are call 
cations&) This constitutes a flow of current~ 

The formation water will usually conduct a current so much more easily than 
the solid rock around it that virtually all of the current through a for
mation will flow through the formation water. The relative amount flowing 
through the so11d material will usually be from 0.1% to less than .000001%. 
Therefore, for our purposes we can assume that all of the current flows 
through the formation water. 

The "resistivity of the formation water can easily be measured in the lab
oratory if we have a sample of it. It can be put into a glass container 
of known length, 1 and known cross section, A and a current flowed through 
it. The voltage drop along the glass can be used to calculate the resis
tivity of the formation water, Rw. Also, in the section about S.P. we dis
cussed how to determine the value of Rw from the S.P. curve. 

In the formation we do not have a glass in which to put the formation to 
measure its resistivity, Rt. However, we can assume, fairly safely, that 
the current will follow predictable paths. This is as confining and as good 
as the glass. We only have to figure out what the size and shape are. 

The single point system uses a single downhole electrode to put a constant 
current through the formation to a return electrode. The potential dif
ference between the two is measured. If the downhole electrode is spherical 
and in a homogeneous medium and if the return electrode is an infinite 
distance away, the current will flow radially from the downhole electrode. 
Similarly, a short cylindrical electrode will have nearly a radial flow of 
current. In such a situation the resistance of the electrode, re will be: 

Rt L 
re = 21fL ln a (2) 

where Rt is the resistivity of the homogeneous medium, L is the length and 
d the diameter of the electrode. 

From equation (2) we could calculate Rt if we know Land d. However, the 
depth of investigation of a single point device is very shallow. Typically, 
the response is like Figure 1. Within a radius of 5 inches from the elec
trode (a 10" diameter sphere) we are already receiving 65% of the signal. 
When a 4-3/4 inch diameter borehole is put through that 10 inch sphere, 
there is not much (and an uncertain part) left. If the tool is centered 
in the borehole, the borehole represents 34% of the volume of the 10 inch 
diameter sphere and probably 45% of the total response of the device. 
Fortunately, the tool and electrode usually are against the wall of the hole. 
In this situation the borehole represents about 25% of the volume of the 
10 inch sphere and contributes about 16% of the signal from this sphere. 
In other words, the borehole contributes a significant, variable, and un
certain part of the tota~ signal and is, thus, difficult to quantify. 

If the value of the mud resistivity, Rm has been measured, the value of the 
formation resistivity, Ra can be found: 

Ra : 21fLv'e .18 Rm (2A) 
.85 1nt-
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It shou ld be kept in mind that this value of Ra is subject to errors and 
is only an approx imati on. This porti on of the formati on is probab ly com
plet el y i nvaded with mud fi l trat e. Therefore, Ra can be cons idered a meas
urement of Rxo . 

Other resistivity devices are not being used by Century at this time. 
There are several of them, however. They have various uses and disadvan~ 
tages. Chart I has a brief description of them. More detailed descrip~ 
tions can be found in t he 1974 edition of Schlumberger Log Interpretation/ 
Principles, Volume I and in Fundamentals of Well Logging by Dr. Sylvain J. 
Pirson. 

Chart I 

Device Feature Depth of Investiga t ion Advantages & 
and Princ. Meas . Di sadvantages 

Single Point Stratigraphy 65% in 10" dia . Rxo 

Microlog Sma 11 vo 1 ume 
porosity 

65% in 2" radius Rxo 

Microlaterolog Focused, . 65% in 12" Rxo 
Porosity 

16" Normal Stratigraphy, 65% in 16" Rxo 
Porosity 

64" Normal Porosity 65% in 64" Rt 

Laterolog 3 Porosity 65% in 3' Rt/Rxo 
Focused 

Laterolog 7 Porosity 65% in 6' Rt 
and 8 Focused 

Induction Log Porosity, 65% in 6' Rt 
Focused 

Good Resolution, 
Difficul t to quantify 

No hol e effect, high 
detail, mudcake 
interferes 

No hole or mudcake 
effects 

Quantified, hole 
effects, useless in 
shallow invasion, 
thin bed effects 

Quantified, affected 
by invasion, bed 
effects 

Good resolution, 
heavy, no S. P . 

Good resolution, 
long probes, complex 
circuitry 

Good resolution, no 
hole fluid effects, 
complex 

Resistance and resistivity logs are used primarily to calculate formation 
porosity. They are also used for stratigraphy, lithology determinations, 
and correlation. The last is probably the most important use in mineral 
exploration. 
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Si nce t he formati on water fills t he pore space in the rock "matrix," we can 
use t his to calcu late porosity, 0. The rati o of t he formation resist iv ity, 
Rt to t he res i sti vi ty of t he contained water, Rw is t he format i on factor, F: 

Rw can be obtained from t he S.P. curve. With our single point measurement 
we usually usee" the zone of the formation which has been flushed with mud 
filtrate. The format i on fac tor i s al so the ratio of the resistivity of 
t he f lushed zone, Rxo to the resistivity of the mud filtrate, Rmf: 

F = Rxo 
Rmf 

',' (3a ) 

Rmf can be obtained by direct measurement of a filtrate sample obtained 
from a Baroid mud press or it can be obtained from empirical chart$. These 
charts can be found in The Formation Evaluation Data Handbook by Gearhart
Owens Industries, Inc. and Schlumberger Log Interpretation Principles, 
Volume I. The empirical relationship chart is Figure 2. 

Regardless of the method used to obtain F, the relationship to porosity is 

F = ~m · (4) 

where m ;s a cementation factor and a is an empirical constant. Generally 
in sands a=O.8l and m=2. In compacted formations a=l and m=2. General 
results are obtained with the IIHumb1e formu1a:" 

F = 0.62 (4a) 
132•15 

m can be as high as 3.5 in some oolicastic rocks. These relationships are 
shown in Figure 3 and Figure 4. 

These relationships (3 and 4) apply to formations which are clean and 100% 
water saturated. If part of the pore space ;s filled with hydrocarbon, gas, 
or clay these must be modified. Hydrocarbons and gases have high resis
tivities, so they are difficult to separate electrically from the rock 
IImatrix." Clays are part of the solid, nondisp1aceable portion of the rock 
but are conductive. These things can be determined by measuring the por
osity by different methods or under different conditions. 

Suppose the resistivity of a formation is measured by two different de
vices, one of which is deep and focused and the other shallow. The deep 
portion of the formation will contain undisturbed fluids; formation water 
and, perhaps, hydrocarbons. In other words, the water saturation, Sw may 
be less than 100%. The shallow portion of the hole will have virtually all 
of its original fluid, water and hydrocarbon, replaced by mud filtrate. 
The apparent porosity or formation factor can be determined in each case. 
The deep formation factor, Fd is: 

Fd =.-E.L (3b) Rw 
Rt can be obtained from an induction log or a latero10g. Rw can be de-
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termined from the S,P. The shallow formation factor; Fs is: 

Fs "" Rxo 
Rmf (3c) 

Rxo can be obtained from a 16 11 Normal or a Microlaterolog, Rmf can be ob
tained from a mud sample. The difference between the two values of F is 
a measure of water saturation: 

Sw =f~~'" (5) 

if the assumption is made that all of the hydrocarbon has been displaced 
or that that which is left is irreduceable. 

Much the same process can be used to determine the amount of clay in a 
sand. In this case the porosity determinations should be made with a resis
tivity devise and a device affected differently, such as a sonic tool. 
This process will be described later under Cross-Plotting. 
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INTERPRETATION OF DENSITY LOGS 

Density measuring equipment used by Century is usually the scattered 
gamma ray or gamma-gamma type . This type system emits gamma rays into 
the formation from an isotopic source and reads the returned, scattered 
gamma rays. The gamma photons from t he source are scattered by co ll isions 
with electrons in t he formation. Energy from the photon ;s lost to the 
electrons upon each collision. Most of t he photons scattered in t he for
mation are rescattered and lost. Some are scattered (usually some of those 
whi ch have been scatt ered only once) back to t he tool detector. Therefore, 
the more electrons available to scatter gamma photons, the fewer photons 
get back to the detector. The density of electrons in a material is very 
nearly proportional to the bulk or mass densi ty of t he ma teri al . Thus , t he 
counting rate is a function of the mass density of the formation. 

As gamma photons are scattered in a material two types of scattering take 
place. Elastic or Compton scattering involves a transfer of energy from 
the photons to the electrons upon collision which is very nearly constant 
per photon and per electron. We can assu~e, as a first approximation that . 
it is constant~ This means that the energy lost by the scattered photons 
will be directly proportional to the number of electrons (or protons) 
present per atom or atomic number, Z. 

At low energies and/or high atomic weights, photoelectric or inelastic 
scattering begins to become significant. In this type of scattering a 
disportionate amount of energy is transfered to the electron upon collision 
with a gamma photon. This type of scattering is approximately a function 
of the sixth power of the atomic number. See Figure 1. 

Calcium (Z=20) is the heaviest common element in formations. The iridium 
192 source has most of its .emission at 331 kev. At this energy photo
electric scattering is less than 1% of the Compton scattering. When a 

. cobalt 60 source is used (energy =· 1.17 and 1.33 mev.), the photoelectric 
effect is negligible. Iron (Z=26) is beginning to show an appreciable (1%) 
amount of photoelectric scattering. 

We are safe, therefore, in assuming only Compton scattering in normal for
mations. 

The gamma-gamma density tool has a response proportional to the electron 
density, Z of the formation. The bulk or mass density of a material, how
ever, is a function of the atomic weight, A of the material. Z is the 
number of electrons around the nucleus of an atom or the number of protons 
in it. A, however, is the number of protons plus the number of neutrons 
in the nucleus. The chemical characteristics of an atom are determined by 
the atomic number. Thus, all calcium has an atomic number of Z=20 and 
identical cAemica1 characteristics. Not all atoms of calcium have the same 
number of neutrons, however. Thus, they have different weights. These 
variations are called isotopes. Isotopes are elements with the same number 
of protons but with different numbers of neutrons. Thus, different isotopes 
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of t he same element have different atomic weights, A. Isotopes differ in 
weight in integ ral units of atomic mass un its . One AMU is approxi mat ely 
the weight of one neu t ron or one proton. This is true of all elements. 

Most naturall y occuring elements are a mixtu re of isotopes . Thus. their 
natural atomi c weights, whi ch are averages, are never in tegra l numbers 
(oxygen, A=16 . 000 , had its weight ass igned on the bel ief, at the time , that 
t here were no i sot opes of oxygen) . Approx imately Z/A=0.5. But t here are 
significant variations from that ratio . Therefore , a correction for the 
Z/A departure from 0. 5 must be made to con"vert from el ectron densi ty to 
bulk density. Fo r exampl e, sili ca is sili con dioxide, Si02, a major con
stituent of most rocks. It has a tota l atomic number of 30 and an atomic 
weight of 60.06. Thus, the Z/A ratio for silica is .4995. Limestone is 
calci um carbonate, CaC03' Z for limestone is 50, A is 100.09, and Z/A is 
.4995. Water is H20. Z=10, A=18.0l59, and Z/A=0.555. Thus, limestone 
and silica need virtually no correction by themselves. However, both lime
stone and sand contain water which requires a correction factor. 

The Z/A ratio of a material is the sum of the atomic numbers of the con
stituent atoms divided by the sum of their atomic weights. The Z/A ratio 
of a porous rock is: " 

(1) 

where ~ is the fractional porosity, f is the fluid in the pore space and 
m is the rock matrix. Therefore, the Z/A ratio of a sandstone with 20% 
porosity would be 

(1 a) 

The Z/A ratio is .34% too high, therefore, the density reading in that for
mation would be reduced by 0.34% to be correct. This, of course, is small 
and not normally done. 

At present Century does not attempt to put a density scale on gamma-gamma 
logs. Thus, at present the density log is qualitative only. The curve 
is presented with the counting rate scale increasing to the left so the 
density will increase to the right. One looks for relatively low densities 
for indications of coal. A typical lignite will show a counting rate of 
about 12,500 counts per second with the 8030 probe. Lignite has a typical 
density of about 1.2 grams per cubic centimeter. Sandstones have typical 
densities of 1.86 g/c.c. to 2.39 g/c.c. One would expect counting rates of 
7500 to 10,000 counts per second with the 8030 probe. Other materials 
and their densities are shown in Figure 2. A typical 8030 log is shown in 
Figure 3. 

The 8030 probe has a source and a detector which are omnidirectional. That 
is, they are sensitive in all directions. The borehole has a large effect 
upon the response of this type tool. This is partly overcome in the 8030 
by using a long spacing (14 inches source to detector). Gross features 
stand out well on this curve, but small details are not seen. 

Sec. 5, P 3 of 10 



DENSITIES, Z/ A RATIOS, AND THERMAL NEUTRON 
CAPTURE CROSS SECTIONS PER UNIT VOLUME OF GEOLOGIC MATERIALS 

(DENSITY AT ROOM TEMPERATURE AND ONE ATMOSPHERE PRESSURE 

UNLESS OTHERWISE STATED) 

Material 
Z/A Matrix Density Apparent* !l!!!! !: Material 

Ratio GICC Density G/CC (Capture Units) 

Lead Pb .3953 11.34 8.97 5.6 1 

Uraninite U02 .4000 8.25 (6. 5.10.8) 6.60 49.69 

Cinnabar HgS .4143 8.1 (8.0.8.2) 6.71 7,981.16 

Iron Fe .4687 7.87 7.38 214.90 

Galena PbS .4093 7.5 (7.4-7.6) 6.14 12.47 

Wulfenite PbMo04 .4187 6.9 (6.7.7.0) 5.78 32.50 

I : 
Arsenopyrite FeAsS .4605 6.1 (5 .9.6.2) 5.62 165.22 

Cobaltite CoAsS .4517 6.1 (6.0·6.3) 5.51 936.73 

Chalcocite CU2S .4610 5.65 (5.5.5 .8) 5.21 173.56 

Hematite Fe20S .4787 5.26 (4.9·5.3) 5.04 100.4 7 

Magnetite Fes04 .4774 5.18 (4.97.5.18) 4.95 ll2.10 

Bornite CU5FeS4 .464S 5.15 (4.8.5.4) 4.78 145.63 

Pyrite FeS2 .4850 5.06 (4.95.5.17) 4.91 89.06 

Illmanite FeTiOS .4757 4.75 (4.5.5.0) 4.52 158.23 

Zircon ArSi04 .4691 4.69 (4.2·4.86) 4.40 5.42 

Stibnite Sb2SS .44S6 4.57 (4.52·4.62) 4.05 17.82 

Pyrrhotite Fe5S6 .4812 4.55 (4.58.4.64) 4.40 90.52 

Barite BaS0 4 .4454 4.45 (4.30.4.60) 3.96 19.40 

Chromite FeCr204 .475S 4.45 (4.30-4.60) 4.23 102.20 

Rutile Ti02 .4756 4.20 (4.15.4.25) 3.80 202.75 

Chalcopyrite Cu FeS2 .4751 4.2 (4.1.4.3) 3.99 80.95 

Corundum AI203 .4904 4.02 (3.95·4.10 3.94 11.04 

Carnotite K20.2UOS·V205·2H20 ... .4350 4+ 3.48+ 56.21 

Rhodocrosite MnC03 .4793 4.0 (3.5·4.0) 3.84 278.93 

Sphalerite ZnS .4720 4.0 (3.9.4.1) 3.78 S8.3S 

Siderite Fe2C03 .4797 3.88 (3.0.3.88) 3.72 68.81 

Limonite 2Fe20s·3H20 .4897 3.8 (3.51.4.0) 3.72 H .W 

Dunite (4 Samples) .4978 3.3 (3.24.3.74) 3.29 17.03 

Olivine (Mg,Fe)2Si04 .4892 3.3 (3.27.3.37) 3.23 S1. 74 

Magnesite MgC03 .4992 3.1 (3.0.3.2) 3.1 1.48 

Norite (11 Samples) .4970 2.984 (2.720.3.020) 2.97 12.88 

Diabase (6 Samples) .4954 2.98 (2.96.S.05) 2.95 17.12 

Gabbro (27 Samples) .49S8 2.976 (2.850.3.120) 2.94 21.47 

Anhydrite CaS04 .4995 2.95 (2.89.3.05) 2.95 12.30 

Aragonite CaC0 3 .4995 2.94 (2.85.2.94) 2.94 8.12 

Muscovite KAI2(A1SiS)OI0(OH)2 .4966 2.93 (2.76·3.1) 2.91 17.30 

Biotite H2K(Mg,Fe)sAl (Si04)3 .4900 2.90 (2.65·3.1) 2.84 25.20 

Dolomite CaMg(C03)2 .4994 2.85 (2.80·2.99) 2.85 4.78 

Illite KA 15Si 7020(OH)4 .4954 2.84 (2.60.3.0) 2.81 S9.90 

Diorite (IS Samples) .4964 2.839 (2.721.2.960) 2.82 14.33 

Langbeinite K2Mg2(S04)3 .4961 2.83 2.61 78.87 

Polyhalite .501S 2.78 2.79 21.00 

2CaS04.MgS04·K2S04.2H20 
Synite (24 Samples) .4971 2.757 (2.630.2.899) 2.74 16.43 

Granodiorite (11 Samples) .4963 2.716 (2.668.2.785) 2.696 11.33 

Chlorite .5056 2.71 (2.60.3.22) 2.74 17.56 

(Mg,Al,Fe) 12(Si,Al )80 20(OH) 16 
Calcite CaCOs .4996 2.71 (2.71.2.72) 2.71 7.48 

Aluminum Al .4818 2.70 2.110 IS.99 

*Based on tool r.alibration using a Z/A ratio of 0.5. **Capture Units in 1021 Barns/cm3 
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. 1 

Material 

Plagioclase feldspar 
xNaAlSi208.yCaA 12Si20 S 

T.imestone (Av. of 345 Samples) , . . 

Granite (1 55 Samples) 
Quartz Si02 
Sandstone (Av. of 12 Samples) 
Kaolinite (OH) SA14Si40 10 
Albite NaA~Si30S 
Orthoclase feldspar KAlSi30S 
Kieserite MgS04.H20 
Concrete 
Montmorillonite 

(OH)4Si8AI4020.nH20 (n=1) 
Gypsum CaS04.2H20 
Glauconite KMg (FeAl) (Si03)6·3H20 
Graphite C 
Serpentine Mg3Si205 (OH)4 
Halite NaCI 
Nahcolite NaHC0 3 
Kainite MgS04·KC1.3H20 
Trona Na2C03HNaC03·2H20 
Sulphur, orthorhombic (below 95.4°C) 
Potash K2C032H20 
Sylvite KCl 
Cement (32 Samples) 
Sulphur, monoclinic (above 95.5 0 C 

at 1 atm; above 1500C at 19,000 psi) 5 
Kernite Na2B407.4H20 
Carnallite K1\1gC1g. 6H20 
Anthracite coal 

.9350(C) .028l(H) .0097(N) 

.0272(0) 
Bituminous coal 

ZIA 
Ratio 

.4925 

.5000 

.4969 

.4993 

.4990 

.5103 

.4885 

.495S 

.4724 

.5009 

.5111 

.4998 

.4995 

.5062 

.4799 

.4905 

.5140 

.5043 

.4990 

.5049 

.4829 

.4990 

.5026 

.5095 

.51340 

Matrix Density 
G/CC 

2.69 (2.62·2.76) 

2.69 (2.66. 2.74) 
2.667 (2.516.2.809) 
2.65 (2.65.2.66) 
2.655 (2.59.2.84) 
2.63 (2.40.2.68) 
2.62 (2.61-2.65) 
2.57 (2.55·2.63) 
2.57 
2.35 (1.98.2.35 ) 
2.35 (2.00.3.00) 

2.32 (2.30.2.35) 
2.30 (2.20.2.80) 
2.22 (2.09.2.23) 
2.20 
2.16 (2.135·2.165) 
2.20 
2.13 (2.1-2.13) 
2.125 (2.11-2.15) 
2.07 (2.05.2.09) 
2.04 
1.99 (1.97.1.99) 
1.99 
1.96 

1.91 
1.61 (1.60.1.61) 

1.60 (1.32·1.80) 

.8424(C) .0555(H) .0152(N) . 

. 0869(0) .5201 1.35 (1.15.1.7) 
Lignite 1.10 (.5·1.5) 
Water (300,000 ppm NaCl) .5325 1.219 

(250,000 ppm NaC1) .5363 1.1825 
(200,000 ppm NaC1) .5401 1.146 
(150,000 ppm NaCl) · .5438 1.109 
(100,000 ppm NaCl) .5476 1.073 
( 50,000 ppm NaC 1) .5513 1.0365 
( 30,000 ppm NaCl) .5528 1.022 
(Pure Water) .5551 1.00 
NaCl solution density at STP::: I + (.00000073 x ppm) 

Oil n(CH2), 100 API, STP .5703 1.00 
300 API, STP .88 
400 API, STP .85 
500 API, STP .78 

(CSH18), 700 API,STP .5778 .70 
N-pentane C5H12,STP .5823 .626 

200u £0', 7,000 psi .603 
N-hexane C6H14, STP .5S03 .659 

2000F, 7,000 psi .628 
N-heptane C7H16. STP .5778 .684 

Apparent* 
Density G/CC 

2.65 

2.69 
2.65 
2.65 
2.655 
2.68 
2.56 
2.55 
2.43 

2.35 

2.37 
2.30 
2.22 
2.23 
2.07 
2.16 
2.19 
2.14 
2.07 
2.06 
1.92 

1.96 

1.92 
1.64 

1.64 

1.40 
1.16 
1.298 
1.268 
1.238 
1.206 
1.175 
1.143 
1.130 
1.11 

1.14 
1.00 
.97 
.85 
.81 
.733 
.702 
.765 
.739 
.790 

.. 2: Material 
(Capture Units) 

6.99 

8.72 
11.62 

4.36 
8.66 

13.06 
6.77 

16.00 
12.77 

8.10 

19.40 
16.80 
0.38 
8.80 

752.36 

196.13 
16.21 
19.06 
39.70 

570.68 
about 13 

18.05 

12,793.69 
370.92 

L08 

1.54 

146.22 
122.55 
100.08 

78.75 
58.69 
39.02 
32.56 
22.08 

28.02 
25.89 
24.22 
22.23 
22.12 
20.80 
20.02 
21.38 
20.37 
21.80 

*Based on tool calibration using a Z/A ratio of 0.5. **Capture Units in 1021 Barns/cm3 

Figure 2b 
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Material 

200o F, 7,000 psi 
N-octane CaH 18, STP 

200o F, 7,000 psi 
Nono nane CgH 20, STP 

200o F, 7,000 psi 
N-decane C lOH22, STP 

200o F, 7,000 psi 
. N-undecane CIIH24. STP 

200o F. 7,000 psi 
Methane CH4. STP 

200o F, 7,000 psi 
Ethane C2H6. STP 

200oF, 7,000 psi 
Propane CgH8, STP 
N-butane C4H 10. STP 
Helium He. STP 
Carbon dioxide C02. STP 
Nitrogen N2, STP 
Oxygen 02, STP 
Hydrogen sulphide H2S, STP 
Air (dry) (N-78%, 0-21%, A-l%) 
Argon A,STP 
Average natural gas, STP 

200oF, 7,000 psi 
Hydrogen H 
Oxygen ° 
Nitrogen N 
Carbon C 
Calcium Ca 
Sulfur S 
Silicon Si 
Magnesium Mg 
Potassium K 
Phosphorous P 
Aluminum AI 
Sodium Na 
Chlorine Cl 
Nickel Ni 
Iron Fe 
Boron B 
Chromium Cr 
Titanium Ti 
Zinc Zn 
Manganese Mn 
Copper Cu 
Vanadium V 
Cobalt Co 
Arsenic As 
Zirconium Zr 
Bromine Br 
Strontium Sr 
Tin Sb 
Molybdenum Mo 
Barium Ba 
Mercury Hg 

ZI A Matrix 
Ratio Density G/CC 

.657 
.5778 .703 

.673 
.5 768 .718 

.686 
. 5763 .730 

.701 
.5759 .740 

.713 
.5703 .000677 

.2189 
.5986 .001269 

.4104 
.5896 .00186 
.5850 .00246 
.4997 .0001 7 
.4999 .001858 
.4998 .001182 
.5000 .001350 
.5281 .001438 
.4997 .001224 
.4859 .001688 
.5735 .0007726 

.252 
.9921 .00009 
.5000 .001429 
.4998 ·.00125 
.4995 3.52 
.4990 1.5 
.4990 2.01 
.4985 2.4 
.4975 1.74 
.4859 .86 
.4845 1.83 
.4818 2.70 
.4804 .97 
.4795 :0032 
.4769 8.90 
.4687 7.86 
.4625 2.45 
.4614 7.1 
.4593 4.5 
.4589 7.14 
.4568 7.4 
.4564 8.92 
.4514 5.96 
.4432 8.9 
.4405 5.7 
.4385 6.4 
.4380 3.12 
.4336 2.6 
.4312 7.2 
.4159 10.2 
.4077 3.5 
.3988 13.56 

Figure 2c 
33 

Apparent * •• !: Materia! 

Density G/CC (Capture Units) 

.759 20.84 

.812 22.12 

.778 21. 12 

.828 22.37 

.791 21.37 

.841 . 22.55 

.808 21.65 

.852 22.7 1 

.821 21.87 

.00076 0.028 

.2497 10.88 

.00015 0.051 

.4913 16.34 

.0022 0.067 

.0029 0.085 

.00017 0.0000 

.001857 0.0001 

.001185 0.004 

.001350 0.00001 

.001519 0.029 

.001223 

.00144 0.017 

.000886 

.289 

1. 73 

2.60 

.*Capture Units in 1021 Bams/em3 
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Material 

Lead Pb 
Uranium U 

Water H20 
Carbon dio xide C02 
Calcium carbonate CaC03 
Calcium sulfate CaS04 
Calcium Oxide CaO 
Silicon oxide Si02 
Magnesium oxide MgO 
Aluminum oxide' A1203 
Phosphorous oxide P205 
Boron oxide B203 . 
Potassium oxide K20 
Sulfur trioxide 503 
Sodium oxide Na20 
Hematite Fe203 
Magnetite Fe304 
Iron oxide FeO 
Titanium oxide Ti02 
Titanium oxide TIO 
Manganese oxide MnO 
Zirconium oxide Zr02 
Strontium oxide SeO 
Barium oxide BaO 

Z/A Matrix 
Ratio Density GICC 

.3953 

.3865 

.5551 

.4999 

.4996 

.4995 

.4993 

.4993 

.4985 

.4904 

.4935 

.4884 

.4883 

.4874 

.4855 

.4787 

.4766 

.4757 

.4756 

.4695 

.4652 

.4555 

.4439 

.4173 

11.34 
18.7 

1.0 

*Based on too) calibration using a ZI A ratio of 0.5. 

Many of the minerals listed are most often found in nature to be impure. 

The values listed are minus photoelectric effects, which may become significant when elements 
heavier than sodium are present within the volume under investigation. The calculation of Z/ A 
effects in formations rich in heavy atoms is mainly academic because here the Zl A effects 
become unimportant compared to those of photoelectric absorption. Present-day density log 
interpretation techniques are not designed for the accurate determination of bulk density in many 
heavy mineral-rich formations. 

~fany rich ore deposits contain only 1% to 1-1/2% of the mineral to be extracted. The sought 
after mineral therefore may not contribute significantly to the bulk density of the are. 

To determine the neutron capture cross section (!) of a substance: 

1) Determine the molecular weight of the substance. 

2) Divide the molecular weight of the substance by its density. 

3) Divide Avogadro's Number (6.02Sxl023) by the above quotient (yields molecules per 
cm3). 

4) Multiply the number of atoms of each element present per cm3by the thermal neutron 
capture cross sedion (in barns) for the element. 

S) Sum the capture cross section contributions for each element as determined from 
Step #4 above to determine the capture cross section (in barns x 1021,A:m3) for the 
substance. 

Figure 2d 
34 
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The 8090 system incorporates some different features. The density portion 
has a source collimated in ~ne direction. The density detector is also 
collimated in the same direction. The tool is eccentered so the source 
and detector will be applied directly to the formation. This virtually 
eliminates borehole effects. It makes little difference if the hole is air 
or water filled. The density spacing is shortened (from the 8030) to 5.5 
inches from the source to the detector . This allows it to detect much 
more detai l. It, also, can be calibrated to read directly in density units. 
The principles of interpretation are much the same as for t he 8030 system, 
however, at thi s time . 

If a system i s ca librated in density uni ts, it may be used to measure 
porosity as well as bulk density . The relationship is: 

(2) 

where d is the density and b is the total bulk . Figure 4 is a plot of this 
relationship. 
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CALCULATION OF POROSITY FROM BULK DENSITY (WATER FILLED HOLES. P f - 1.0) 
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NEUTRON LOGGING SYSTEMS 

~ NTRODUCTI ON 

Neutron logs are used principally for delineation of porous fonnations 
and determination of their pot·osity. They respond primari ly to the amount 
of hydrogen present in the formation. Thus, 1n clean formations whose 
pores are filled with water or oil, the neutron log reflects the amount of 
li quid-fil l ed porosity. Gas zones can often be identi fied by comparing 
t he neutron l og wi th another log or a core analysi s. 

PRINCIPLE 

Neutrons are electrically neu t ral part icles , each having a mass identical 
to the mass of a hydrogen atom. High energy (fast) neutrons are continu
ously emitted from a radioactive source which is mounted on the end of the 
crobe . These emitted neutrons collide with nuclei of the formation mater
ials in what may be thought of as elastic "billiard-ball" type collisions. 
With each collision a neutron loses some of its energy. 

The amount of energy lost per collision depends on the relative mass of the 
nucleus with which the neutron collides. The greatest energy loss occurs 
when the neutron strikes a nucleus of practically equal mass, i.e. a hydrogen ._-') 
nucleus. Collisions with heavy nuclei do not slow the neutron down very 
much. Thus, the slowing-down of neutrons depends largely on the amount of 
hydrogen in the formation. 

Within a few microseconds the neutrons have been slowed down by successive 
collisions to thenna1 velocities, corresponding to energies of around 0.025 
electron volts. They then diffuse randonly, without losing any more energy, 
until they are captured by the nuclei of atoms such as chlorine, hydrogen, 
silicon, etc. 

The capturing nucleus becomes intensely excited and emits a high-energy 
gamma ray of capture. Depending on the type of neutron logging tool, either 
these captured gamma rays or neutrons themselves are counted by a detector 
in the probe. 

When the hydrogen concentration of the material surrounding the neutron 
source is large, most of the neutrons are slowed down and captured within a 
short distance of the source. On the contrary, if the hydrogen concentration 
is · small, the neutrons travel farther from the source before being captured. 
Accordingly the counting rate at the detector (with the source-detector 
spacings commonly used) increases for decreased hydrogen concentration, and 
vi ce versa. 
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LOGGING 

Neutron logging systems can be divided into several types. There are the 
neutron porosity logs, of which there are three types, and the anaiytic logs, 
of which there are four types. These logging systams all have features in 
common. They all contain a source of fast neutrons. Since there are ex
tremely few natural neutrons, they are all of the induced response type. 
They all depend upon the reaction of the. source neutrons with the fonnation 
atoms. 

Neutrons are atomic nuclear particles with an atomic mass of one and a 
neutral electrical charge. That is, their net unit charge is zero. They 
are sometimes pictured as a combination of a proton (mass 1, charge + l) and 
an electron (mass 0 and charge - 1). They are, also, Simplistically pic
tured as perfectly eleastic balls, like billiard balls. 

Neutron sources are usually either a reaction of an isotopic alpha source 
with beryllium, a spontaneous isotopic source, such as californium 252, 
or a generator using a reaction between high velocity gas ions and tritium. 
Each type source has its advantages and disadvantages. 

Alpha-Be sources are usually low to medium flux density emitters. They are 
plentiful, cheap, and have a wide variety of half-lives. The common ones 
are: 

Polonium 210 - Beryllium 
Americium 241 - Beryllium 
Radium 226 - Beryllium 
Plutonium 239 - Beryllium 
Plutonium 238 - Beryllium 

2.5 x T06n/ sec/Ci 
2.2 x 10~"/sec/Ci 
1.5 x 106n/sec/Ci 
2.2 x 10

6
"/sec/Ci 

2.5 x 10 n/sec/Ci 

half-life 
half-life 
half-life 
half-life 
half-life 

138 days 
458 years 

l,620 years 
24,400 years 

86 years 

Some of these sources, such as the PoSe source and the Pu238Se, have short 
enough half-lives that corrections sometimes need to be made. RaSe has 
an appreciable (and potentially dangerous) gamma output. Pu239 Se has a 
large size and is difficult to handle because of its chemical properties. 
The AmSe source is the one commonly used at this time because it has a long 
half-life, it is relatively small, and it has a low gamma output. 

Pure neutron sources can be most effectivley shielded by a hydrogenous 
material like water, parafin, petroleum oil, or polyethylene. Often boron 
(in the form of boric acid) is added because of its great cross section for 
neutrons. Larger sources also require an additional shield of cadmium or 
lead to shield out the x-rays resulting from the absorption of neutrons in 
the hydrogenous shield. Sources containing radium need a heavy lead shield 
because of their high gamma output. 

A. NEUTRON-POROSITY TOOLS 

The alpha-Be sources are used in neutron porosity systems, because they 
~ive satisfactory neutron flux outputs for reasonable size sources 
(2 to 20 x l06neutrons per second). 
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The neutron porosity systems all emit neutrons in to the formation from 
t he source i n t he probe . These neutrons diffuse t hrough the formation 
and co l li de with t he atoms present . The col l isions with t he atoms 
nearest t he mass of t he neutrons, such as hydrogen, resu l t i n t he great
est exchange of energy. That i s, neutrons are slowed down most rapidly 
by hvdroQen atoms . The neutrons leave t he source at hi gh energi es. 
They· are · slowed down to thermal or epitherma l energies* (epithermai means 
just above t he energy t he parti cle would have from ambient heat alone. 
The energy to t he normal heat ; s t hermal energy ) . 

At thermal (or even epi thermal ) energi es neutrons can react with va r ious 
atoms, such as chlori ne , hydrogen, boron . The react i on resul ts i n one 
(o r more) gamma ray whose energy i s characteri stic of t he atom and t he 
reaction . At anyone of these points , epi t hermal veloci ty, t hermal 
veloci ty , or capt ure gamma emission, t he presence or reacti on can be 
detected and interpreted . . 

The Century neutron-neutron porosity probe (8050) detects neutrons when 
they have been slowed to a thermal velocity. This is accompli~hed by a 
lack of cadmium shielding. Since this slowing has been primarily due 
to collisions with hydrogen, and most of the formation hydrogen is in 
pore spaces, the number of thermal neutrons through a detector can be 
interpreted in terms of porosity~ However, because of the severe bore
hole effects a caliper curve must-be used for this quantifying. 

The detector used for neutrons is usually a t ube operated as a pro
portional detector filled with high pressure (2 to 10 atmospheres) hel - ' ) 
ium 3. Century uses a 10 atmosphere tube. This system is almost insensi- 
tive to gamma rays~- .It is, however, sensitive to both thermal and epi
therma1 neutrons. Slnce thermal neutrons result in some borehole effects 
which may be undesirable, a shield of cadmium is sometimes placed around 
the tube to shield out the thermal neutrons. Century does no t use a 
cadmium shield in order to use the borehole effects. 

- --
Some systems detect the capture gamma rays. These, however, are seni
tive to many other common atoms," particularly chlorine. Therefore, this 
is not used by Century. 

B. ANALYTIC NEUTRON SYST~~S 

The ana-lytic neutron systems include the neutron activation systems, the 
prompt fission neutron systems, the delayed fission neutron systems, and 
the thermal decay time systems. Century does not use any of these 
systems, yet. We will have the delayed fission neutron (D.F.N.) system 
soon. It will be described in detail, then. Briefly, the systems are: 

* The terms energy, velocity, frequency, and electronvolts are all approxi
mately interchangeable in nuclear and radiation physics. 

"~.~ "J 
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1. Neutron acti vation : 

These systems usually det ect the captu re gamma rays wi t h a gamma 
ray spectrograph . The spectrograph may be single channel or multi 
channel. This system can detect minute amount of materials quan
titatively with great accuracy and resolution. It i s an excell ent 
laboratory system, but has some problems which have slowed do.wn 
its use in borehole logging . Either an i sotopic source or a gener
ator can be used. High flux denslties'are required. 

One system which has been used commercially with an alpha-Be or 
Cf252 source makes use of the half- life of a particular reaction 
to detect the presence, quantitatively, of the desired element. 

" By choosing a particular combination of spaci ng (source to detector) 
and logging speed the predominance of capture gamma rays origin
ating within the sensitive volume of the probe can be from the 
desired element. This has been used successfully to detect chlorine, 
sulfur, and oxygen both commercially and experimentally. 

2. Prompt fission neutron systems: 

This system is a specific system for detecting fissionable materi
als such as uranium. Upon reaching a thermal velocity, the source 
neutrons react with atoms of uranium 235. The reaction will result 
in the release of a burst of secondary neutrons due to a splitting 
or fission of the original atoms. A gated generator source is 
usually used. High flux densitles are required. 

3. Delayed fission neutron systems: 

This system is similar to prompt fission system, except the neutrons 
are detected much later and include fission neutrons due to re
actions of the secondary neutrons as well. This is the system 
Century plans to use. It requires medium to high flux densities 
from the source. Systems have been built using both generators and 
isotopic sources. 

4. The thermal decay time system: 

This system is designed specifically for petroleum use. It is almost 
independent of borehole effects (including casing). It makes use 
of the fact that after a burst of neutrons has been emitted the 
neutrons are not all captured immediately, but over a period of time. 
The primary reaction is with chlorine, so the TOT log is essentially 
a log of sodium chloride content. The rate of decay is detected by 
means of the capture gamma rays and interpreted as sodium chloride 
content. A generator must be used. The flux densities are usually" 
high. 

C. NEUTRON SOURCES 

.. ~ 
! ~~ 

The a 1 pha-beryll i urn sources have already been descri bed to a great extent . . "J 
Almost any alpha emitter can be used, and there are a lot of them avail- . ~ 
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able . The emitter is physically m'xed with powdered beryllium and, 
for our use, sealed in stain less steel containers . The sizes range 
from about 0.125 cubic inches to 6 cubic inches. 

There are several isotopes, particularly in the transuranic elements 
which will undergo fission spontaneousiy with the emission of neutrons. 
The one commonly used is Californium 252. It has an activity of 
4.4 x 10~ neutrons per second per curie and a half- life of about 2.6 
years. It emits about 2 x 106 neutrons per mi crogram. Therefore, it 

· is very small and almost .a point source. It is being used in more 
systems as time goes on, since it has only recent ly become availabl e 
at a reasonable price (about $1.00 per microgram) . 

Neutron generators are accelerator tubes which accel erate Hydrogen 2 
(deuterium) ions in .an intense electric field to collide and react wi t h 
Hydrogen 3 (tri t ium) atoms. The reaction is: 

H2 + H3 ~ He4 + n (1) 

The advantages to a generator are that it can be gated on and off for 
intense bursts of neutrons, and it can be shut off when not in use. 
Its disadvantages are the high voltages and currents required (90 to 
125 kilovolts and 10 to 100 mi11amperes) and the short target life 
( 1 00 hou rs ) • 
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NEUTRON LOG INTERPRETATION 

Neutron log interpretation complexity depends, to a great extent, upon t he 
type tool being used and the source to detector spacing . The neutron
thermal neutron porosity tool used by Century is relatively simple and 
straight forward. 

The counting rate of the Century 8050 neutron-neutron porosity tool i s 
"nverse1y a function of the hydrogen content of the formation surrounding 
the probe. Since virtually all of the hydrogen is contained in the pore 
space of the formation, the system i s generally considered a porosity 
measurement system. The form of the hydrogen in the pore space i s water, 
oil, or gas. 

The counting rate of the neutron system is scaled on Century logs. That 
is, counting rate increases to the right or hydrogen increases to the left. 
This makes its appearance somewhat similar to the resistance curve. 

Since the neutron systems are sensitive to hydrogen in any form, the log 
does not differentiate between sands and clays or shales easily. This 
because there is a large amount of bound water in shale and clay. The 
resistivity or resistance curve and the gamma ray curve are often recorded 
with the neutron curve for this reason. Thus, a shale would be identified 
by a gamma ray counting rate of 80 to 100 counts per second (8050 probe), 
the resistivity would be low, and the neutron counting r~te would be low. 
A fresh water sand would have a gamma ray rate of about 30 to 50 cps, the 
resistance or resistivity would be moderately high and the neutron rate 
would be low. A salt water sand would have a low gamma rate (30 - 50 cps), 
a low neutron rate, and a_ low resistance. Coal will have a low gamma rate 
(2 - 10 cps), a medium to low neutron rate, and a high resistivity. 

Plans are being made to calibrate the neutron log. This will probably be 
done in the A.P.I. pit in Houston. There, the middle formation of Indiana 
limestone has a porosity of about 18% and has a neutron response defined 
as 100 A.P.I. neutron units. This has resulted in a very desirable stand
ardization of presentations. When this has been done, the scale on the log 
may be used to determine formation porosity if the borehole size is known. 
This type presentation, with the matrix correction curves, is shown for 
another type tpo1. This is a typical response. 
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NEUTRON-NEUTRON lOG RESPONSE VERSUS HOLE SIZE AND POROSITY 
(Uncased, fresh water filled borehole, limestone formation, 1-1l/16" diameter 

decentralized tool, 15" spacing. arhericium-beryllium source) 
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CALIBRATION OF LOGS 

The calibration of our logs is extramely important, Whenever a log is 
used Tor quantitative purposes as the gamma ray log is in minerals explor
ation, an incorrect recording is often worse than no curve at al l . 

The ca libration of t he Century S. P. and resistance curves is relati vely 
simple. The ganma ray calibration is more involved. The neutron and den
si ty calibrations are still being evolved and will not be covered, yet. 

A. S.P. CALIBRATION 

The primary S.P. calibration for the Century 8010 tool (and related 
tools) is a millivolt circuit or IIbox" which can be clamped on extern
ally before logging. This circuit has three clamps, one clamps on the 
electrode, one on the cable armor, and one on .the mud pit electrode. 

Refer to the Logging Operator's Manual, Section V, Paragraph 8, A and 
B. 

One merely notes the zero position of the recorder pen with no signal 
and then sets the switch on the box to the desired signal. This signal 
may be 25 millivolts for a one inch deflection on a 25 millivolts per 
inch scale or any other corresponding signal for the desired sensitiv
ity. Similarly, 100 millivolts for a four inch deflection could be 
chosen. The deflection of the pen will probably be close to correct 
since the circuits are stable and high impedance. Any small trimming 
can be done with the amplifier. gain control on the S.P. amplifier board. 
This adjustment should be done by, a technician if the operator has not 
been properly trained. Details are found in TR 43. 

A note should be made on the log of the sensitivity in millivolts per 
inch of deflection, the location of the curve zero, and any shifts made 
during (or before) logging. 

B. RESISTANCE CALIBRATION 

Resistance calibration of the 8010 tool (or similar) is done at the same 
time and with the same equipment as the S.P. In this case, a calibrated 
resistor is put into the circuit from the downhole electrode to the 
measurement return. 

Refer to the Logging Operator's Manual, Section V, Paragraph 8, A and 
C. 

Again, the sensitivity must be noted on the log. This curve requires 
ohms full scale (5") deflection, however. Also, the zero must be noted 
Any changes should be noted on the log (this is true of any curve). 
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C. GAMMA RAY CALIBRATION 

The ca librat ed gamma ray curve is t he mai n curve used in t housands of 
important calculations every year in the uranium and coal industries . 
It i s ext remeiy impor t ant fo r many reasons t hat t his ca librat ion be 
done correctly and often. 

The standard for the gamma ray calibration is a pit filled with uranium 
ore in equilibrium and carefully assayed . This is the N3 pit at the 
E. R.D .A. (formerly A.E.C.) installation at Grand Junction, Colorado. 
In addition, there are other pits for other cal ibration problems at 
Grand Junction . There are, also, secondary pits at Casper, Wyoming, 
Grants, New Mexico , and George West, Texas. The procedure is essen~· 
tially the same in each of them. 

The equipment to be calibrated should always be a complete system; 
probe, cable, surface electronics, recorders. It is desirable that 
this be the system which will be used in the field. However, surface 
units are interchangeable with the calibration test procedures out
lined in paragraph 8-0 of TR 23 (pp 5-7) (Section V). 

The equipment should be set up at the calibration facility as if one 
were going to make a standard field log (gamma ray only) including the 
calibration of the equipment as outlined in paragraph 8-0 of TR 23 
(Section V). The probe should be lowered to the bottom of one pit 
(about 11 feet) and withdrawn, logging, with both the analog and digi- !' .. "J-" 
tal systems recording. Under no circumstances should this recording 
be made faster than 5 feet per minute. Preferably it should be much 
slower. This should be repeated at least once and then duplicated in 
the other pit. The K-factors should be calculated on the Tulsa com-
puter. However, in the event that this is not possible, th~ manual 
procedure is listed. 

The manual calculation of the pit runs is covered in the attached paper, 
IITwopit, a Different Approach to the Calibration of Gamma Ray Logging 
Equipment,·' by Crew and Berkoff. Briefly it is: 

1. Determine the average peak low pit counting rate, n, and the high 
pit rate, m. 

2. Find the system apparent deadtime, u: 

)J = ~JBl 
~ 

(1) 

where ~ is in seconds and R is the ratio of the grade of the low pit 
to that of the high pit. 

3. Mark the two points on each curve which correspond to one half the 
peak average amplitude. These two points must be 3.0 feet apart. 

4. Start 1.5 feet before one half amplitude point (bed boundary), and ) 
note the counting rate each half foot for 13 points. This should ~ . 
end 1.5 feet past the other bed boundary. 
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5. Correct each counting rate for deadti rne effects by using the follow
ing expression to determi ne t he correct counting rate, N, from t he 
recorded counting rate, n: ) 

n 
N = , .11 '" 

1 -;0 " 
(2) 

6. Add all 13 corrected counting rates and divide the sum by the product 
of the pit grade times the thickness (GT) . The result is the K
factor. 

7. Compare the two K-factors (low pit and high pit ) . If t he correct 
grade was used for t he high pit, the two should agree within !5%. 

8. Compare t he low pi t K-factor to the standard (1. 59 x 10- 5). It 
should be . within ±S%. 

This calculation is normally done on the Tulsa computer. 

For petroleum use the the University of Houston Petroleum Engineering 
Department, under the sponsorship of the A.P.I., has constructed two 
pits, one as a gamma ray calibration standard, and the other as a neutron 
porosity standard. 

One Gamma Ray A.P.I. unit is defined as 1/120th of the deflection from 
background to the center of the A.P.I. formation. The procedure is 
much the same mechanically as for the E.R.D.A. pits, but no calculation 
is needed. 

NOTE: The factors to convert Century AEC counts to equivalent API 
standard counts are: 

79 Century counts = 100 API counts 

1 Century count = 1.26582 API counts 

1 API count = .79 Century counts 

The above applies to Century·s 8010 series probe. 
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TWOPIT, A 13IFFERENT APPROACH TO CALIBRA nON OF GAMMA -RAY 

LOOGING EQUIPMENT 

. ABSTRACT 

The standard method of calibrating gamma-ray logging equipment is to 

first determine dead time, then log test pit N-3 in the Grand Junction ABC com-
. GT 

pound and determine the K -factor by the ~uation K = -;;-. 

This paper suggests a different method, using a computer to solve for 

apparent dead time and a , K:' factor. Input to the computer is derived iIom logs

of two test pits with different grades and grade-thickness products, and consists 

of the value of the GT (grade-thickness product) for each pit and a series of 

observed counts taken at equal intervals from background to background in each 

pit. A Fortran computer program fo~ processing this. data has been developed . 

for use on mM 1401 and mM 1130 computers~ but can easily be adapted to any 

digital computer of similar or greater si:ze. . 
'" 

The method described is not represented to be a calculation of true . 

instrumental dead time, ·but is a method of arriving at a dead time type correc

tion for several effects combined. 

Advantages of the method are (1) determinationo{ dead time type effects 

based on count~g geometry and count rates the' same as encounter~ in fielt! 

logging, and (2) a calibration based on both a high grade anq. a low grade pit 

rather than on a single grade pit. 

INTROCUCTION 
. . 

The construction of the Casper test pits in th~ summer of 1967 pro-

vided the first uniform-high-grade, apparent-infinite-thickness are zone in 
-,,...,-. -

a full scale model bore hole. Analysis tii both AEC and company logs of these 

pits, which were obtained using conventional geiger or scintillation probes 

- 1 -
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resulted in under-interpretation of the high grade pit to varying degrees . 

Investigations into the reasons for this under estimation led to development 

of the two-pit concept as a means for cor recting for the discrepancy • 

To calibrate gamma-ray logging equipment for quantitative. evalu.ation 

of uranium are, it is essential to know the dead time of the system. This 

may be determined electronically or by the two- source method wherein first 

a background measurement is taken, tilen a first .,source is placed close enough 

to the probe to give a mecUum counting rate for tile system and the count rate 
, 

in cps taken . Next a second sour ce is placed adjacent to the first and the 

count r ate for both sources combined is determined, then the first source 

removed the count rate for the second source only is determined. 

Dead time can then be calculated by the follOwing equation: ]j 

Dead time = \J... C2 + 30Y - C 
3D 
2 

where C = ~ + ~ Mi ~ .,. 
M3 ~ D = ~ + Mii - -1 

Y = Ml + M2 - M3 - Ms 
and Ml = count rate in cps, first source 

M2 = " " II· " second source 

M3 = " " " " , both sources 

MB = " " " It , background 

After dead time has been determined, the next step is to determine the 

proportionality constant or K -factor which. relates the response of the system, 

commonly expressed in terms of area under the curve, to grade-thickness 

product. This is done by logging a test pit of known grade-thickness, applying 

- 2 -
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appr opr iate correction for dead time , using the equation N = n , to 
1- nt 

each observed count rate, n, to obtain true count rate, N, and using the sum of 

t he true count rates ~N, as a, value for the area, A, under the log curve then 

substituti."lg i."l the equation 

AK =GT (2) 

as developed by Scott, et al, Y. 
Area, as used in equation (2) consists of the ubserved counts area plus 

" 
the dead time correction are~ and is normally obtained bysumming the dead 

time corrected count rates at half foot intervals and is thus in units of half 

feet times counts per second. The value of K is commonly calculated to relate 

the area so derived to the GT but can be computed for any interval of integ:ration. 

Figure 1, shows the relationship between observed count r ate and dead 

time corncted count rate on a log of the Casper high pit with a grade of 2.242% 

eU30g made with a scintallation' probe having 3/4 x 1 inch crystal and 5 micro 

seconds dead time. The az:ea between the observed and corrected log curves 

represents the loss in area, or gamma-rays detected, because of system 

dead time. 

- 3 -
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TWO PIT CONCEPT 

The method described in this report is not represented to be a calcula-

cion of true instIUluental dead tL"ne,bur inste..:d a. method of arnving at a dead 

time type corr ection for the entire logging system which will result in a closer 

approximation to equivalent radiometric grade throughout the entire range of 

count rates encountered in gamma-ray logging of drill holes. 

The en~re concept to be shown here is based on the previously men

tioned equation (2) . 

AK =GT 

where A = sum of dead time corrected counts 

K = proportionality constant of system 

G = mean radiometric equivalent grade 

T = thickness in feet 

Now consider the case of two test pits with differ ent grade- thickness 

products in which 

AlK = (GT)l 

represents the low grade pit and 

A2K = (GT)2 

represents the high grade pit. Since the above relationships are true, it can 

also be said that 

and since the expression K cancels out that 

= (GT)l 

(G1)2 

- 5 -
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The expression A is defined as the sum of the dead time corrected 

counts and may be written 

A = N 1 + N 2 + N 3 • • • Nz 
and it is known. that 

" 

N = n 
I-nt 

where N = dead time cor rected count rate 

n = observed count rate 

t = dead time in seconds . 

Therefore, by substituting, equation (4) can be written as 

A = nl 
I-nIt 

+ + 

and by substituting again,equation (3) can be rewtitten as 

(4) 

(5) 

(6) 

using the term m in the denominator to designate observed COWltS in the high 

grade p~t whereas the n in the numerator represents observed counts in the low 

grade pit. 

In equation (7) OT 1 and OT 2 are known values and the various values 

for the n and m terms are observed values, thus leaving t as the only · 

unknown in the equation. A direct algebraic solution is difficult if not impossible 

because of the indefinite lenhrth of the series, but a computer solution by trial 

and error is relatively simple. First the ratio of the two GT values is determined, 

then by trial and error, the computer solves for the dead time that will make the · 

ratio on the left side of the equation equal to the ratio of the OT products. 

- 6 - _.J 
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A description and Using of the computer program called TWOPIT which solves 

the equation is attached as Appendix 'A . 

A cJ "s·· approximation to the dead time evaluation by the above computer 

methc.d can be made manually or with a desk calculator using ratios of peak 

observed counts in the respective pits rather than area under the curve, pro

vided that the "ore" zones in the models are of uniform grade and the thickness 

is equal to or greater than the diameter of the effective sample volume infiuenc 

ing the detectar, generally 3. feet or slightly less; or provided that thickness 

T 1 is equal to thickness T 2 and the ore zones are homogeneous with respect 

to grade. 

It has been shown by Scott, ~/, that under certain conditions 

G = 2KN (8) 

Then follOwing the same reasoning as described above with res pect 

to areas under the curve and grade thickness products it Can be said that 

= 

By similar substitutions for N and solution for dead time, t; this is 

reduced to 
n-Rm 

t = nm (l-R) 

where t = apparent dead time, in seconds 

n = peak observed count, low pit 

m = peak observed coun,t, high pit 

R = % eU308, low pit 
% eU 308, high pit 

(9) 

Results obtained by this short-cut methexi are generally within one 

microsecond of the value obtained by the TWOPIT program. 

- 7-
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A.1'PLICA TI ON 

Effect of Dead 

To understand the importanCe of aCCUI'ate dead tim~ determil1ation, it 

is necessa.ry to consider the effect of dead time on the interpretation of gamma-

ray logs. 

FigUre 2 shows dead time cor:rection curves for 5, 10, 20, 30, and 40 

microseconds, The previously mentioned equation (5) N = l-~ was used 

in consttuction of the graphs', As a guide for interpreting this chart, lines 

have also been drawn to show a 50% and a 100% co:c:rection to observed count 

rates. Because of uncertainties involved in determining a true dead time 

value, and the large effect resulting from a small change in dead time at high 

count rates, it would be advisable to choose equipment with detectoJ: size and 

dead time characteristics such that not greater than a 50% correction to 

observed coUnts would be required at the highest. count rates encountered in 

ore hole logging. Using this criteria it can be seen that the maximum 

observed counts should not exceed 65, 000 cps for a system with 5 mic::roseconds 

dead time, 33,000 cps'Ior 10 microseconds, 17,500 cps for 20 microseconds, 

etc. 

Another way of determining the possible error that is introduced by 

a small error in dead time determination is illustrated in Figure 3. This 

figure shows the approximate relationship between peak observed count rate 

and equivalent % U30 S by equation (S), G=2KN modified to G=2K 1-:t 
A value for K of, .00002 was used for construction of the graphs. This 

value is within the r.mge encountered for 3/4 x 1 inch ~stals in scintillation 

logging probes. 

At an observed count rate of 30,000 cps it is evident from the graph 

that if 5 microseconds are used the interpreted grade would be 1.41% eU30SJ 

whereas if 10 microseconds are used the g:rade would be 1. 71%--a difference 

of a . 30%,and as dead times were increased the same microseconds difference 

- S -
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would create a progressively increasing error. To see this effect more clearly, 

consider a 1 microsecond difference between 9 and 10 microseconds and between 

19 and 20 microseconds at a rate c~unt of 30, 000 cps. The int~rpreted grades at 

9 and 10 microseconds are 1.64% and 1. 71% eU30 S respectively; ,a difference of 

.07%, while the interpreted grades at 19 and 20 mic~oseconds are 2. 79% and 

3 .00% eU30a; a difference of 0 .21% or 3 times as great an effect as 1 micro

second had between 9 and 10 microsec.onds . . . 
It is obvious that d~ time plays a vital role in interpretations and . 

must be determined in a manner which will reduce possible error to a minimum. 

Evaluation 

To support the premise presented in this paper, the Ca.sper test pits 
I 

were logged with Unit LP-l, probe 4 . This is an AEC owned logging unit 

developed, constructed, and operated by Lucius Pitkin, Inc., an AEC service 

contractor. The follOwing table shows the conventional facto~s and the factors 

arrived at by' the TWOPIT program: 

TABLE 1 

Interpretation Factors for Probe 4 

Deadtime (microseconds.> 

K Factor 

Conventimial 

4.9 

.00001948 

1iWOPIT 

S.66 

.00001925 

Figure 4 is a reproduction of the TWOPIT computer progI:;am output . 
which generated the TWOPlT factors shown in Table 1. 

The data, taken at half foot intervals from the analog record of the 

test pit logs, were interpreted using both conventional and TWOPlT factors·, 

The total area. under the curve was used rather than the customary "tail factor" 

method . Results are shown in Table 2. 

- 11 -
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From the results shown, it is obvious that there is little difference 

at grades in the range of the low grade test pit, but that the error is reduced 

considerably by use of TWOPIT factors in the grade range of the high grade 

pit. 

The question now is: At what grade does the difference become signi

.f1cant1 There is no definite answer to this but a relative comparison of the 

two methods through a range of grades can be shown by plotting observed 

counts against percent eU 3qa using the previously mentioned approximate . 
relationship, G=2KN, ami converting observed counts to corrected counts 

before sUbstituting in the equation. Figuxe 5 is such a comparison of 

TWOPlT and conventional factors for probe 4. 

It must be remembered that the tables and figures are for specific 

pieces of equipment and that each logging tool is somew.hat different from 

every other in its response, thus each unit and probe combination must be 

individually evaluated rather than using a general correction fqr all combina

tions. 

- 12 _ 
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THE USAEC NEITHER REPRESENTS NOR WARRANTS THE INfORMATION CONTAINED 
HEREON TO BE ACCURATE IN ALL RESPECTS AND MAKES NO RECOMMENDATIONS THERETO 

PROGRAM TWOPIT RESULTS 

DATE Of COMPUTER RUN APRIL 9, 1969 
NO RANGE CORRECTION USED fOR THIS DATA 

PITS 
COMPANY 
UNIT 
PROBE 

CASPER PITS 
LUCIUS PITKIN 
LP-l 
4 

XL SIZE c .75Xl.00 

LOW 
GT .; 

OBSERVED 
COUNTS 

100. 
300. 

1150. 
4900. 
7650. 
8150. 
8020. 
7950. 
6700. 
2800. 

550. 
170. 
80. 

AREA 
K FACTOR 

PIT DATA 
0.99300 

CORRECTEq 
COUNTS 

100. 
301. 

1162. 
5117. 
8193. 
8169. 
8619. 
8538. 
7113. 
2810. 

• 
;;; 

553. 
170. 
"80. 

51583. 
0.00001925 

DATE LOGGED Ql/24/69 
LOG READINGS TAKEN AT· 0.50 fOOT INTERVALS 
RATIO - GT&LOW,/GTlHU II":' 0.1416360 
APPARENT DEADTIME USED a 6.660 MICRO~ 
W~EN RATIO-AREAtLOW/AREA(HI) • 0.1416111 

HI 
GT • 

OBSERVED 
COUNTS 

200. 
700. 

2850. 
14500. 
34100. 
39150. 
40000. 
40250. 
38350. 
24500. 

6250. 
1400. 

350. 

AREA 
K fACTOR 

iura 4 

PIT DATA 
6.12600 

CORRECTEO 
COUNTS 

200. 
704. 

II' 

• 

2922. 
16582. 
48390. 
606i6o 
6]200. 
61781. 
51420. 
31098. 
6608. 
1411. 

35141 

349295. 
0.00001926 
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INTERPRETATION OF mUT 1 n"Dt'nU Ii , .l, L'..L,VU.!:.J "2 

LOW PIT HIGH PIT 

Observed 
Dead Time Corrected Count Observed Dead Time Corrected Count 

Count Conventional TWOPlT Count Conventional TWOPIT 

100 100 100 200 200 200 
300 300 301 700 702 704 

1,150 1,157 1,162 2, 850 2,890 2,922 
4,900 5,021 5,117 14,500 15,609 16,582 
7,650 . 7,948 8,193 34,100 40,941 48,390 
8,150 . 8,489 8, 769 39.750 49,365 60,616 
8,020 8,348 8,619 40,000 49,751 61,200 
7,950 8,272 8,538 40,250 . 50,138 61,787 

. 6,700 6,927 7,113 38,350 47,224 57,420 
2,800 2,839 2,870 24,500 27,842 31,098 

550 551 553 6,250 6,447 6,608 
170 170 170 1,400 1,410 1.417 
80 80 80 350 351 351 

Total Area = 50,202 51,583 292,870 349, 2~ ;) 

Area x K=GT = . • 9779 
, .. 9930 5.7051 6.7239 . 

Thicl<lless = 3.0 3.0 3.0 3.0 

GT/T=% eU308= .326 .331 1.902 2.241 

Accepted Value .331 .331 2.242 2.242 
.% error -1.51 0.00 -15.17 -0.04 

- 15 -
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SUMMARY 

The method descri..bed in this report is not represented to be a calcula - \ 

tion of true instrumental dead time but instead a method of arriving at a dead 

time type correction for the entire logging system which will result in a closer 

approximation to equivalent radiometric grade throughout the entiIe range of 

c~unt rates encountered in gamma-ray loggjng of drill holes. 

The dead time effect calculated is a combination correction to com

pens ate for true instrumentai dead time, non linearity of ratemeter, recorder 

errors including improper zero adjust, and a photoelecttic absorption effect 

of low energy gamma-rays by high concentrations of uranium (Dodd, personal 

communication) . It is thus a total system evaluation that can be affected by 

many things other than true dead time. 

Ce~in cautions must be taken before using the method, but in general 

these cautions' are the same for conventional calibration techniques. The. 

equipment used should: 

1. Have linear response between all ranges. 

2. Have constant electronic dead time, not rate sensitive. 

3 . Have linear counting capability above the rate encotmtered in 

the high g;ade pit. 

4 . Operate on the plateau region for the detector and give 

repeatable results. 

If the above equipment conditions are met~ the TWOPIT method will 

give calibration factors which will result in errors of interpretation no greater 

than the error in the assigned radiometric grades of the test pits . 

- 16 -
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PROGRAM TWOPIT 

C PROGRAM TWOPTIVERS 3.MeD 11 
HfTEGER FI.AG 
REAL NPr TS .KFACL.KFACH 
COMfo4QN AREAH.AREAI. ,OT ,GTH,GTI., r p, I T"'S.J(T .KCT ,IC.FACH •. IC.FACL ,NP 1 TS. 

. IPRoeE.PRop,RASH.THIC.,UHIT,CPNYI)I,OATEI31.PITS(31.CONTHL991, 
2CONT I. 1991.CORH(991.CORLI991.LITEl 
CFACT I GT.AR!A. THIC. I .G T/( AREA·2.· THK I +~. OE-9 

TWOPTOOl 
TwOPT002 
T~OPT003 
T\;/OPT004 

10 OT-O.O 

JC1- 0 

TwOPTOO~ 
TWOPT 006 
TwOPTOC7 
TWQPTQQ8 
TWOPT009 
TWOPT010 
TWOP TO ll KC1-0 

HINC- l . O£-~ 
AL",T - ,.OE-5 
REAO C 2,500 l NPITS'P I TS.(PNV, UNIT'PRoeE.THK.GT~.G TH.OA T E.LITEl.FLAG 
f'ORMAT I 12X.A3 , 2 I ZA6 tA3 ' .2A5 ,F5 . 2 . 2F5 .1t.2XJA2 .2 IU 

TWOPTIJ1 2 
TWOP T013 
TWOPT014 

500 

15 

CALL SL 11£ ILIT E1 ) 
LJTE1- l 

° CALL RCRCCONTL.JC1) 
CALL RCRCCOHTH,KCTI 
RASH-GT\./G TH • 
RASHL-RASH- ALMr 
RASHU-RASH+ALMr 
OT- OT+HINC 
IFIOT-2.0E-4'15.15.900 
AREAL-O.O 
AREAH-AREA\. 
CALL CRCTRIJC1.0T.COHTL.AREAL.CORL) 
CALL CRC1RIKCT.or,CCNTH,AREAH.CORHI 
PROP.AREAL/AREAH 

16 
17 

IF(PROP-RASHUI16.18.1-
IFCPROP-RASH\.JI7,18.18 
OT-OT-HINC 
HINC-HINC·O.l 
IFIHINC-1.0E-ll'909.909.14 

18 . KFACL·CFACTIGTL.AREAL.THK) 
KFACH-CFACTIGTH,AREAH.THK) 
AREAL-AREAL+0.5 
AREAH-AREAH+0.5 
RASH-RASH+5.0E-6 
PROPePROP+5.0E-e 
or-01+5.0E-10 

u'S 

19 
20 

01-0T·1.0E6 
lGO-O 
IP--1 
rT",S-KCT 
IF(JCT-IC.C1120.19.185 
IT",S-,)(1 
IGO-l 
IP-IGO 
CALL. OW1Pl 
IFI'~AG)999.10,999 

900 
501 

.. RtTEI3.5011 
FORMATI72H OEADTIME GREATER THAN .0002.AHALYSIS TERMtNAT£O. 

905 

909 
502 

10ATA SET CALLED.IIIIIII' 
CALL SLITETI~ITE1.J\.TI 
~TOC 10.9051 .,)L T 
REAOC2.500' 
GOT~lO 
w'U TC: , 3 .502 I . 
FOP.MATl72H DEAOTIME INCREMEHTING AT ~fSS THA .... 1.0£-11.A~ALYSIS 

IS.RESULTS BELOW.l 
Ht .... C·HINC/O.l 
OT-OT+HINC 
GOTOllJ 
.. AfTEI3.S03) 
FORMATIIIIIIIIII145X2OHIIIIIEHD OF JOelllll11H11 
CJ~LL EXIT 
E'NO 

·1-

TWOPTOI S 
TWOPT016 
TWOPT017 
TWOPTOU 
T\!iIOPT019 
TWOPT02Q 
TWOPT021 

· rWOPT022 
rWOPT023 
TWOPT024 
rWOPT02' 
TWOPT026 . 
TWOPT027 
TWOPT028 
TWOPT029 
TWOPT039 
T\1IIOPT031 
iWOPT032 
T .... OPT033 
rWOPT034 
TWOPT03'; 
TWOPT036 
TWOPT.037 
TWOPT038 
TWOPT039 
TWOPT040 
TWOPT041 
TiliOPT042 
TiliOPT04) 
T~OPT044 
TWOPTQ45 
TWOPT046 
TWOPT047 
TWOPT048 
TWOPTOlt9 
TWOPT050 
TWOPTO~l 

NEXTTWOPT052 
° TiliOPTO!>3 
·rWOPT054 

TWOPT055 
TWOPT056 

. TWOPTO!)7 
TwOPTo,a 

ENOTiliOPT059 
TWOPT060 
TwOPT061 
TwOPT062 
hiOPTOo3 
TiliOPT064 
TWOPT065 
T ... OPT066 
TwOPT067 
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SUBROUTINE ROA 

SUBROUTINE ROAICOUNT . J CT I 
C SU5ROUTINE ROR 

OIMENSION COUNT(99) 
JST-- 8 
00 2 t-l.11 
JST-JST+9 
JND-JST+8 
READI2,500'ICOUNTeJ, . J - JST.JND' 

500 FOR,,-. T( l5X9P6.0' 
00 2 J aJST.JND 
,FeCOUNTIJ'l3.3,2 

.1 JeTeJeT+l .,. ,RETURN 
END 

~UBROUTINE CReTA 

C SUBAOUTINE CRCTR 
SU8ROUTINE CRCTRIJCT,OT,COUNT,AREA.CORR' 
o (MENS I ON COUNT 199 "CORR I 991 
00 10 t-l.oJCT 
CORRlt)-COUNTlrl/11.-OT*COUNTII'l 
AREA-AREA+CORRltl 

10 COARI I I-COARI 1.1+0.5 
RETURN 
END 

- 2-
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ROR 
RDR 
ROR 
RDA 
AOA 
RDR 
RDA 
RDA 
RDR ' 
ADA 
RDR 
ADR 
RDR 
RDA 

001 
00 2 
003 
004 
005 
OOb 
007 
008 
009 
ala 
011 
012 
013 
014 

/.~ 

"--:--) 

CReTR001 
CRCTR002 
CRCTROO) 
CRCTR004 
CRCTROOS 
CRCTROOb 
CRCTR007 
CRCTR008 
CRCTR009 

p 21 of 24 



SUBROUTINE O'o4TPT 

SUBROUTINE OWfPT O~TPTO( 
C SUBROUTINE OWTPT owTPTOQ , 

REAL NPITSeKFAC L.KFACH OWTPT003 
CO~~ON AREAH.AREALtOTtGTH .GTL' IP.ITMStJ'ft~C f'KFACM.KFAC~.NFiTS. OwTPT004 
IPROeE.PROP~RASH.THK.UNIT.CPNYl31.0ATEI3ItPITSI31.CONTH'991. OwTPTC05 
2CONTL (99) .CORHI991.CORLI99 1.LITEl . QWTPT006 

WRITFI3.S001 O~TPT007 
WRITE I 3.S01l PtTS.OATE O~TPT008 
WRITEI3tSOZICPNY,THK OwTPT009 
WRITE e ',503 IUNIT .R~SH OWTPTOIO 
WRITEI~.S041PR08EtOT,PROP OWTPTOll 
WRITEI,.S05IGTL.GTH OWTPTOIZ 
WRtTEC,.5061 owTPT013 
00 14 r~l,Il~S OWTPT014·: 
IFIIPI11.10.13 owTPT015 

10 WRITEI3.S071CONTLII).CORLltl.CONTHIII.CORMIII OWTPT01 6 
GO TO 14 O~ TPT Ol7 

11 IFlt - JCTI10.10.12 owTPT018 
12 WR1TEI,.S08ICONTH( I),CORHetl OwTPT019 

GO TO 14 OWTPT020 
13 tFlt -KCTllO.10.13~ OwTPT021 
135 WRtTEI3.509)CONTLII1.CORLII) OwTPT022 
14 CONTINUE O~TPT023 

wRITEI3.5101AREAL.AREAH,KFACL,KFACH OWTPT024 
CALL SLtTETILITEl,JLTI OWTPT02S 
IFIJLT-1IlS,16.15 owTPT026 

15 REA012.5l11 OWTPT021 
WRITEI7.,51lI0ATE,NPITS.UNIT,PROBE,THK.GTLluTH.OT.KFACL,KFACH owTPT028 

16 RETURN OWTPT029 
C OWTPTQ'· -') 
C .... FORMATS.... O\l/TPTO . ~ 
C OWTPTOn 

500 FORMATI
'

l,.42X'PROGRAM TWO PIT RESULTS'II OWTPT033 
501 FORMATt23X'PITS'6X2A6.A3.11X'OATE LOGGED 'ZIA2,'I',.A21 OwTPT034 
502 FORMATI21X'COMPANY 'ZA6.A3,llX'LOGGEO AT 'F;.2.' FoeT INTERVA~'IOWTPT03S . 
503 FORMATI23X'UNIT'6XAS.ZIX'RATIO - GTI~uW)/GT(Hl1 • 'FlO.7) owTPT036 
504 FORMATI23X'PROBE'5XA5.21X'ACCEPTED OEAOTIME • 'Fa.3.' ~ICROSEOWTPT037 

lCONOS
'
/60X'WHEN RATIO-AREAI~OW1/AREAIH11 ~ 'FlO.7/1 O~TPT038 

50~ FOR~ATI27X'lOW PIT OATA'32X'HI PtT OATA'/2126X'GT .'F9.5,4XII OwTPT039 
506 FORMATI3X2(16X 1 0BSERVEO'10 X'CORRECTEO' )/2x2118x'COUNrS'13~'CJUNTS'OWTPT040 

1 I I OW T P T 041 
507 FORMATI2x2115xF9.0.l0XF9.a)1 owTPT042 
508 FORMATe 50X2110XF9.011 J\l/TPT043 
509 FORMAT17X2110XF9.011 OWTPT044 
510 FORMATI 'O'lX2117X'AREA'9X'· 'FIO.OI/3X2116X'~ FACTOR • owTPT045 

IF U.s I I Ow TPTO'+6 
511 FOR~ATI 3A2.A3.2A5,F6.2.2F6.4.3E12.SI OwT?T047 

END O~TPT04a 

- 3-
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RElD 1 HElDER CARD CoNTllNING 
PIT CODE 
FiT i4A~€ 
'"F 'S MAlE 
LOG&lN!; UNIT ID 
PROBE 10 
INTERVAL OF AEADINGS 
SIT (LO' PI T) 
h r ( H 16H P J T) 
aATE LOG6ED 
PUNCH IHDI CATOR 
FLAG IND ICAT ING LAST aATA 

READ CARDS CONTAINING 
LOI PIT READINGS IN CPS 

READ CARDS CONTAINING 
HIGH PIT READINGS IN CPS 

CALCUlA n: RAT I 0 
;IT(LO,opl T)/GIT 

(HIGH PIT) AND 
o ±. 00005 UPPER . 

l:OIER
o 
LIIIITS 

In If' "Tit DUD
TI\I£ = a ANa INellE
~EMT : loa ~ICRDSECo -------
INCREIEMT OEAOTllr 

A"lY CORRECTION TO LOI PIT THEN HI6H 
PIT AEADINGS USING 

CURRo CTS = UNCORI. CTS/(l-oEADTIIE I UNCURR. CTS) 

SUI CORRECTED 
CUUNTS (AREl UNDER 

CURVE) FOR LOI 
AND HIGIt PITS 

GEMERALIZED FLOW CHAAT 
FOR PROGRAI T1QPIT 
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CALCULATE IATIO 
AftEA (LOI PIT )/AREA (HI SH PIT) 

GREATER LESS THAN 

NO 

DERIVE I FACTORS FROM LOI , HISH 
AREAS AND CORRESPONDING BT·S USIH; 

I F~CTOR =6IT/AREA 

IR I TE HUDD 
INFORIUION, 

IRITE DEADY I!' USED 

.IITE CPS, CORRESPONDING 
CORRECTED CPS FOR LOI, 

ItlSH PITS . 
IRITE lOI PIT, HISH PIT 

DERIVED I FACTORS 

PUNCH SUIIARY RECORD 
COMTAININS HEADER INFO .. 

OEAoTI.E. I FACTORS . 

GEIERALIZEO FLO. CHART 
FOR PROGRAM TIOPIT 

TES 

CHANCE INCaEIENT FOR 
DUDTI . BY 1. \ 

1'\ ?L1 f'I~ ?It 
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ABSTRACT 

A typical inexpensive logging program for water 
wells consists of a Normal or single-electrode resis~ 
ti vity, the SP and, sometimes, gamma ray measurements. 
Some of the principles underlying the analysis of these 
logs are reviewed .. The usual loggin g situations are 
classified into three groups and simple interpretation 
procedures are outlined for each. Much useful informa
tion is provided by these records, especially when they . 
are supplemented by the bit penetration rate and other 
data. The logs can solve many common ground-water 
problems. Those, and the ones that they cannot solve, 
je reviewed. 

INTRODUCTION 

Geophysical logging is an accurate and convenient 
way of obtaining many subsurface data that could be 
provided otherwise only by coring or testing. Some of 
the data are read directly from the logs: depth and 
thickness of beds, for example. Others, such as the 
water salinity, can be obtained only by analyzing the 
records. 

There are many geophysical logging tools, but the 
ground-water developer cannot afford the cost of running 
the comprehensive suite of logs used in the oil industry. 
In most cases he has to satisfy himself with a rather 
rudimentary logging program, typically consisting of a 
shallow penetration resistivity, the SP (spontaneous 
potential) and, sometimes, gamma ray. Nevertheless 
much useful information can be extracted from these 
records, especially when they are supplemented by the 
driller's log, cuttings, knowledge of the local geology, 
and some experience. 

The methods commonly used for measuring resis
tivity, SP, and gamma ray have been amply discussed 
elsewhere. Their descriptions are not included here, 
but some of the principles underlying the analysis of the 
results are reviewed when necessary. 

CLASSIFICATION OF FORMATIONS 

The problems encountered in ground-water work are 
many, and geophysical logs can solve, or help solve, 
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only part of them. .c\ log may be a valuable tool in one 
locality but useless in another, because the water may 
occur in a different kind of rock. For log interpretation 
purposes, it has been found convenient to claSSify 
formations among one of the following groups. 

1. Clean granular aquifers - Comprise gravel, sand, 
s ands tone , and carbonate rocks having only 
granular-type poros ity. Silt mus t be added to this 
group provided that its particles are not composed 
of clay minerals. 

2. Clayey granular aquifers - This group includes 
any granular aquifer that is in part composed of 
grains formed by clay minerals, or contains clay 
material within its pore space. 

3. Fractured aquifers - Represented by fractured or 
jointed rocks having little or no granular-type 
porosity . 

4. Complex aquifers, in which the porosity is a type 
different from those specified above; for example, 
carbonates that are both granular and fractured, 
lava and cavernous rocks. 

5. Dense formations, i.e., rocks having so little 
effective porosity that no water could be normally 
obtained from them. Besides some carbonate 
rocks, they include anhydrite, gypsum, salt as 
well as many kinds of igneous and metamorphic 
rocks. 

6. Clay - This group includes all formations, like 
clay and shale, that consist of very fine, surface
active particles. All have very similar properties 
as far as electric and gamma ray logs are con
cemed; they are called clay for the sake of 
simplicity. 

For convenience, especially in gamma ray logging, 
any formation of types 1 to 5 is called "rock". 

Unless specified otherwise it will be assumed that 
all aquifers are reasonably uniform in texture and fully 
saturated with water. 

RESISTIVITY LOG 

Resistivity of Clean Aquifers. - A clean aquifer is 
made up of a non-conductive rock framework, or skeleton, 
and water. Its resistivity is determined by 

1. the resistivity of the water (i. e., the water 
salinity), 

2. the quantity of water that the rock contains (i. e., 
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rock porosity), and 
3. the distribution and continuity of the water within 

the pore space. 

It has been found tha t the resistivity, Rt , of a clean 
.iquifer can therefore be expressed as follows : 

Rt = F x Rw (1) 
where R", is the water resistivity and F a constant that 
represents the effect of the pore space (Archie, 1942). 
This constant , called formation resistivity factor, is 
given by the following formula: 

F = A/Q rtJ ( 2) 

where Q is the effective porosity (fraction of total 
volume), and A and m are non-dimensional numbers that 
represent the effect of porosity distribution and conti
nuity. A and m vary from rock'to rock and their values 
can be accurately determined only from laboratory 
measurements. 

The resistivity of water, R w' decreases when the 
salinity increases. At a given temperature, water resis
tivity is related to the dissolved solids content, in 
parts per million (ppm), by the expression 

Rw = k/ppm (3) 

where k is a factor that is neady constant for a given 
salt when the salinity is low (less than about 3000 ppm 
of dissolved solids). For the usual low salinity waters, 
k averages 6500 at 25 degrees Centigrade. Water resis
tivity decreases somewhat .. ,hen temperature increases 
~ut this effect is small (:: per cent per degree at 25 
degrees Centigrade) and wil'_ be neglected here. Figure 
1 is a chart .representing Formula (3). 

u 
~ 
N ... • 
2 , 

~ ... 
> ... 
'" OJ ... 
II: 

AVERAGE DF NATURAL 

~.' ·""r ""., 
NaMCD, (10000) 

I 
Ca(HCD,lz 1120001 

TOTAL DISSOLVED SOLIDS (PPM) 

Fig. I • Solution r ... istivity vs. total dislolv .. d .olids at 
ZSo C. Figures in parenthesi. are k values. (Alter 
Agriculture Handbook 60, USDA). ., (:. 

Clean Granular Aquifers. - For clean granular rocks 
having a porosity greater than about ten per cent A and 
'11 have the following average values: 
) 

rocks that are little or not cemented: A = 0.62, m = 2.15; 
rocks that are more cemented: A = 1, m = 2. 

Figure 2 illustrate· :'::lationship between forma-
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tion resis tivity factor and porosity, using above sets of 
values. The first set will be used for the numerical 
examples given below. 

Combining Formulas (1), (2), and (3), 
the resistivity of clean granular aquifers: 

and usin g for 

1000 

a: 
~ 400 
() 

~ 
14. 

>- 200 
.... 
> 

0.62 k 
R t = (i) 2. IS ppm 

iii i if i i 'I 

\ 

.... 100 ~----~--------I 
en 
en 
1&.1 
a: 

z 
o 

40 

!;( 20 F . 0.62/~ 2.111 . 
~ 
a: 

~ 10 ~-----+---~----4 

4 

4 10 20 40 100 
POROSITY ('Xo) 

Fig . Z • Approximate formation reliltivity !actor VI. 

porosity for granular aquifers •. 

(4) 

Figure 3 is a chart based on this formula, using for k 
the value 6500. It gives the resistivity of clean granular 
aquifers as a function of their porosities (expressed in 

4000 
R t a PPM X ~ ' . IS 

)~--~--~~~~~~~------~~~~~~~ 
2 5 10 50 

POROSITY, ~ (%) 

FiR_ 1 ... Approximate re.i.tivity at Iranular aquiler. VI. poro.ity (or .evera! 
water ... !initi.l. 
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I per cent of total volume) and fo r a few water salinity 
values. The chart is only approximate when applied to a 
particular aquifer since A, m and k have been assigned 
average values; nevertheless it is accurate in a ' statis-

al manner and acceptable when more exact figures 
are not available, especially when porosity is high; 

The geometry and continuity of the pore space in low 
porosity granular materials is rather irregular and it is 
not poss ible to assign to parameters A and m average or 
approximate values that would be applicable to a given 
rock. Nevertheless Formula (4) or F igure 3 may be used 
to obtain semi-quantitative data. 

It is seen from Figure 3 that, all other factors being 
cons tant. 

1. the higher the poros ity, the lower the aquifer 
resis tivities, 

2. the lower the salinity of thl! wate r, the higher the 
aquife r res istivities. 

The upper cross-hatched area of Figure 3 corre
sponds to clean fresh water aquifers: commonly their 
resistivities are of the order of SO to 1000 ohm-m. 
Brackish and salt water aquifers of good porosity . have 
resistivities which are much less than SO ohm-m. 

Non-granular Aquifers . - The pore space of non-granular 
aquifers is so variable and irregularly distributed that it 
would be illusory ' to seek an expression or establish a 
chart relating resistivity to porosity. All that can be 
said with confidence is that resistivity decreases when 
porosity or water salinity increases, all other factors 
remaining the same. 

!nse Rocks. - Rocks that have no effective porosity 
have extremely high resistivities, usually of the order 
of 100,000 ohm-m and more. 

Clay. - As far as resistivity is concerned, clay can be 
considered as a granular material whose pore space has 
a particular geometry. Hence Formula (2) applies, but 
the parameters A and m have values which probably are 
somewhat different from those previously specified. 
Although no numerical data are available, the resis
tivity of a clay can be estimated from Formula (4) or 
Figure 3. . 

Clays have a high porosity and - the marine clays at 
least -- generally contain brackish water, two facts that 
make their resistivities low: commonly these range frollJ 
2 to 10 ohm-m, i.e., they are lower than the resistivities 
of the fresh water aquifers with which they are assoc
iated. This ran ge is shown by the lower cross-hatching 
in Figure 3. 

Clayey Granular Aquifers. - Clay disseminated within 
the pore space reduces the resistivity of fresh water 
aquifers. Figure 4 gives the resistivity reduction for a 
granular aquifer as a function of its clay content. The 
resistivity of the clay is assumed to be one-tenth that 
of the aquifer water and the double layer effect (Win
sauer & McCardell, 1953), if any, is disregarded. The 
lower curve applies if the clay particles surround the 
ock skeleton, and the upper one if they do not touch it. 

If the clay is randomly distributed the geometric average 
of the two curves probably gives a better account of the 
resistivity reduction. This average is shown by the 
dashed line. It will be observed that when the pore 
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s pace contains 10 per cent of irregularly interspersed 
clay, the aquifer resistivity drops to about 60 per cent 
of the value it would have if clean . The drop would be 
greater if the resistivity contrast between water and 
clay were higher than 10, which is often the case for 
fresh water aquifers. 

90r--r---~~--'--'---'----r-~~~~ 

-~ • 

I-
U 
~ 
0 
1£.1 70 
a:: 

>-
I- 60 > 
I-
en 50 
en 
1£.1 
a:: 40 ._ CLAY j~ESISTIVITY 

EQUAL' ON E -TENTH 
30 

20 
10· 

00 20 40 
Fig. 4 • Reshtivity reduction ve. clay 

content (or a granular aquifer. 
Clay resistivity i. a .. umed to 
be one-tenth o{ water re.iativity. 

80 100 
CONTENT t (%) 

Apparent Resistivity. - Resistivity logging devices 
measure a weighted average resistivity, called apparent 
resistivity, of a certain volume of earth material in the 
vicinity of the logging probe. This zone intercepts a 
portion of the mud column and, frequently, the adjacent 
beds also: the larger the contracts between aquifer 
resistivity (on the one hand) and mud and adjacent bed 
resistivities (on the other), the larger the departure 
between apparent and true values. The departure is . 
small if the aquifers are thick and have high porosities; 
it is therefore of no great consequence if the log is 
used qualitatively, as is generally the case for water 
wells. The departure is large in high resistivity forma
tions, and an aquifer of low porosity may be mistaken 
for dense rock, or conversely, on the strength of the 
resistivity curve, if the latter is used alone. 

When quantitative data are desired, true resistivities 
must be determined. The true resistivity of a bed can be 
obtained provided an appropriate electric log and the re
lated analysis charts are available (Guyod & Pranglin, 
1961). In petroleum producing areas service companies 
run electric logs that are tailored to the needs of the 
petroleum geologist and to the local conditions; from 
these logs certain types of quantitative data can be 
derived. If circumstances do not justify the cost of 
service company logs, or if logging service is not 
available, the water well contractor who desires quanti
tative data must therefore provide his own log. The 
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only equipment which is adequate, practical, and rea
sonably priced is one giving two Normal curves, pre
ferably with 16 and 64 inch electrode spacings. Fairly 
accurate resistivities can be derived from such a log 
.irovided all the followin g conditions are met. 

1. The aquifer resistivity is not too large; this re
quires that the porosity be fairly high and the 
dissolved solids content of the water be not less 
than a bout 100 ppm. 

2. The aquifer is at least 15 ft. thick and reasonably 
uniform in texture; in particular, it should not 
contain clay or dense layers. 

3. The mud invasion is s mall. 

4. The hole diameter is less than 10 inches and the 
mud resistivity greater than a bout 1 ohm-me 

There are many areas where the above conditions 
can be met by aquifers in the depth interval of interest. 

Exam'ples of Resistivity Curves. - Figures 5, 6 and 7 
are artificial electric and gamma ray logs for three types 
of formations . Their appearances are approximately 
those of actual logs for the formations shown, provided 
the hole diameter is less than 10 inches and the bore
hole fluid resistivity greater than one ohm-m. The 
resistivity curves are those that would be obtained with 
a Single-electrode or a short Normal probe; they corres- . 
pond to a weighted average resistivity of the material 
~ontained in a sphere i having a diameter of approximately 
cbree feet. The intervals marked "sand" or "sandstone" 
could represent granular carbonate roc;:ks since these 
rocks have nearly the same resistivities, other factors 
being constant. The beds shown have uniform texture 
and are 10 to 15 ft. thick; their true resistivities are 
indicated to the right of the curv,es. Actual logs have 
a more irregular shape because the curves reflect the 
lack of uniformity commonly exhibited by rocks. No 
scales are shown since apparent resistivities .values 
depend upon many factors such as porosity, water 
salini ty'- mud resistivity, etc. 

The resistivity curves illustrate the following facts. 

1. Fresh water aquifers and dense rocks have much 
higher resistivities than most other formations. 

2. The apparent resistivities of fresh water aquifers 
with low porosity are of the same order as those 
of dense rocks. In practice they can be differen
tiated by reference to the bit penetration rate, 
the character of the cuttings or, sometimes, the 
SP curve. 

3. Aquifers which contain highly saline water have 
resistivities close to that of clay. In practice 
they can be differentiated from clay by using the 
SP or gamma ray curves. 

4. Bed depths and thicknesses can generally be 
accurately determined from the resistivity curve, 
but the size of individual fractures in consoli
dated rock cannot be. 
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In Figure 5 the apparent resistivity of the bottom 
salt water sand is shown to be less than that of the 
adjacent clays; this is frequently the case when there is 
only little invasion by the mud filtrate . The apparent 
resistivity is larger when the invasion is important. 
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Estimating Water Salinity. - Rearranging Formula (4) 
gives the following expression for the salinity of the 
water in a clean granular aquifer: 

0.62 k 
ppm (5) 
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This formula is applicable in practice only if both the 
resistivity and the porosity of the aquifer are known, 
requirements that seriously limit its applicability in 
unknown areas, unless an appropriate suite of logs is 
available. Further, some knowledge of the type of water 
likely to be present is required so that the correct k 
value can be selected; when this is not the case a value 
of 6500, corresponding to average waters, is generally 
used and the formula becomes 

4000 
(6) ppm = rJ 2.15 R 

VI t 

Figure 3, based on the numerical values .. Ilsed in this 
formula, can be employed to obtain or estimate the 
the dissolved solids (slanted lines) in terms of the 
resistivity and porosity of clean water-bearing forma
tions. 

An outstanding example of water quality determination 
from resistivity and other data is the method developed 
by Jones and Buford (1951) for obtaining, not only the 
quantity of dissolved solids, but also approximate 
water analyses for the important water-bearing forma
tions of Louisiana. 

Estimating Aquifer Porosity. - Formula (5) or Figure 3 
can also be used to obtain or estimate porosity if the 
quantity of dissolved solids and the aquifer resistivity 
are known. 

Estimating Permeability. - Quantities CJ, A and mused 
in Formula (2) have no dimension. F and, therefore, 
resistivity are not directly affected by absolute grain 
size, which means that resistivity cannot be directly 
used for determining permeability. In particular, it is 
not possible to distinguish a fine sand from a gravel; 
the discrimination must be made by reference to the 
cuttings or other geologic data. 

Where aquifer permeability may be directly related to 
changes in porosity or clay content, the permeability 
changes are reflected on the aquifer resistivity; this 
permits semi-quantitative determinations of permea-
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bility from empirical data if true resistivities can be 
derived from the log. 

Water Table. - Since air is non-conductive, the resis
tivity of a permeable rock is much greater above the 
water table, where the rock is unsaturated. However 
some of the borehole fluid generally enters the rock, and 
measurements made with probes having a small radius 
of investigation show only a small increase in resis
tivity; the depth of the water table is difficult to pick, 
especially if the lOck is not of uniform texture. 

The best resistivity logging device for determining 
the depth of the water table is the Guard tool because it 
has a deep lateral investigation and gives great vertical 
detail . A combination of two Normal devices , a long one 
and a short one, can als o be used, but the depth deter
mination is somewhat less accurate. 

Princ ipa l Uses of Res is tivity Data. - To a water we ll 
driller the mos t tangible benefits that can be derived 
from a log are those obtained from a mere ins pection of 
the record. In this respect, the resistivity curve, even 
that recorded by the least expensive equipment, is the 
most rewarding. By glancing at it he can determine the 
depth and thickness of almost every bed, except the 
thinnest ones. By supplementing it with his own drill
ing observations or local experienc;:e, he can tell what 
most, if not all, of these beds are; this will permit him 
to formulate an optimum screen setting program. If he 
has to venture into the brackish water zone, he finds 
the decrease in resistivity -- although not unequivocal 
-- a welcome safeguard; if the bit penetration rate re
mained essentially the same for all the aquifers logged, 
he can assume that their porosities are of the same 
order and therefore interpret a decrease in apparent 
resistivity as an indication of a salinity increase. Fig
ure 8 (Rose et aI., 1944) is a case in point. It represents 
the lower portions of the electric logs of two water 
wells which have penetrated a sequence of clays and 
clean unconsolidated sands having porosities of the 
same order. Above 1375 ft. the sand apparent resis
tivities are nearly the same, but below that point they 
decrease with depth. This decrease can be interpreted 
as an increase in the water salinity. Incidentally, the 
bottom sands were plugged below 1375 ft. and the upper 
ones are producing waters averaging 500 parts per 
million of dissolved solids. 

Conversely, when it is known that the quality of the 
water remains nearly the same for all the aquifers pene
trated, changes in resistivity can generally be inter
preted as being caused by changes in porosity, or by a 
clayey condition. The simultaneous use of the SP or 
gamma ray curve will generally permit determining which 
of these two situations ·exists. 

These are the major applications of the resistivity 
log. A few more are described in the section titled 
<t Applica bili ty of Geophysical Logs to Specific Prob
lems. " 

In practice, log interpretations are not made with the 
resistivity curve alone; the SP and all other available 
data are analyzed simultaneously with resistivity. 
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Empty Holes. - Good resistivity curves can be obtained 
in uncased empty holes provided a probe making good 
contact against the bore wall is employed. Because the 
borehole effects are greatly minimized, there is usually 
tess departure between true and apparent resistivities. 
An example of an electric log made in lilt empty hole is 
given in Figure 9, left; the log to the right was obtained 
after the hole was filled with a thin drilling mud. 
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Fig. 9 • Comparison of electric logs made in an empty hole and.in 
the same hole containing mud (Hot Springs, South Dakota). 

Cased Holes. - Resistivity measurements made in 
cased holes are not related to the formation. Steel be
ing an excellent conductor, the resistivity obtained in 
a steel casing that is not too old is extremely low; its 
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only usefulness is to permit determining th e casin 
depth . Old steel casings are corroded; the resulting iro 
oxide is non-conductive and the resistivity changes re 
sistivity changes reflect primarily the degree of corre 
s ion . The data can sometimes be used to obtain sam' 
information on the condition of the casing, but thl 
interpretation is difficult and usually problema tical 
Examples of resistivity curves made in cased holes art 
given in an article by Bays (1949); the increases iI 
resistivity in little-corroded casings, and the decrease~ 
in heavily corroded casings, were interpreted as bein€ 
due to holes. 

Resistivity measurements made in undamaged plastic 
casin gs are rela ted to the resistivity of the fluid con. 
tained in the pipe . Large holes in casings cause locai 
resistivity decre ases. 

Res is tivity Measuring Tools. - The majority of thE 
resistivity logs recorded in water wells are obtained 
with a single electrode or a short Normal device; they 
give good qualitative data and sometimes semi-quantita
tive information. Long Normals and Laterals are occas
ionally used, especially when the electric logs are run 
by commercial logging companies. Other resistivity 
measuring devices are also available; each of the three 
mentioned below logs a particular volume of formation. 

The Guard electrode measures the resistivity of a 
thin horizontal disk-shaped zone six to twelve inches 
high having a diameter of six feet, or more (Owen & 
Greer, 1951; Guyod, 1964b). The log gives good vertical 
detail and is valuable in very broken formations; it is 
the best log for accurately determining the depth of the 
water table. . 

The Microlog measures the resistivity of a few cubic 
inches of the formation situated immediately behind the 
bore wall (0011, 1950). It gives still more vertical de
tail than the Guard log and, in granular rocks, the data 
can frequently be interpreted in terms of porosity . 

The Induction tool (0011, 1949) makes a measurement 
which corresponds to a four foot vertical interval; it is 
little affected by the mud column and the invaded zone. 
It is an excellent tool for conductive formations, but its 
efficiency decreases when formation resistivities in
crease; for this reason the induction log does not permit 
quantitative determinations in fresh water aquifers, 
especially in those of low porosity. 

These three tools are complicated and expensive 
they are generally operated only by commercial logging 
companies. 

SPONTANEOUS POTENTIAL LOG 

The spontaneous potential curve, usually called SP, 
is a record of the natural potentials which occur in a 
borehole (Anonymous, 1958a). When the formation con
tains clay beds, it is generally observed that these beds 
have approximately the same potential; on the SP curve 
this potential defines an almost straight, vertical line, 
called the clay (or shale) base line, from which the SP 
deflections in the other beds are measured. 
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These natural potentials are primarily caused by 
electrochemical reactions taking place between mud, 
formation waters and clay. Unless specified otherwise 
it will be assumed that there are no other sources of 

entia1. 

Clean Granular Aquifers Interbedded With Clay Forma 
tions. - If the waters in the aquifers are much more saline 
than the drilling mud, the SP generally is more negative 
in the aquifers than in the adjacent clays, and if the 
waters are much less saline than the mud the SP gener
ally is more positive in the aquifers than in the adjacent 
clays. In these extreme cases the electrochemical 
potential, (SP)c, expressed in millivolts , is approxi
mately given by the following formula: 

Rm ( 
(SP)c = - K x loglo -

. Rw 
(7) 

R...; is the formation water resistivity, Rm f the resis
tivity of the mud filtrate, and K a factor which is gene
rally taken equal to 71 at shallow depths. Conversely, 
an approximate value of the formation water resistivity 
can be obtained from the SP curve and the application of 
above formula. 

Because it is possible to closely estimate salinities 
from water resistivities -- especially if the type of 
water is known -- the SP seems to be a very significant 
tool in ground-water investigations. However, it has 
proved to be a great disappointment in this respect. 
The main reason is that Formula (7) is an approx
imation which is permissible only if there is an ex-

]I1ely large difference in salinity between formation 
.. dter and mud. In water well practice it is generally 
applicable only when the formation waters. are brackish 
or salty. It breaks down when these waters contain less 
than about 15,000 ppm of dissolved solids, and another 
expression has to be considered instead. This expres
sion is based on the activities of the formation water 
and borehole fluid and it is rather complicated (Wyllie, 
1949; Patten & Bennett, 1963). For low salinity solu
tions whose metal ions are sodium, calcium and magnes
ium this expression reduces to the following formula 
(Gondouin et a1., 1957): 

The numerator of the fraction refers to the formation 
water, and the denominator to the mud filtrate. The a's 
denote the activities due to the ions specified by the 
subscripts. The portion of the activity due to a particu
lar ion is approximately proportional to the ion concen
tration, but the coefficient of proportionality may vary 
greatly with the type of ion, even if the valences are 
taken into account. This can be seen for example, in 
the chart of Figure 10 which gives effective activities 
as a function of salinity for the three ions considered. 

) far as the SP value is concerned, a solution contain
-",k only 100 ppm of the divalent ions is equivalent to a 
solution having 1000 ppm of the sodium ion, but their 
resistivities are in a ratio of 10 to 1. Evidently this 
bars the application of Formula (7) to salinity deter-
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minations. Formula (8) should be us ed, but this is not 
possible in practice because all that the field measure
ments can give is the quantity (aNa -I- ~ a Ca -I- aMg iw 
from which salinity cannot be derived unless the activi
ties are known, i. e., unless an analys is of the water is 
available. The same conclusions are reached regardless 
of the ion types and concentrations. An empirical chart 
for estimating water resistivities has been developed by 
Gondouin. et a1. (1957), but it is applicable only when 
the dissolved solids total less ·than 3000 ppm. 

0. 1 

~ 0.01 .. 
0 

co 
Z 

C 

0.001'--_"""-___ .... _____ --L _____ --I 

10 100 1000 10000 

Fig. 10 - Activity due to sodium, calcium and magnesium Ions, v e. 
concentration. 

The only possibility of using the SP data for quanti
tative salinity determinations in fresh water bearing 
formations would be to establish beforehand empirical 
data for the waters of an area and use an appropriate 
chart or formula. This is baSically what Jones and 
Buford (1951) did with resistivity. Unfortunately the 
difficulties are considerably more numerous with the 
SP as will be understood from the following comments. 

1. The numerical value of the K factor in Formula 
(7) can be accurately evaluated only when the 
clay formation bounding the aquifer is a perfect 
cationic permeable membrane. Actual K values 
can be determined only from the laboratory asure
ments. 

2. The chemical composition of the borehole fluid 
must be taken into account. 

3. A streaming potential is usually superimposed on 
the electrochemical potential (Gondouin & Scala, 
1958). Although the former is very small at 
shallow depths, its relative value may not be 
negligible in deep water wells where the SP 
amplitude is low, and it is difficult to ascertain 
this fact. 

4. Even if there is no streaming potential, the 
measured SP is only a portion of the total electro· 
chemical potential, (SP)." developed in the 
ground. The reduction, SP/ (SP)c, is a function of 
several factors, in particular the aquifer resis. 
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tivity and thickness (Guyod, 1964a). A correction 
can be made (Wo rthington & Meldau, 1958), but 
thi s is diffi cult in practice. Note that the depart
ure of SP from (SP)c is ana logous to that between 
apparent and true re sistivities. 

The unpredictable behavior of the SP can be demon
strated from the logs of Figure 8 (Rose et aI., 1944) . 
The dis tance between wa lls 1 and 2 is only 160 ft. and 
the formation is nearly horizontal. The resistivity 
curves correlate well, which permits following each main 
sand from one well to the other. The dashed lines 
represent the "clay base line", i. e., the line on which 
the SP falls in the thick clay intervals. The SP ampli
tude in sands is measured wi th reference to this base 
line. It is seen that the SP is negative in all sands of 
well I, and that the amplitude is nearly uniform above 
1375 ft . . In Well 2 the SP is -either negative, positive 
or nil in the sands of the same interval; if we should 
use Formula (7) to evaluate salinities we could only 
conclude that the water resistivities vary rather widely 
with depth in well 2 and that they are nearly constant 
in well 1. Considering the short distance between the 
two wells it is illogical to think, that, for any given 
sand, the water in well 2 is different from that in well 
1. Nevertheless, that is the inevitable conclusion that 
would Qe reached for certain sands from the application 
of Formula (7). 

The seemingly anomalous SP curve of well 2 can be 
explained from the mud resistivity values, 10 and 1.3 
ohm-m in wells 1 and 2, respect i vely, and the qualitative 

)application of Formula (8). The mud of well 2 possibly 
contained one or several types of ions either absent in 
the mud or well 1, or present in different relative con
centrations. 

While the SP curve should not be applied to quanti
tative determinations of the salinity of fresh waters, 
except with proper restraint, it is permissible to use it 
qualitatively according to the following rules of thumb. 

1. Aquifers that exhibit a positive SP almost invar
iably carry waters of low salinity provided the 
borehole fluid has a resistivity greater than about 
50hm-m. 

2. In the intervals where the SP amplitude in the 
thick aquifers remains nearly constant with depth, 
all the formation waters have about the same 
salinity. This is indicated on the log of well 1 of 
Figure 8, above a depth of 1375 ft. 

3. If the SP of the aquifers penetrated by a borehole 
becomes more and more negative with depth, the 
salinity of the aquifers probably increases with 
depth. If, simultaneously, the aquifer resisti vities 
decrease with depth, the evidence is considerably 
stronger. This situation is shown in the lower 
portions of the logs of Figure 8: above a depth of 
1375 ft. the water salinities average about 500 
parts per million, and below that depth over 1000. 

4. Aquifers that exhibit a fairly large negative SP 
generally carry waters that are much more saline 
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than where .the SP has a low amp litude or i 
positive. 

5. Erratic changes in SP polarity, provided that th 
SP amplitude remains small (less than 25 mv) 
may or may not correspond to si gnificant change: 
in water salinity. A.n example is s hown on the 10 
of well 2 of Figure 8 above a depth of 1375 ft 
all the aquifer wa ters are known to have approxi 
mately the same salinity, nevertheless there arl 
several SP polarity reversals. 

An artificial SP curve for unconsolidated granula 
aquifers situated in clay is shown to the left of Fi gurE 
5. 
Granular Aquifers Interbedded With Clay and DenSE 
Beds. - In this type of formation both the shape anc 
amplitude of the SP are different from those obtained in 
granular aquifers. The curve is usually distorted anc 
difficult to use alone; even bed boundaries cannot be 
picked with certainty. A. good review of the subject is 
given by Doll (1948). Figure 6 illustrates this situation 
for some fresh water aquifers; in practice the curve may 
be still more confusing when there are reversals in the 
SP polarity. 

Clayey Aquifers. - Clay or similar materials dissemi
nated within the pore space of an aquifer reduces the 
aquifer SP. ApprOximate corrections can be made for 
granular formations (de Witte, 1955; Pirson, 1957), but 
the procedure is involved and the accuracy uncertain. 

Aquifers and Dense Rocks Not Interbedded With Clay 
Formations. - When there are no clay beds associated 
with an aquifer, the electrochemical potential discussed 
above practically vanishes and, if there are no other 
sources of potential, the SP curve is nearly a straight 
vertical line, as shown in Figure 7. Many logs exhibit 
this pattern, but others display some deflections, which 
signifies that there are other sources of potential. 
Figure 11 illustrates some of these remarks: the logwas 
obtained in a well drilled by cable tool in a formation 
consisting of dolomite and sandstone. No clay beds are 
known to occur in the formation penetrated by this 
well. The changes in resistivity are due primarily to 
changes in porosity: the highest resistivities correspond 
to dense dolomite and the lowest ones to the most 
porous intervals of the section. The porosity of the 
dolomite is due primarily to fractures or solution chan
nels (Schreurs, 1964). The SP curve is a straight line, 
except near 300 and 410 ft. where there are positive 
deflections of 52 and 15 mv. respectively. Considering 
their polarity, it is unlikely that these deflections are 
caused by streaming potentials; they could be due to 
some clay layers, but too thin to have been noticed by 
the driller. 

Peculiar SP Curves. - Actual SP curves do not always 
conform to the patterns illustrated in Figures 5, 6 and 
7. The most notable exceptions are described and ex
plained below. 

1. Drift in the clay base line - Commonly the clay 
base Iin~ is essentially straight and vertical , 
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especially below a few hundred feet, as illustra
ted by the logs of Figure 8. But in certain wells 
at shallo'w depths the SP curve gradually wanders, 
either as a whole or only in the clay intervals, 
and generally to the left as the depth decreases. 
No satisfactory explanation has been offered for 
this phenomenon which appears to be more pre
valent in arid areas. 

2. Shift in the clay base line - This is frequently 
observed when there is a rather fast change in the 
salinity of formation waters. An example is given 
in Figure 12 Oones, 1965). A shift can also be 
caused by a change in the nature of the clay 
(Doll, 1948). 

3. Unstable SP - This is observed in the upper part 
of holes in which there is an appreciable move
ment of water, as in artesian wells or above 
thieving zones: . the signal changes constantly 
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Fig. 12 - Portion of electric log showing shift of SP shale base line 
through a .water sand containing fresh water at top and s.lt water at 
bottom (Oakdale, Louleiana). 

even if the logging electrode is kept stationary. 
This condition is due to an unstable electrode 
potential caused by' the water flow. The insta
bility disappears below the zone of water move
ment. 

4. Polarity reversals - Numerous polarity reversals 
in the aquifers of a given well are sometimes 
noted even though the waters have salinities of 
the same order. These reversals are usually ' due 
to changes in the type of ions or in the quantities 
of some of the ions. An example is found in the 
log to the right of Fi gure 8 above a depth of 
1375 ft. 

Estimating Porosity and Permeabi Iity. - Although the 
presence of permeable rocks havin g intergranular poro
sity, and situated between clay beds, can generally be 
inferred from the shape of the SP curve, Formulas (7) 
and (8) show that neither the curve shape nor the am
plitude provides a basis for direct calculations of por!> 
sHy or permeabili ty. 

When the changes in the permeability of a rock are 
caused by the presence of some clay material within 
the pore space, they can be quantitatively estimated 
from the resulting changes in SP amplitude by using 
empirical data. Obviously the method is applicable only 
if there are no changes in water composi tion wi thin the 
formation of interest. 

It has been proposed to estimate permeability from 
streaming potential measurements made under several 
well-head pressures in wells where the face of the 
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object formation is free of mud cake (Gillingham, 1937), 
for example intake wells in water- flooding operations. 
The concensus now is that the results simple indicate 
whether a formation is permeable or impervious. 

Effect of Porosity. - A. lthough the electrochemical 
potential, (SP) e ' is not influenc ed by porosity, the am
plitude of the SP curve is indirectly affected by porosity 
chan ges. In fact, a decrease in porosity increases the 
rock resistivity, and th is in tum reduces the SP ampli
tude as was previously pointed ou t. In particul ar, dense 
beds situated in clay exhibit no measurable SP deflec
tions. 

Principal Us es of SP curve in Water We ll s. - The SP 
curve is at its bes t in formations comprising clay and 
granular aquifers, especially below a few hundred feet. 
For interpretation purposes the SP is always analyzed 
simultaneously with the resistivity curve and all other 
available data. 

Where formation waters are much more saline than 
the drilling mud, the SP is generally more negative in 
aquifers than in the adjacent clays; this permits using 
the curve for formation identification, correlation pur
poses, and for determining the depth and thickness of 
certain beds. 

Supplemented by a resistivity curve, the SP indicates 
where the formation water changes from fresh to brack
ish. 

The SP is generally meaningless when there are no 
\clay formations in the sequence of beds penetrated by • 
the well of interest. 

Empty Holes. - A repeatable SP curve can be obtained 
in uncased empty holes provided the measuring elect
trode is nonmetallic and makes a rolling contact against 
the bore wall. The SP shape is generally different from 
that which would be obtained if the hole contained 
water or mud. An example is given in Figure 9. 

Cased Holes. - An SP curve recorded in a steel casing 
is related primarily to the corrosion at the time the 
measurements are made. In theory the data can be used 
to obtain information on the condition of the casing but 
their interpretation is difficult and usually problemat
ical. 

The SP curve in a plastic casing is practically a 
straight vertical line. 

GAMMA RAY LOG 

The only borehole geophysical methods giving 
dependable data on the formations situated behind 
casing are those based on radiation measurements. They 
can be used also in open holes, with the added advant
age that the measurements are not much affected by the 
nature of the borehole fluid. 

There are two basic radiation logging methods: gamma 
ray and neutron. Gamma ray logging equipment is fairly 
simple, not too expensive, and valuable in ground-water 
investigations. Neutron logging equipment will not be 
discussed here. 

" 

Radioactivity of Clay and Rocks. - The a toms of a few 
naturally occurring elements spontaneously disinte
grate. This disintegration is slow but continuous, and 
it is accompanied by the production of radiation: alpha 
rays , beta rays and gamma rays. Alpha rays and beta 
rays are stopped after traveling less than one inch 
through matter, bu t gamma rays can go through two feet 
of wate r, more than six. inches of common formations, or 
s topped. Ail geologic formations contain some radio
active isotopes of the following elements - - generally 
potassiu~ , thorium, and/or uranium - in varying 
amounts; this property makes gamma ray meas urements 
valuable for formation logging. 

It is convenient in gamma ray logging to classify 
sedimentary formations into two groups only: clay, and 
rock. The latter will be called urock". Although there 
is no hard and fast rule regarding the amount of radio
activity that a given formation may have, rocks as a 
whole are less radioactive than clay, regardless of 
porosity and fluids contained, but a few rocks have a 
radioactivity which is sometimes of the same order as 
that of clay or clayey aquifers. 

The gamma ray intensity of clay also varies from 
area to area. In the Tertiary deposits and more recent 
formations, such as those found in the Gulf Coast and 
in California, it is of the order of 5 microroentgens per 
hour; it is about twice as great for older clays. Some 
organic marine clays have a much higher intensity than 
the other clays of the same area; they are relatively 
thin and not too frequently found in water wells. When 
{resent, they make excellent geologic markers on the 
gamma ray log. 

The rocks that have a very low radioactivity when 
they are free of clay material comprise the quartzi
ferous · sands and sandstones, limestone, dolomite, 
anhydrite, gypsum, salt, most lignites and most coals. 
Those having a higher radioactivity, although generally 
less than that of clay, include the arkose and felds
pathic sands and sandstones, as well as a few volcanic 
and igneous rocks. 

Potash and rocks containing radioactive ores have 
activities several times greater than clay. 

A short but interesting discussion of the gamma ray 
activity of common sediments has been given by Patten 
and Bennett (1963). 

Exam-p/es of Gamma Ray Curve. - Gamma ray curves 
are shown to the right of Figures 5, 6 and 7. In these 
examples only the clay is assumed to be radi c:ecti vee 

Interpretation of Gamma Ray Curve. - The interpretation 
of a gamma ray · curve in water wells is based on the 
follOWing observations. 

1. In a given area, only the re lative intensHy mea
sured for the various formations is of signifi
cance. 

2. Formations exhibiting a low gamma ray intensity 
. are clean sands, gravels, sandstones, limestones, 
dolomite, anhydrite, sale, lignite or coal. A low 
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gamma ray reading may indicate aver y porous 
and permeable aquifer or i t may indicate an 
impervious rock. Geological information is needed 
to remove the ambi guity. 

3. If it is known that the rocks in the area d. {nter
est have only a very low radioactivity, all the 
intervals of the log exhibiting a high gamma ray 
intensity are probably clay. The intervals of 
intermediate intensity correspond to rocks -
generally aquifers - - containing some clay 
material; the clay content can be assumed to 
increase nearly in proportion with the gamma ray 
intensity. 

4. If nothing is known on the radioactivity of the 
rocks of the area, it is not possible to interpret 
the intervals of the log that exhibit a high or 
intermediate ~amma ray intensity. Some of the 
resulting ambiguity can be rem ored if an electric 
log or local experience is available. 

5. The gamma ray curve should always be correlated 
with a lithologic log and all other data available. 

A few exceptions to above rules of thumb are nofed 
below. 

Interpretation Difficulties. - When water, instead of a 
properly conditioned mud, is used for drilling, clay and 
other cuttings settle and may increase the gamma ray 
amplitude in the bottom five to ten feet of the hole. 

T hick drilling mud may have been left behind the 
casing, or there may be some clay material on the face 
of certain non-radioactive rocks. The increase in gamma 
ray intensity at these levels make them appear on the 
log as sandy clays or clayey sands. 

In gravel packed wells the gravel stops an important 
amount of the gamma rays that would normally reach the 
detector, thus reducing the gamma ray amplitude. 

If the material selected for gravel packing is radio
active, for example if certain volcanic or granitic rocks 
are used, the gamma ray log deflection show primarily 
the presence and thickness of this material. 

All the potential difficulties listed above illustrate 
the importance of securing as much information as 
possible on the well condition . and on the formation 
traversed. 

Because radioactive disintegration is statistical in 
nature (Russell, 1941), special circuits must be used in 
gamma ray logging to smooth out the signals received. 
This, in tum, introduces some distortion in the shape 
and amplitude of the gamma ray curve (Kokesh, 1951). 
These effects are not important if proper precautions 
are taken when the measurements are made; they are 
~itted in the logs of Figures 5, 6 and 7. 

Principal Uses of Gamma Ray Curve. 

1. The main application of the gamma ray curve is 
in cased wells for which only insufficient or 
unreliable data are available. Water wells that do 
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not produce enough water, or that produce a water 
th at is unfit for its intended use, generally can be 
rehabilitated after the presence of other aquifers 
is de termined from the gamma ray measurements. 

2. The gamm a ray curve is also useful for the log
ging of open holes when an el ectric log would not 
be up to standards (brackish or salty borehole 
fluid , large hole siz e) or could not be run be
cause of lack of an appropriate I probe (empty 
holes) . 

3. The depths and thicknesses clay and non-clay 
beds can be obtained from the gamma ray curve, 
but the accuracy in measuring the thicknesses of 
those less than two feet thick is generally poor. 

4. The gamma ray data are valuable as a supplement 
to the electric log, in particular to help identify 
clay layers and fXlrous zones in dense rocks. 

5. The gamma ray data sometimes permit estimating 
the permeability reduction in a rock due to the 
presence of clay in the pore space. 

MISCELLANEOUS FACTORS AFFECT1NG THE LOG 
RESPONSES 

Resistivity and gamma ray measurements are averages 
taken over a certain volume of material about the probe. 
Changes within this volume are reflected in the shape 
and amplitude of the curves. The SP curve is affected in 
a somewhat similar manner. The resulting effects are 
reviewed below. 

Borehole Effects. - Inasmuch as the logging probe is 
is placed in the mud column, borehole fluid and hole 
size usually affect the measurements. 

An increase in the mud conductivity decreases the 
apparent resistivities recorded in fresh water aquifers 
and in dense formations. It also changes the SP, gener
ally making it less negative (or more positive) in all 
aqUifers. The gamma ray curve is not affected. 

An increase in hole size decreases the apparent 
resistivity of fresh water aquifers and of dense forma
tions. It also decreases the changes in the SP ampli
tude. It has little effect on the gamma ray curve and can 
be ignored in water well work. 

The borehole effects are not important - - especially 
in soft formations - - when the hole diameter is less 
than 8 inches and the mud resistivity greater than about 
one ohm-m. 

Bed Boundary Effect. - A sharp formation change, for 
example from a clay to a fresh water aquifer, does not 
result in sharp changes in the curves of a log; the 
curves are rounded and, for the electric log, the round
ing is particularly important when the hole is large or 
the mud brackish. 

Thin Bed Effect. - The curve amplitudes are reduced 
when the thickness of the bed of interest decreases, all 
other factors being constant. This is illustrated in 
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Figure 13 which represents single-electrode resisti vity 
curves for a number of thin beds. The effect co the SP 
and gamma ray curves is very similar. 

20 FT 

5 FT 

2 FT 

1FT 

AQUIFERS 
IN CLAY 

/':: /j 

CLAY BEDS 
IN AQUIFER 

Fi". 13 - Artificial single - electrode resistivity curves for forma
tions containing thin beds . Aquifer waters have low salinities. 

APPLICABILITY OF GEOPHYSICAL LOGS TO 

SPECIFIC · PROBLEMS 

Electric and gamma ray logs solve or help solve 
some of the most important problems found in ground
water investigations. A few of these problems are 
listed below and the degree of applicability of these 
logs, as well as that of other types of physical or 
geophysical measurements, is briefly and broadly 
stated, without qualification. It is assumed that other 
data that are normally available in ground-water work 
are at hand and utilized: this is an essential requirement 
for a successful application and interpretation of the 
measurements. These. data include bit renetration rate, 
formation cuttings and I or local geology. 

No method, or group of methods, can solve a given 
problem in every case; there is a matter of degree, and 
there are unusual conditions. The statements made· be
low should therefore be understood as applicable to the 
most common situations. 

Unless specified otherwise, it will be assumed that 
the measurements are made in uncased holes. 

13 

Occurence of Water. - The presence of aquifers can bl 
inferred from electric log data, sometimes supplemente, 
by the gamma ray curve . The depths and thickn esses 0 

these beds can also be determined from the logs. 

In cased holes, the gamma ray log delineates prima 
rily the intervals containing clay. Which of th e othe 
intervals contain aquifers has to be determined fron 
other data. 

The best logging tool for cased holes is a radiatiol 
log com}Xising neutron and gamma ray curves (Charrin 8 
Russell, 1952). 

Qual ity of Water. - The resistivity curve , preferabl~ 
s upplemented by the SP, shows where the water salinitJ 
appreciably increases . 

Quantitative s alinity determinations are pos siblf 
only when aquifer res is tivity, aquifer porosity, and typE 
of water likely to be present are known. 

No information can be obtained from geophysical log! 
on the following topics: sulphur water, any particulal 
ions, bacteria, algea. 

Quantity of Water, Porosity. - The quantity of water in 
an aquifer is proportional to net thickness and porosity. 

The thickness of a granular aquifer can be accurate
ly determined from the electric log. The log gives alse 
the approximate thickness of thin impervious layers 
within the aquifer. 

The thickness of a granular aquifer and of clay 
streaks can also be determined from the gamma ray 
curve when there are no dense rocks; however, the 
accuracy is not as good as that obtained from the 
electric log. 

The effecti ve thickness of non-granular aquifers 
cannot be evaluated from logs. The approximate thick
ness of a fractured interval can be estimated from the 
resistivity curve, from acoustic attenuation measure
ments (Walker, 1962), and sometimes from a caliper log 
(Jones, 1961). 

Porosity can be obtained from several types of logs. 
Electric log, Microlog (Doll, 1950), and Microlaterolog 
(0011, 1953) give effective porosity in granular rocks. 
Neutron (Bush & Mardock, 1951), gamma-gamma (Pickell 
& Heacock, 1960), and acoustic velocity (Berry, 1959) 
give total porosity. However, the latter log does not see 
vugs unless they are several inches in size. 

Yield, Permeability. - No data on the possible yield of 
an aquifer can be directly obtained from· geophysical 
logs described here. However, Flowmeter and Tracer 
techniques while pumping or injecting can locate 
sources of water and give approximate amounts. 

There are no logging tools giving permeability data 
directly. In particular it is not possible to distinguish a 
fine sand from acoacse gravel with an electric log 
alone. When permeability is related to porosity and 
almost only to porosity, it can be estimated from an 
appropriate log supplemented by empirical data. If the 

Sec. 8, p 12 of 15 



permeabi lity is determined by the cl ay content in the 
aquifer, it can be estimated from resistivity, SP, or 
gamma ray, supplemented by empirical data. 

Thin impervious layers that could reduce the verti
'- . permeability of an aquifer can be delineated' from 
electric logs and, if they are clay, from gamma ray. 

Bed !dentHkctiori. - There is no geophysical log that 
gives the mineralogical composition of a formation, al
though the presence of some of the elements can be 
detected by using a rather involved radiation spectral 
method (Hoyer, 1961). In known areas the nature of most 
beds can be inferred from the electric log and, s ome
times, from the gamma ray log. 

Screen Setting Program. - The electric and gamma logs 
give the depth and thickness of most fresh water granu
lar aquifers; thus they permit pIa'cing screens exactly 
opposite these aquifers, and blank casing sections 
opposite the undesirable intervals. 

Water Table. - If there are no wide porosity chan ges in 
the interval of interest, a resistivity measurement hav
ing sufficient lateral penetration will generally show 
the water table. Single-electrode and Normal devices 
generally do not give dependable information. 

Movement of Water. - A fluid velocity meter has been 
developed by the U. S. Geological Survey for observing 
the movement of water in cased holes when the water is. 
clean. Quantative data can also be obtained with this 
tool for a certain' range of velocity. This instrument, as 

as other borehole flow measurement devices, is 
rt: (lewed in a paper by Patten and Bennett (1962). 

Probes measuring the conductivity or the temperature 
of the bore fluid are also used for studying the movement 
of water (Jones, 1961). 

Correlation, Mapping, - Practically all geophysical logs 
can be used Cor correlation and subsurface mapping 
purposes. However the SP is not dependable at shallow 
depths because of the unpredictable polarity reversals 
that may occur. 

Casing Condition and Casing Depth. - An electric log 
made in a steel casing exhibits large change~ in resis
tivity and potential which are primarily related to cor
rosion. Holes can sometimes be detected from the 
record, but the interpretation of the log is difficult and 
problematical. 

The depth of a steel casing that is not too badly 
corroded can be determined from the resistivity curve 
The SP generally can be used regardless of the casing 
condition. 

Location of Junk Lost in Hole. - The presence and 
depth of lost casing sections and large size steel junk 
can be found frequently from the electric log provided 
", ,t they have not been shoved away from the hole 

l ddick, 1950; Johnson, 1963). 

BRIEF QUALITATIVE INTERPRETATION GUIDE 

The following procedure outlines briefly a sequence 
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of steps that is suggested for locating aquifers and, 
sometimes, noting large changes in water salinity. It is 
based on the simultaneous use of an electric log, the 
bit penetration rate and, if possible, the gamma ray log 
(WIDCO, 1963), Needless to say, all other available 
data should also be used in order to confirm or refine 
the log interpretation. 

Procedure in Open Holes. 

1. Determine which of the three following situations 
is anticipated: 

A. Granular aquifers in day formation, no dense 
rocks. 

8 . Any combination of rocks and clay. 
C. Any combination of rocks, but no clay, 

Figures 5, 6 and 7' correspond to these three situa
tions, respectively. Only fresh water aquifers are shown 
in Figures 6 and 7; brackish and salt water bearing 
formations would exhibit lower resistivities and, in 
Figure 6, the aquifer SP's would be more negative than 
shown. 

2. If it is known that formation waters are fresh, the 
problem reduces to finding permeable rocks. For situa
tion A these lOcks are represented by the high resis
tivity intervals. For situation 8 the aquifers are found 
by selecting the medium high resistivity intervals for 
which the bit penetration is medium to fast. For situa
tion C the aquifers are the intervals of relatively low 
resistivity; they should correspond to medium to fast 
penetration rates. 

If it is known that there is s'ome brackish water in 
the interval of interest, or that there is a possibility 
that such water may be present, the problem of finding 
the aquifers is handled exactly as in the preceding 
paragraph, but the qualitative estimation of the water 
salinity requires a careful study of resistivity and 
SP. When in doubt, and to remain on the safe side, the 
following recommendation is made: H, below a certain 
depth, the resistivity of the aquHe"rs decreases appre
ciably and the SP simultaneously becomes decidedly 
more negative, the corresponding zone should be con
sidered as containing water of inferior quality. 

3. Once the acceptable aquifers are found, determine 
their depths and thicknesses from Figure 5 for situation 
(A), or estimate them from Figures 6 and 7 for situations 
(8) and (C), respectively. 

Note the apparent paradox that, for situation A, the 
aquifers are represented by the high resistivity inter
vals while, for situation C, they correspond to the 
intervals of relatively low resistivity. 

Procedure in Cased Wells. - The problem is consider
ably more difficult because the electric log cannot be 
used. Generally the only sources of information are the 
gamma ray log, local experience, and local geology. The 
gamma ray log is interpreted as follows: 

Situation A - All the intervals exhibiting a very low 
gamma ray intensity are aquIfers. The intervals exhibit-
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ing some intermediate gamma ray intensity may be 
clayey, arkose, or feldspar aquifers. 

Situation B - The aquifers are among the intervals of 
lowest gamma ray intensity, but it is not possible from 
,he log alone to determine which intervals are ,permea
ble. 

Situation C - If the gamma ray is essentially flat 
with low intensities, it is valueiess . if there are ChCIDo 

ges in amplitude, the higher intensities probably indi
cate arkose aquifers, feldspar aquifers, or other radio
active rocks; geology is needed to determine which 
format ion intervals may be aquifers. 

In no case is it possible to derive any information on 
the quality of the water fr om the gamma ray da ta. 

Miscellaneous Remarks Applicable to Open Holes . - The 
procedure outlined above should permit the handlin g of 
most conditions. But every once in a while one will not 
conform , and the following comments may prove useful . 

If the measured resistivity and/or SP of a given 
aquifer remains essentially the same between two 
neighboring wells, the aquifer characteristics do not 
change appreciable between the wells. 

A. decrease in resistivity in an aquifer, with a de
crease in SP amplitude (compared to the clay SP), may 
indicate an increase in clay content. 

A deo:ease in resistivity in an aquifer, accompanied 
by an increase in negative SP, may indicate an in
~rease in water salinity. ' 
} 

Occasionally the SP curve for situation A or B will 
be essentially flat. It can be given more character by 
adding about one pound of salt per barrel of mud and 
Circulating a few times to homogenize the fluid. The 
SP measured in the salty mud generally develops 
positive deflections in the aquifers, and the aquifer 
resistivities are reduced. 

Out of the three geophysical measurements reviewed 
in this article, resistivity generally is the most depend
able if the mud is fresh. If the information given by the 
three curves is conflicting, more weight should prefer
ably be given resistivity than the others, and more 
weight should be given the gamma ray than the SP. But 
if the mud is brackish or salty and the depth of investi
gation of the resistivity device is small (single-electrode 
probe, for example), the gamma ray curve may be more 
reliable than the resistivity. 

CONCLUSIONS 

Geophysical logs, in particular the electric-gamma 
ray combination, provide valuable data that lead to the 
discovery of ground-water supplies and help in their 
development. These logs cannot be interpreted with 
confidence without information provided by the driller's 
log, local geology or local experience. The benefits 
derived increase with the amount of supplemental data 
available. 

For most investigations small, simple logging units 
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are satisfactory; they provide considerable qualitative 
data rapidly and at a reasonable cost. More sophisti· 
cated equipment gi ves lo gs that frequently permit quan
titative or semiquantitative salinity and porosity eval
uations, but because the cost in money, time and effort 
is relatively high, this type of equipment is not often 
used by the average water well contractor. 
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INTERPRETATI ON OF COAL LOGS 

There are several logs which are useful in coal logging : even as t here are 
in loggi ng for uranium and oi l . Century 's normal coal log is made wi t h 
the 8030 probe and consi sts of a gamma ray curve, a single poi nt res i stiv
ity curve, and an omnidirectional density curve. 

The 8090 probe i s being introduced at thi s time. It will l og a natural 
gamma ray curve, a singl e point resistivi ty curve, a si dewal l densi ty cu rve, 
and a hol e caliper curve. 

The neut ron-neutron porosi ty tool , t he 8050 makes an excell ent auxi li ary 
log for use in coal exploration. 

There are several characteristics of coal whi ch may be used to det ect it 
with these "coal" measurements . Coal very often has a very low radioactiv
ity. This is particularly true of western coals . Counting rates of 2 to 3 
counts per second are not unusual in bituminous coal with an 8030 probe. 
Occasionally in Montana one will even see a foot or two with no apparent 
counting rate. In general, lignites tend to have slightly higher counting 
rates than bituminous coal. 

-
Coal usually has a very high resistivity. Bituminous and subbituminous 
coals typically have resistivities of 1000 ohmmeters to 10,000 ohmmeters. 
Occasionally a highly fractured coa.l or a very low grade (clayey) one will 
have lower resistivities. Many lignitic coals have low resistivities be
cause of their clay and water content. In general, however, the electrical 
resistivity of coals is up in the same range as tight limestones. Table 1 
lists a few of the resistivities of coals and some other common materials. 

Coal has strikingly low densities. It is always lower, by far, than any of 
the surrounding formations. Table 2 lists some coal densities and densities 

.of other common formation materials. Notice that coal densities range from 
1.16 to 1.64 grams per cubic centimeter. Densities of shales, clays, porous 
sandstones, and porous limestones are usually all 2.0 grams per cubic cent
imeter or higher. The density contrast of coals is good. 

Coals have low neutron capture cross sections. They are typically on the 
order of one fourth that of surrounding materials. One must be careful 
here, however, because coals contain some water. Water has very high cross 
sections, especially if it is very saline. Capture cross sections are 
listed in Table 2. 

Finally, coal beds typically have a layer of soft, easily erodeable clay 
above them. This often forms a characteristic cave or washout in the bore
hole which is detectable with the hole caliper curve. This will also show 
up on the density curve as a low density zone which may be confused with 
the coal itself. 

The general use of coal logs for exploration and production follows much 
the same pattern as the use of uranium logs. The initial phase is usually 
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FORMATION/MINER~L 

Bituminous Coal 
"Sub-bituminous Coal ii 

Limestone (IIDense Jl) 
Sand 

MATERIAL 

Sil tstone 
Peat 
Shale 
Anthracite Coal 

Limestone (Av. of 345 
Samples) 

Sandstone (Av. of 12 
Samples) 

Montmorillonite 
(OH)4Si8A14020.nH20 (n=l) 

Anthracite Coal 
.9350(C) .0281 (H) .0097(N} 
.0272(0) 

Bituminous Coal 
.8424(C) .0555(H) .0152(N) 
.0869(0) 

Lignite 
Water (300,000 ppm NaC1) 

(250,000 ppm NaC1) 
(200,000 ppm NaC1) 
(150,000 ppm NaC1) 
(100,000 ppm NaC1) 
( 50,000 ppm NaC1) 
( 30,000 ppm NaC1) 
(Pure Water) 

Z/A 
RATIO 

.5000 

.4990 

.5009 

.5134 

.5201 

.5325 

.5363 

.5401 

.5438 

.5476 

.5513 

.5528 

.5551 
NaC1 solution density 

at STP~l + (.00000073 x ppm) 

RESISTIVITY IN OHMS M2/M 
(AT STP UNLESS OTHERWISE STATED) 

10-106 
102-104 

80 - 6 x 103 
up to 1,000 
up to 300 
10 - 300 
up ~o 15 
10- -5 (Most below 1 ohm m2/m) 

TABLE 2 

MATRIX DENSITY APPARENT* ** MATERIAL 
G/CC DENSITY G/CC (CAPTURE UNITS} 

2.69 (2.66-2.74) 2.69 8.72 

2.655 (2.59-2.84) 2.655 8.66 
2.35 (2.00-3.00) 2.35 8.10 

1. 60 (1. 32-1. 80) 1.64 1.08 

1. 35 (1. 15-1. 7} 1.40 1.54 
1. 1 0 (. 5-1. 5 ) 1.16 
1.219 1.298 146.22 
1.1825 1.268 122.55 
1.146 1.238 100.08 
1.109 1.206 78.75 
1.073 1.175 58.69 
1.0365 1. 143 39.02 
1.022 1 .130 32.56 
1.00 1.11 22.08 

* Based on tool calibration using a Z/A ratio of 0.5. 
** Capture Units in 1021 Barns/cm3 
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a wide spaced drilli ng of an area . The resulti ng logs are "hung on elev
ations" (i.e. they are pinned on the wall so that they are at a constant elev
at i on with respect to sea level) and corre lated over li nes and areas whi ch 
may cover mil es. The purpose i s t o determine geologi ca l sequences, ages, 
favorabl e areas, di p trends, and genera l favorabi l ity of the locati on. 

The second phase is to explore on closer spacings than in the previous 
phase. In this phase coal deposits are specifically looked for and deposit 
areas are estimated from log correlations . Samp l e assays are usua l ly made 
to determi ne coa l grade. 

During this second phase use can be made of estimates from t he logs. Of 
course, bed t hi ckness and areal extent are commonly det ermined from the logs. 
One examines t he logs for indi cations of low gamma ray count ing rates, high 
resistivi t ies , and very low densiti es. Care must be exerci sed that the bed 
thickness is not estimated t oo t hick . It i s easy to include t he was hed ou t 
clay above the coal in the thickness det ermination . Examine the caliper 
and resistivity curves carefully. 

The ash content of the coal can be estimated during the second phase by 
plotting a chart of gamma ray counting rate versus clay content. This is 
illustrated in Figure 1. Pick a good, solid shale or clay with the resistance 
curve. Assume this is 100% clay and note the counting rate • . Place a point 
on the chart at these intercepts . Assume the coal has little or no radio
activity. This defines the zero clay (or ash) point as zero counting rate. 
Therefore, this point is at the origin. Connect the two points with a stra~ 
ight line. Gamma ray counting rates from coal zones can then be used to 
estimate the ash content. 

If the density log has been calibrated, the density reading can be used to 
determine the quality or heat content of the coal. The higher the density 
of the coal is (at low ash content) the higher will be the heat content. 
At this point, the heat content and ash content are only rough estimates. 
However, they help evaluate a prospect. 

If the neutron log is available, it can be used to estimate the moisture 
content of the coal. Bituminous coal has a hydrogen content typically about 
60% that of water and about 200% that of clays and shales. Anthracite coal 
hydrogen content is about 30% that of water. Table 3 lists some of these 
contents. Any indication on the neutron log above these values can be taken 
as contained moisture. 

At this point the geologist has a good estimate of the viability of the 
prospect. 

In phase 3 the coal zone is drilled on closer spacings to determine the 
total amount in reserve. At each hole an area of influence is assigned. 
This will be a radius of a circle or a diagonal of a square and typically is 
50 feet or half the distance to the next hole. The area is multiplied by 
the thickness to obtain volume. The volume is multiplied by 0.044 to obtain 
tons of coal. 

In phase 3 cores and cuttings samples will be analyzed in the laboratory for 
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heat content, moisture content, and ash content . The averages of these 
assay values can be used to correct the charts and determinations made i n 
phase 2. These corrected determinations can then be extended and used in 
phase 3. Any regional variations should be noted and ta ken into consi der
ationo 

In phase 3 the stripping ratios will be plotted as a contour map. They will 
have been noted roughly in phase 2. The stripping ratio is the ratio of 
t he t hickness of t he overburden to t he t hi ckness of t he bed. Stri pp ing 
ratios of 10 to 1 or less are usually considered reasonabl e for western 
coals. 

Phase 4 is the mine planning stage. It involves laying out plans and cross 
sections of projected mines on t he bas i s of t he logs . The amount of over
burden to be removed or the depths of the shafts is determined f rom the logs 
and evaluated. The locations of offices and facili t ies, such as loading 
areas, washers, screeners, etc . are picked on the basis of the maps made 
from the logs. 
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HYDROGEN CONTENT OF SOME 

Substance 

Pure water 
600 F. 14.7 psi 

2000 F, 7,000 psi 
Salt water, 200,000 ppm NaCl 

60o F, 14.7 psi 
2000 F, 7,000 psi 

Methane CH4 
60o F, 14.7 psi 

141 of, 3,800 psi 
2000 F, 7,000 psi 

Ethane C2H6 
60o F, 14.7 psi 

2000 F, 7,000 psi 
Average natural gas 

600 F, 14.7 psi 
2000 F, 7,000 psi 

N-pentane C5H12 
68°F, 14.7 psi 

2000 F, 7,000 psi 
N-hexane C6H 14 

68°F, 14.7 psi 
2000 F, 7,000 psi 

N-heptane C7H 16 
68°F, 14.7 psi 

2000 F, 7,000 psi 
N-octane C8H 18 

680 F, 14.7 psi 
2000 F, 7,000 psi 

N-nonane C9H20 
680 F, 14.7 psi 

2000 F, 7,000 psi 
N-decane C10H22 

680 F, 14.7 psi 
2000 F, 7,000 psi 

N-undecane CI1 H24 
680 F, 14.7 psi 

2000 F, 7,000 psi 
Bituminous coal .8424 (C) .0555 (H) 
Carnallite 
Limonite. 
Cement 
Kernite 
Gypsum** (See Next Page) 
Kainite 
Trona 
Potash 
Anthracite coal 
Kaolinite 
Chlorite 
Kieserite 
Serpentine 
Nahcolite 
Glauconite 
Montmorillonite 
Polyhalite 

TABLE 3 

Hydrogen Atoms x 1023 

.669 
6<:"'1 • VI 

.614 

.602 

.0010 

.275 

.329 

.0015 

.493 

.0011 

.363 

.627 

.604 

.645 

.615 

.658 

.632 

.667 

.639 

.675 

.645 

.680 

.653 

.684 

.662 

.442 

.419 

.369 
about .334 

.337 

.325 
·.309 
.284 
.282 
.268 
.250 
.213 
.210 
.192 
.158 
.127 
.115 
.111 

35 

cc 
(See Next Page) 

1 
1 

.92 

.90 

.0015 
Al 
.49 

.0023 

.74 

.0017 

.54 

.94 

.90 

.96 

.92 

.99 

.95 

1.00 
.96 

1.01 
.97 

1.02 
.98 

1.02 
.99 
.66 
.63 
.55 

about .50 
.50 
.49 
.46 
.42 
.42 
.40 
.37 
.32 
.31 
.29 
.24 
.19 
.17 
.17 
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MULTIPLE CURVE 

In log interpretation, one curve is seidom used by itself. There is too 
much danger of misinterpreting an anomaly if it is not indicated by more 
than one curve. Too, at our present state of the art, one curve seldom 
contains enough unambiguous information to permit a good interpretation. 
Some times we have no choice, as with the gamma ray calculation for 
uranium content. However, it is to be avoided whenever possible. 

In most types of logging (subsurface geophysical measurements) we must. 
arrive at the parameters we seek indirectly. The measurements we make 
seldom measure the desired parameter. We are not really interested in 
resistivity or the amount of bismuth 214 or the ion concentration. We are 
interested in the location and amounts of uranium or coal or oil or gas. 
Since each of these availab~e determinations is made by indirect methods, 
it is subject to variances which can be quite wide. Therefore, confirmation 
by several methods is desirable. 

We have already described the use of the resistance, S.P., and gamma ray 
curves for correlation and reserve calculation for uranium. We have covered 
the use of density, resistivity, and caliper logs for coal and the S.P. and 
resistivity curves for petroleum. There is another class of techniques 
which is being applied in petroleum exploration and has much promise in 
mineral exploration. This is the cross-plotting technique. The principle 
is to measure the same parameter (or related parameters) by two or more com-. 
pletely different methods. Then, variances in one method will be detectable 
in another and in themselves, supply useful information. 

The original cross-plots were made with the acoustical velocity log and the 
gamma-gamma density log. These measurements are both indirect porosity 
measurements. Two points of each measurement are well catalogued. These 
are the zero porosity point and the 100% porosity point for each type rock 
material. For example, we can measure in the laboratory (or use previously 
made measurements) that the matrix travel time in sandstone is 55.1 micro
seconds per foot. We can similarly determine that the apparent density is 
2.655 grams per cubic centimeter (See tables 1 and 2). This, of course, is 
the point for 0% porosity. In a like manner we can determine the point for 
100% porosity (100% water). Water with 100,000 ppm dissolved salt has a 
velocity of 192.3 microseconds per foot and a density of 1.130 grams per 
c.c. apparent. A line connecting these two points gives an excellent first 
approximation curve for interpretation. Of course, careful measurements 
or calculations for other porosities will give more exact curves. If this 
process is repeated for all of the rock types we will encounter, we dis
cover that the curves do not fallon top of each other. Such a set is shown 
in Figure 1. The same technique can be applied to the curves Century com
monly runs: the density-neutron cross-plot (Figures 2 and 3) and the poros
ity-resistivity cross-plot (Figure 4). 

After several matrices are plotted on a cross-plot.grid, one discovers that 
the curves of different materials do not coincide with one another. It is 

Sec. 8b, P 1 of 12 



possible then to porosity determinations of type measurement. 
It is further possible to tell how much dolomitization has progressed in 
a limestone or how much cementation has taken place in a sandstone, or how 
much shale is in a sand. If points from logs are extrapolated back to zero 
=-~ ... -.: .... J ... .:_ = ___ ':1..1_ "-_ m~I'e .t:ll~..j.L-~ 1':..j.t.~1 __ ':_ .J_"-"...,.,...:_ ........ ,"- C'_ ... 
~Ul-U~!!"..Yj !!.". i':: ~".HJ!'l~!!,}!t: LU !!o.~ ... !~!-LnE!-! !L!!U!U~!i."" UeL!!!!!!!!!Q.1,: vn~;: .,J~~ 

Figure 5. The possibilities are only limited by ones imag;nat on and the 
~~ount of time he can spend. 
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'COMPRESSIONAL WAY!!; Y t.LU~!! I Of: ij 'j.l 1:.1'\. "ru ...... u· ...... 

Material 

Dunil e 
Gabbro 
Hem ati te 
Dolo mite 
No ri te 

-Diabase 
Anorthosite 
Calcite 
Aluminum 
Anhydrite 
Albitite 
Granite 
Steel 
Limestone 
Langbeinite 
Iron 
Gypsum 
Serpentine 
Quartzite 
Quartz 
Sandstone 
Casing* (steel) 
Basalt 
Polyhalite 
Shale 
Aluminum tube* 
Trona 
Heulandite 
Halite 
Stilbite 
Sylvite 
Copper 
Carnallite 
Cement (wide variation) 
Anthracite coal 
Concrete (wide variation) 
Bituminous coal 
Sulphur 
Lignite 
Lead 
Water, 200,000 ppm NaC 1, 15psi 

150,000 ppm NaC 1, 15psi 
100,000 ppm NaCl,15psi 
Pure 

Glacial Ice 
Rubber (Neoprene) 
Kerosene, 15psi 
Oil 
Methane, 15psi 
Air, 15psi 
Ethane (I DOc) .00125 gm/cc 

- CATALOG (STP) 

Mat rix Travel Time ' /l s/ ft 
(A""rag" (Rang" ) 

YaJu,,) 

38.2 (34. 7-41.1 ) 
42.4 (42.4-47.6) 

42.9 
44.0 (40. 0-45.0 ) 
44. 1 (4 3.5-49.0 ) 
44.6 (44. 0-46.0 ) 

45.4 
46.5 (45.5-47.5 ) 

48. 7 
50. 0 

50.2 (49.5-50.6) 
50.8 (46.8-53.5) 

50.8 
52.0 (47.7·53.0) 

52.0 
52.1 

53.0 (52.5-53.0) 
53.9 

55.0 (52.5-57.5) 
55.1 (54.7-55.5) 
57.0 (53.8-100.0) 

57.1 
57.5 
57.5 
60.0-170.0 
60.9 
65.0 
65.1 
66.7 
68.0 
74.0 
78.7 
83.3 

95.0 (83.3-95.1) 
105.0 (90.0-120.0 ) 
95.2 (83.3-125.0 

120.0 (100.0-140.0) 
122.0 

160.0 (140.0-180.0) 
141.1 
180.5 
186.0 
192.3 
207.0 
87.1 
190.5 
214.5 
238.0 
626.0 
919.0 
989.6 
1176.5 

\1atrix Velocity - ft /sec 
(A"cr~c (R:ang") 

Y:a.l u,, ) 

26,174 (24,305·28,807) 
23 ,586 (20,998-23,586) 

23 ,295 
22,7 2 7 (22,222-25,000) 
21 ,683 (20,400-22,967) 
22,435 (2 1,746-22,730) 

22,01 6 
21,505 (21, 053-22,000) 

20,539 
20,000 

19,916 (19,752-20,21 2) 
19,685 (18,691 -21,367) 

19,686 
19,231 (18,750-21,000) 

19,231 
19,199 

19,047 (18,868-19,047) 
18,702 

18,182 (17,390-19,030 ) 
18,149 (18,000-18,275) 
17,544 (10,000-19,500 ) 

17,500 
17,391 
17,391 

5,882-16,667 
16,400 
15,400 
15,355 
15,000 
14,699 
13,500 
12,700 
12,000 

10,526 (10,526-12,000) 
9,524 (8,333-11,1ll) 

10,500 (8,000-12,000) 
8,333 (5,906-10,000 ) 

8,200 
6,250 (3,281-7,143) 

7,087 
5,540 
5,375 
5,200 
4,380 
11,480 
5,248 
4,659 
4,200 
1,600 
1,088 
1,010 

850 
Carbon Dioxide: .001977G gm/cc 
To convert meters to feet multiply hy 3.2808. To convert feet to Illeters multiply hy 0.3048 . 

*Value of extensional ("first arrival") wave in thir. rods. Sec. 8b, p 3 of 12 
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DENSITIES, Z/ A RATIOS , ANI) THERMAL NEUTRON 
CAPTURE CROSS SECTIONS PER UNIT VOLUME OF GEOLOGIC MATERIALS 

(DENSITY AT ROOM TEMPERATURE AND ONE ATMOSPHERE PRESSURE 

UNLESS OTf-.IERWISE STATED) 

Material 

Lead Pb 
Uraninite U02 
Cinnabar HgS 
Iron Fe 
Galena PbS 
Wulfenite PbMo04 
Arsenopyrite FeAsS 
Cobaltite CoAsS 
Chalcocite CU2S 
Hematite Fe203 
Magnetite Fe30 4 
Bornite CU5FeS4 
Pyrite FeS2 
lllmanite FeTi 03 
Zircon ArSi0 4 
Stibnite Sb2S3 
Pyrrhotite Fe5S6 
Barite BaS0 4 
Chromite FeCr204 
Rutile Ti0 2 
Chalcopyrite CuFeS2 
Corundum Al20g 
Carnotite K20;2U03·V205·2H20, 
Rhodocrosite MnC0 3 
Sphalerite ZnS 
Siderite F e2C03 
Limonite 2Fe203.3H20 
Dunite (4 Samples) 
Olivine (Mg,Fe)2Si04 
Magnesite MgC03 
Norite ( 11 Samples) 
Diabase (6 Samples) 
Gabbru (27 Samples) 
Anhydrite CaS04 
Aragonite CaC03 
Muscovite KAI2(AlSi3)010(OH)2 
Biotite H2K(Mg,Fe)3 A1 (Si04)3 
Dolomite CaMg(C03)2 
Illite KA15Si7020(OH)4 
Diorite ( 13 Samples) 
Langbeinite K2Mg2(S04)3 
Polyhalite 

2CaS04.MgS04.K2S04.2H20 
Synite (24 Samples) 
Granodiorite (11 Samples) 
Chlorite 

(Mg,A1,Fe) 12(Si,A1)80 20(OH) 16 
Calcite CaC0 3 

Z/A 
Ratio 

.3953 

.4000 

.4143 

.4687 

.4093 

.4187 

.4605 

.4517 

.4610 

.4787 

.4774 

.4643 

.4850 

.4757 

.4691 

.4436 

.4812 

.4454 

.4753 

.4756 

.4751 

.4904 

.4350 

.4793 

.4720 

.4797 

.4897 

.4978 

.4892 

.4992 

.4970 

.4954 

.4938 

.4995 

.4995 

.4966 

.4900 

.4994 

.4954 

.4964 

.4961 

.5013 

Matrix Density 
G/CC 

11.34 
8.25 (6.5-10.8 ) 
8.1 (8.0-8.2) 
7.87 
7.5 (7.4-7.6) 
6.9 (6.7.7.0) 
6.1 (5.9-6.2) 
6.1 (6.0.6.3) 
5.65 (5.5.5.8 ) 
5.26 (4.9·5.3 ) 
5.18 (4.97.5.18) 
5.15 (4.8·5.4) 
5.06 (4.95.5.17) 
4.75 (4.5.5.0) 
4.69 (4.2-4.86) 
4.57 (4.52·4.62) 
4.55 (4.58.4.64) 
4.45 (4.30.4.60) 
4.45 (4.30.4.60) 
4.20 (4.15.4.25) 
4.2 (4.1-4.3) 
4.02 (3.95·4.10 
4+ 
4.0 (3.5.4.0) 
4.0 (3.9-4.1) 
3.88 (3.0-3.88) 
3.8 (3.51.4.0) 
3.3 (3.24.3.74) 
3.3 (3.27.3.37) 
3.1 (3.0.3.2) 
2.984 (2.720-3.020) 
2.98 (2.96-3 .05) 
2.976 (2.850-3.120) 
2.95 (2.89-3.05) 

. 2.94 (2.85-2.94) 
2.93 (2.76-3.1) 
2.90 (2.65-3.1) 
2.85. (2.80-2.99) 
2.84 (2.60-3.0) 
2.839 (2.721.2.960) 
2.83 
2.78 

.4971 2.757 (2.630-2.899) 

.496~ :" 2.716 (2.668-2.785) 

.5056,,~\ ~; 2.71 (2.60-3.22) 
. (r~ , ,' . 

. 4996 2.71 (2.71-2.72) 

.4818 2.70 

Apparent* 
Density G/CC 

8.97 
6.60 
6.71 
7.38 
6.14 
5.78 
5.62 
5.51 
5.21 
5. 04 
4.95 
4.78 
4.91 
4.52 
4.40 
4.05 
4.40 
3.96 
4.23 
3.80 
3.99 
3.94 
3.48+ 
3.84 
3.78 
3.72 ' 
3.72 
3.29 
3.23 
3.1 
2.97 
2.95 
2.94 
2.95 
2.94 
2.91 
2.84 
2.85 
2.81 
2.82 
2.61 
2.79 

2.74 
2.696 
2.74 

2.71 
2.1)0 

Aluminum Al 
*Based on tool r:aJibration using a Z/A ratio of 0.5. **Capture Units in 1021 Barns/em

3 

** r Material 
(Capture Units) 

5.61 
49.69 

7,981.16 
214.90 

12.47 
32.50 

165.22 
936.73 
173.56 
100.47 
112.10 
145.63 
89.06 

158.23 
5.42 

17.82 
90.52 
19.40 

102.20 
202.75 

80.95 
11.04 
56.21 

278.93 
38.33 
68.81 
74.10 
17.03 
31. 74 

1.48 
12.88 
17.12 
21.47 
12.30 
8.12 

17.30 
25.20 

4.78 
39.90 
14.33 
78.87 
21:00 

16.43 
11.33 
17.56 

7.48 
13.99 

TABLE 2a Sec. 8b, P 4 of 12 
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I 

Material 

Plagioclase feldspar 
xNaAISi20S, yCaA 12Si20S 

Limestone (Av. of 345 Samples) 
Granite (1 55 Samples) 
Quartz Si02 
Sandstone (Av. of 12 Samples) 
Kaolinite (OH) 8A14Si4010 
Albite NaAISi30S 
Orthoclase feldspar KAISi308 
Kieserite MgS04.H20 
Concrete 
Montmorillonite 

(OH)4SigAI4020.nH20 (n=l ) 
Gypsum CaS04·2H20 
Glauconite KMg (FeAl) (Si03)6·3H20 
Graphite C 
Serpentine Mg3Si205 (OH)4 
Halite NaCl 
Nahcolite NaHC03 
Kainite MgS04.KC1.3H20 
Trona Na2C03HNaC03.2H20 
Sulphur, orthorhombic (below 95.4°C) 
Potash K2C032H20 
Sylvite KCl 
Cement (32 Samples) 
Sulphur, monoclinic (above 95.5 0 C 

at 1 atm; above I500C at 19,000 psi) 5 
Kernite Na2B407.4H20 
Carnallite K.J.\1gC13·6H20 
Anthracite coal 

.9350(C) .0281(H) .0097(N) 

.0272(0) 
Bituminous coal 

Z/A 
Ratio 

.4925 

.5000 

.4969 

.4993 

.4990 

.5103 

.4885 

.4958 

.4724 

.5009 

.5111 

.4998 

.4995 

.5062 

.4799 

.4905 

.5140 

.5043 

.4990 

.5049 

.4829 

.4990 

.5026 

.5095 

.5134 

Matrix Density 
G/CC 

2.69 (2.62·2.76) 

2.69 (2.66.2.74) 
2.66 7 (2.516.2. 809) 
2.65 (2.65·2.66) 
2.655 (2.59.2.84) 
2.63 (2.40-2.68) 
2.62 (2.61.2.65) 
2.57 (2.55.2.63) 
2.57 
2.35 (1.98.2.35) 
2.35 (2.00-3.00) 

2.32 (2.30-2.35) 
2.30 (2.20.2.80) 
2.22 (2.09.2.23) 
2.20 
2.16 (2.135.2.165) 
2.20 
2.13 (2.1 ·2.13) 
2.125 (2.11.2.15) 
2.07 (2.05·2.09) 
2.04 
1.99 (1.97.1.99) 
1.99 
1.96 

1.91 
1.61 (1.60.1.61) 

1.60 (1.32.1.80) 

.8424(C) .0555(H) .0152(N) 

.0869(0) .5201 1.35 (1.15·1. 7) 
Lignite 1.10 (.5.1.5) 
Water (300,000 ppm NaC I) .5325 1.219 

(250,000 ppm NaC1) .5363 1.1825 
(200,000 ppm NaCl) .5401 1.146 
(150,000 ppm NaCl) .5438 1.109 
(100,000 ppm NaC1) .5476 1.073 
( 50,000 ppm NaC1) .5513 1.0365 
( 30,000 ppm NaC1) .5528 1.022 
(Pure Water) .5551 1.00 
NaC1 solution density at STp oOJ I + (.00000073 x ppm) 

Oil n(CH2), 100 API, STP .5703 1.00 
300 API, STP .88 
400 API, STP .85 
500 API, STP .78 

(C8H18). 700 API,STP .5778 .70 
N-pentane C5H12,STP .5823 .626 

2000 F, 7,000 psi .603 
N-hexane C6H14, STP .5803 .659 

2000F, 7,000 psi .628 

Apparent'" 
Density G/ce 

2.65 

2.69 
? h ~ _ .. u '"" 

2.65 
2.655 
2.68 
2.56 
2.55 
2.43 

2.35 

2.37 
2.30 
2.22 
2.23 
2.07 
2.16 
2.19 
2.14 
2.07 
2.06 
1.92 

1.96 

1.92 
1.64 

1.64 

1.40 
1.16 
1.298 
1.268 
1.238 
1.206 
1.175 
1.143 
1.130 
1.11 

1.14 
1.00 

.97 

.85 

.81 

.733 

.702 

.765 

.739 

.790 N.heptane C7H 16, STP .5778 .684 

*Based on tool calibration using a Z/ A ratio of 0.5. **Capture Units in 1021 Barns/cm3 

.. !: Material 
(Capture Units) 

6.99 

8.72 
11.62 

4.36 
8.66 

13.06 
6.77 

16.00 
12.77 

8.10 

19.40 
16.80 
0.38 
8.80 

752.36 

196.13 
16.21 
19.06 
39.70 

570.68 
about 13 

18.05 

12,793.69 
370.92 

1.08 

1.54 

146.22 
122.55 
100.08 

78.75 
58.69 
39.02 
32.56 
22.08 

28.02 
25.89 
24.22 
22.23 
22.12 
20.80 
20.02 
21.38 
20.37 
21.80 

TABLE 2b Sec. 8b, p 5 of 12 
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Material 
ZIA Matrix Apparent * $>II 1: Material 

Ratio Density G/CC Density G/Ce (Capture Units) 

200o F, 7,000 psi .657 .759 20.84 

N-octane CaH1 8, STP .5778 .703 .812 22.12 

200o F, 7,000 psi .673 .778 21.1 2 

N·nonane CgH20, STP .5768 .718 .828 22.37 

200o F, 7,000 psi .686 .79i 21.37 

N·decane C l0H22, STP .5763 .730 .841 22.55 

200o F, 7,000 psi .701 .808 21.65 

. N·undecane C11H24, STP .575 9 .740 .852 22.71 

200o F, 7,000 psi .713 .821 21.87 

Methane CH4, STP .5703 .000677 .00076 0.028 

200o F, 7,000 psi .2189 > .2497 10.88 

Ethane C2H6, STP .5986 .001 269 .00015 0.05 1 

200o F, 7,000 psi .4104 .4913 16.34 

Propane C3H8, STP .5896 .00186 .0022 0.067 

N·butane C4H 1 0, STP .5850 .00246 .0029 0.085 

Helium He, STP .4997 .00017 .00017 0.0000 

Carbon dioxide C02, STP .4999 .001858 .001857 0.0001 

Nitrogen N2, STP .4998 .001182 .001185 0.004 

Oxygen 02, STP .5000 .001350 .001350 0.00001 

Hydrogen sulphide H2S, STP .5281 .001438 .001519 0.029 

Air (dry) (N·78%, 0 -21%, A-l%) .4997 .001224 .001223 

Argon A,STP .4859 .001688 .00144 0.017 

Average natural gas, STP .5735 .0007726 .000886 

200°F, 7,000 psi .252 .289 

Hydrogen H .9921 .00009 

Oxygen 0 .5000 .001429 

Nitrogen N .4998 .00125 

Carbon C .4995 3.52 

Calcium Ca .4990 1.5 

Sulfur S .4990 2.07 

Silicon Si .4985 2.4 

Magnesium Mg .4975 1.74 1. 73 

Potassium K .4859 .86 

Phosphorous P .4845 1.83 

Aluminum AI .4818 2.70 2.60 

Sodium Na .4804 .97 

Chlorine CI .4795 ;0032 

Nickel Ni .4769 8.90 

Iron Fe .4687 7.86 

Boron B .4625 2.45 

Chromium Cr .4614 7.1 
I ' Titanium Ti .4593 4.5 

Zinc Zn .4589 7.14 

Manganese Mn .4568 7.4 

Copper Cu .4564 8.92 

Vanadium V .4514 5.96 

Cobalt Co .4432 8.9 

Arsenic As .4405 5.7 

Zirconium Zr .4385 6.4 

Bromine Br .4380 3.12 

Strontium Sr .4336 2.6 

Tin Sb .4312 7.2 

Molybdenum Mo .4159 10.2 

Barium Ba .4077 3.5 

Mercury Hg .3988 13.56 **Capture Units in 1021 Bams/cmS 

-
TABLE 2c Sec. 8b, p 6 of 12 
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Material Z/A Matrix 
Ratio Density G/CC 

Lead Pb .3953 11.34 
Uranium U .3865 18. 7 . 
Water H2O .5551 1.0 
Carbon dioxide CO2 .4999 
Calcium carbonate CaC03 .4996 
Calcium sulfate CaS04 .4995 
Calcium Oxide CaO .4993 
Silicon oxide Si02 .4993 
Magnesium oxide MgO .4985 
Aluminum oxide A1203 .4904 
Phosphorous oxide P205 . .4935 
Boron oxide B203 .4884 
Potassium oxide K20 .4883 
Sulfur trioxide S03 .4874 
Sodium oxide Na20 .4855 
Hematite Fe203 .4787 
Magnetite Fe304 .4766 
Iron oxide FeO .4757 
Titanium oxide Ti02 .4756 
Titanium oxide no .4695 
Manganese oxide MnO .4652 
Zirconium oxide Zr02 .4555 
Strontium oxide srO .4439 
Barium oxide BaO .4173 

*Based on tool calibration using a ZI A ratio of 0.5. 

Many of the minerals listed are most often found in nature to be impure. 

The values listed are minus photoelectric effects, which may become significant when elements 
heavier than sodium are present within the volume under investigation. The calculationol Z/ A 
effects in formations rich in heavy atoms is mainly academic because here the Zl A effects 
become unimportant compared to those of photoelectric absorption. Present-day density log 
interpretation techniques are not designed for the accurate determination of bulk density in many 
heavy mineral-rich formations. 

~{any rich are deposits contain only 1% to 1-1/2% of the mineral to be extracted. The sought 
after mineral therefore may not contribute significantly to the bulk density of the ore. 

To determine the neutron capture cross section (!) of a substance: 

1) Determine the molecular weight of the substance. 

2} Divide the molecular weight of the substance by its densi ty. 

3) Divide Avogadro's Number (6.02Sxl023) by the above quotient (yields molecules per 
cm3). 

4) Multiply the number of atoms of each element present per cm3by the thermal neutron 
capture cross section (in barns) for the element. 

S) Sum the capture cross section contributions for each element as determined lrom 
Step #4 above to determine the capture cross section (in barns x 1021!cm3) for the 
substance. 

TABLE 2d Sec. 8b, P 7 of 12 
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A. 

A. 
A . 
A. 
a . 
a . 
AC 
AlME 
alpha (0:) . 

ALPHA 
AM . . 
AMP 
AO 
API. 
API .. 
APIGU. 
APINU. 

SPa 
SP 
atm 
B. 
bbl 
bbl/d 
BFR .. 
BHC. 
BHT. 
BIT . 
BU . 
BOD 
oC 

CS 
C. 
c . 
CL 
cal 
CBL. 
CBL/SL 
CBL/SS 
CCL . . 
c~tshaJe 
CDL .. 

A P P E N D I X 

SYMBOLS 

An~a 

Atomic Mass Number ( The Sum of all Neutrons and Protonin a Nucleus· Integer) 
Atomic Weight ( The average mass number considering all Isotopes) 
Acres 
A current electrode used in c:lectric logging (The current electrode nearest the 
measuring c:lectrode "M" in 16" and 64" nonnal circuitry) 
Amplitude 
Area under tht' log curve (uranium logging term) 
Avogadro's Number = 6.035 x 1023 atoms/mole 
Activity (or contribution to electrode measurements) 
Constant in formation factor relationship (F=a/rpm) 
Alternating current 
American Institute of Mining and Metaulurgical Engineers 
SP reduction factor indicating the amount of shale (a fraction) (alpha = PSP/SSP) OJ 

gamma ray deflection from shale base line + gamma ray deflection opposite non-sha 
zone (note: gamma ray method should not be used when non-shaly materials are 
radioactive. ) 
Alpha Particle 
N onnal (two electrode) device electrode spacing 
Amplitude log 
Lateral (three electrode) device electrode spacing 
American Petroleum Institute 
A specific unit of Radiation Concentrate (a standard) 
American Petroleum Institute Gamma Ray Unit (a standard) 
American Petroleum Institute Neutron Unit (a standard) 
Apparent SP as read from the log 
Apparent SP as read from the log 
Atmospheric or atmosphere 
A curren t electrode used ineIectrical logging 
Barrel (42 gallons liquid) 
Barrels per day 
Borehole fluid resistivity log 
Borehole compensated 

. Bottom hole temperature (OF in USA) 
Bit diameter in inches 

. Bottom. of logged interval 
Barrels of oil per day 
Centigrade 
Compressive strength 
Conductivity at a given temperature, usually formation temperature (in milIimhos/m 
Concentration 
Caliper log : 
Calorie 
Cement bond log (amplitude plus single receiver curves only) 
Cement bond (with wavetrain) log - Signature log 
Cement bond (with variable intensity display) log - Seismic Spectrum long 
Casing CoUar log 

. Sonic log compaction correctim (unconsolidated formations) 
Density log (compensated) 



cm 
cm 2 . 
cm3 . 

. cps 
CSVL 
CDS. 
cu 
CVL. 
CICL 
CWLS 
D. 
d 
d . 
d. 
DC 
dh 
Oi 
DL 
DML 
DST. 
ur. 
01'1.. 
EXP. 
E 
e' 
e. 
11. 
EL 

Ec 
Eh 
Ei. 

Ek 
esu 
cV 
E} 

E2 
F. 

OF 
fi . 
FFI 
FM 
FPL. 
FR 

FT 
FT 
ft . 
FVF. 

" 
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Centinmeter 
Square cen tirneters 
Cubic centimeters 
Counts per second 
Sonic log (compensated 
Continuous directionai survey 
Cubic 
Continuous velocity log 
Casing Inspection Caliper log 

• Canadian Well Logging Society 

Depth" 
Hole diame ter (obsolete term) 
Diameter 
Day 
Dired Current 
Borehole diameter 
Average diameter of invaded zone 

. . Density log . 
Dipmeter log 
Drill stem test 
Dram 
Temperature lug (differential) 
Exponenc(Natural Logarithms) 
Voltage (potential) 
Bed thickness (obsolete term) 
Exponent (Natural Logarithms) 
Electrical log drive-o me-asurement 
Electrical log . 
SP electrochemical compocnt 
Reduction or oxidaticln poten tial (redox) 
Designation of a particular accoustic wave train even t (E I, E 2 etc.) 
SP electro-filtration component (streaming potential or electrokinetic) 
Electrostatic unit of charge 
Electron volt{s} 
LIpper "cnd value" of counting rate (uranium logging term) 
Lower "end vahr" of counting rate (uranium logging term) 
Formation resistivty factor (ratio of resistivity of porous medium 100% saturated with 
water to resistivity of the saturating water). This value increases with hydrocarbon sat
uration, i.e., as watc.-r geometry becomes more complicated. 
Fahrenheit 
Fraction of matrix component in mixed lithology. 
Free Fruid Index (free fluid pore content from nuclear resonance measurements) 
Flowmeter log (general terminology for any fluid flow measurement) 
Free Point Log 
First reading (lowest reading of log curve for curves that are' recorded from the botto 
of the hole upward) 
Formation temperaturc (obsolete term) 
Formation test or Formation Tester 
Foot or feet 
Formation volume factor 



G. 
G. 
G . 

G . 
g . 
g . 
gal 

GIS 
GL 
GLR 

gm . 
Go I. 

GOR 
GR . . 
GRN 
grain 

GT 
H. 
h . 
h . 
hV2 
HI 
HVT 
hr. 
IEL 
1.0. 
IP. 
IP. 
I 
I .. 

I . 

10 . 
11. 12. In 
I . 

I 
IL 
in. 
ITT 

I 
K. 

K. 

I 
oK 

k . 
k . 

I 
kc 
kg 
km 
lb. 
liq 

Geometrical factor 
Gradiant 

A P PEN 0 I X 

Mean concentrat ion by weight of the radioactive element (uranium logging term ; 
Gra~e ) 

Gravity 
Acceleration due to gravity 
Temperature gradientin of per 100' of depth 
Gallon 
Average radiometric grade of uranium ore 
Guard log 
Gas-liquid ratio 
Gra.m 
Gearhart-Owen Industries, Inc., publishers of this handbook and the leading man
ufacturer of well logging tools. 
Gas-oil ratio 

Gamma-ray log 
Gamma Ray - Neutron combination log 
Grain 

Mean true uranium ore grade (established by chemical assay) 
Hertz (Cycles per second) 
Thickness 
Bed thickness (feet in U.S.A.) 
Half thickness to penetrating radiation or signal 
Hydrogen Index (Equivalent Neutron Porosity) 
Half Value thickness (Radiation absorption value) 
Residual hydrQcarbons 
Induction· Electrical log 
Inside Diameter 
Initial Potential 
Induced Polarization 
Resistivity index (Rt/Ro) 
Intensity of any radiation field 
Intensity of gamma ray field (uranium logging term) 
Initial value of Intensity or current 
Intermediate level count level values (uranium logging term) 
Electrical current magnitude 
Induction Log 
Inch 

Coefficient in SSP formula K = -70. 460+
o

F 1 
In tegrated travel time ~ \ ) 

537 og 

Coefficient in uranium ore grade formula 
oKelvin 
Modulus of compressibility 
Permeability 
Kilocycles per second 
Kilogram 
Kilometer 
Pound 

. Liquid 



L. 
L 
1. 
I . 
1m 
I ~ ." . 
In . 
log 
MMCF . 
MCF 
M . . 

MAX 
m. 
md . 
Mev. 
MGL 
ma 
Min 
mm 
MN 
MPD 
ML . 
mr 
mr/hr 
N. 

N. 
N. 
Nt 
N. 
Nc 
n 

n . 
n • 

N.A .. 
NA . 
NLL. 
Nl\,tL. 

0.0 .. 
oz 
p . 
P . 
Pc 
ppm. 
PPr 

pSI 

psi a 
PSP 
PTr 

Liquid 
Length 
Length 
Liter 
Limestone 
Limes tone 
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Logarithm base e (natural logarithm) 
Logarithm base 10 (common logarithm) 
Million cubic feet 
Thousand cuhic feet 
Measuring electrode used in electric logging (measuring electrode nearest current 
electrode" A" in 16" normal and 64" normal circuitry) 
Maximum value of any parameter 
Exponenet in formation factor.porosity formula (Archie "cementation" factor) 
MiJlidarcy (permeability) · 
MiIJion electron volts 
Micro.guard log 
Mile 
Mi'nimum valut' of any parameter 
MiIJimeter 
Distance between two potential measuring electrodes 
Maximum permissible radiation dose. 
Micro·e1ectrical log , 
~tiJJiroen tgcn (radiation dose) 
Milliroentgen per hour (radiation dose rate) 
Measuring electrode used in electric logging potnetial (measuring electrode farthest 
from current electrode "A" in 16" normal and 64" normal circuitry) 
Intensity or count·rate 
Neutron log 
Neutron log 
Normal curve (electricaJ logging tenn) 
Corrected (for coincidence loss) counting rate 
Symhol for a ncutron 
Obscrved counting rate 
Exponenct in Archie water saturation fonnula 
Not Applicable 
Not availablt' 
Neutron Lifetime log (a trade name for a pulsed neutron system) 
Nuclear Magnetism Log (a trade name for a nuclear resonance system) 
Outside diameter 
Ounce 
Shale fraction of hulk volume (laminated case) 
Pressure 
Critical pressure 
Parts per million (equals milligrams per liter I specific gravity of solution at STP) 
Psuedo reduced pressure 
Pounds per square inch 
Absolute pressure in pounds per squart" inch (meter plus atmospheric pressure) 
Pseudostatic spon laneous potential (the SP found opposite a thick shaly sand) 
Psuedo reduced temperature 



'.' 

PVT. 

(q) 

Q. 
Q. 
q 
qt~ 

OR 
R. 
Re 
R. 
R. 
r 

r . . 
r . 

Ra 
rad 
RTL. 
RBE. 
rem .•. 
RF 
RGS. 
RHS. 

Ri 

RILD 
RILM 
RFVL 

Rm 
Rmax 

Rmc· 
RmJ· 

. Rmin 

Ran· 
Ro . 
ROS. 
ROS. 
RPM 

Rs 
Rt 
Rw 

Rwa· 
Rwe· 

Rxo· 
Rz 

SFVS 
S 
S . 

A P PEN D I X 
Pressure-voiume.lempcraturc 

Electrical charge 

Quantity 

Flow rate 

Quart 

total 

oRankine (absolute temperature: Fo + 460) 

by dispersed 

R . .. . I ~ I . eSlshvlly ill Ollms meter square... meter at a g!vt"n temperature 
Reynolds number in fluid flow 
Receiver 
Gas constant in PVT rcJationships 
Roentgen (Unit of radiation dose) 
Resist:mce 
Radius 
Apparent resistivity as recorded by an resistivity device 
Unit of Ahsorbed Radiation dose 
Radioactive Tracer log 
~elative Biological Ef~ectiveness (of radiation exposure) 
Roentgen equivalent man (radiation dose) 
Recorvery factor 
Residual gas saturation (obsolete term) 
Residual hydrocarbon saturation (obsolete term) 
Resistivity of invaded zone 

• Deep (investigating) induction log reading 
. Medium (investigating) induction log reading 

Radioactive fluid velocity log 
Resistivity of mud 

or shale 

Maximum resistivity value (usually latcral curve valuc" opposite beds whose thickness 
is less than AO) 
Resistivity of mud cake 
Resistivity of mud filtrate 
Minimum resistivity value (usually lateral curve value in interval below bed equal 
to AO spaCing) 
Resistivity of annular invaded zone 
Resistivity of formation 100% saturated with formation water of resistivity Rw 
Residual oil saturation (obsolete term) 
Radiation oricntation survey 
Revolutions per minute 
Resistivity of adjacent formation 
Resistivity of uninvaded zone 
Resistivity of formaton water 

. Apparent resi~1ivity of formation water 
Calculated resistivity of fomation water uncorrected for salinity or ion type (apparent 
formation water resistivity) 
Resistivity of flushed zone 
Resistivity. at a given temperature. of a mixture of fluids or electrolytes such as mud 
filtrate and formation water (a calculated value) 
Spinner fluid velocity survey 
Saturation (general term) 
Seconds 



S.P. 
SG 
Sg 

Sh 
Sd 
sh 
55 • 

Shr 

Sj . 
SL 

Sor 
SP 
SP 
SPE 
SPWLA 
SSP . 
STP. 
SVL. 
Su 
SL 

Sw 
SWC. 

Swi 
Sxo 
T 
T .. 
T. 
T. 
t . 

t • • 

tlh 

Tc 
TC 
Tl 
TO 
TOT. 
TF 

T mc · 
TL 

Ts 
To 
V. . 
V. 
~ t • 

Vp 
Vs 
VT 
v • 

W. 

APPENDIX 

St'comls 

Specific gravii y (obsolete term) 
Spedfic gravity 
Gas saturation as a percent of pore volume 
Hydrocarbon saturation in uninvaded zone as a percent of pore volume 
Sand 
Shrue 
Sandstone 

Residual hydrocarhon saturation as a percent of pore volume 

Saturation in invaded zone 
Sonic log (general terminology for acoustic log) 
Residual oil saturation as a percent of pore volume . 
Spontaneous poten tial 
Spontaneous potential log 
Society of Petroleum Engineers (a section of the A.I.M.E.) 

Society of Professional Well Log Analysts 

Static SP (the maximum possible SP for a given Rmf/Rw) 
Standard temperature and pressure (i.c., 600 F at 14.7 psi) 
Sonic velocity log 
"Standard Unit" of gamma ray deflection 
Liquid saturation as a fraction of pore space 
Watcr saturation as. a percent of pore colume 
Side.·wall coring 
Irreducible water saturation as a percent of pore volume 
Water saturation in flushed zone as a percent of pore volume 
Transmitter 
Temperature (OF U.S.A.) 

Thickness (uranium logging term) 
Thermal decay time in microseconds 
Time 
Resolving time of instrument or system 
Radioactive half life in units of time 
Critical temperature 
Time.' constant 
Thermal (nc.'utrnn) relaxation time 
Total depth at time of logging 

Thermal Decay Time (a trade name for a pulsed neutron system) 
F ormatioll temperature 
Mud cake thickness (obsolete term) 
Temperature log 
Surface temperature 
Near surface temperature where thcre arc no temperature or b':l'0metric variations 
Volume 
Bulk volume fraction 
Sonic travt'l time 
Compressional wave veiocit y 
Shear wave velocity 
Tube wave velocity 
Velocity 
Watcr content expressed as perce-nt moisture by weight (uranium logging term) 



18' . . 
1" x 1" 
2" 
00 . 

~. 
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18' lateral AO spacing 'electrical log derived measurement 
1-1/2" lateral AO spacing micro-electricallog derived measurement 
2" normal AM spacing micro-electricallog derived measurement 
Refers to a distant point in the formation 
Half life or half thickness of materials 

SYMBOL SUPERSCRIPTS 

m .• 

n 
x • 
o • . 
o 
o • . 
A. 

Porosity Exponent 
• Saturation Exponent 

• • Exponent (any) 
• • Degrees temperature 

Degrees API gravity 
• • Degrees arc 

Isotope Designation 

SYMBOL PREFIXES 

d •• 
c . 
m. 

.!J.,. • 

n 

p. 
f 
a .. 
k. 
M '" • 
G. 
T. , 

A" 

B~ 

r." 

A S 

E f 

Z , 

H." 

e 8 

I , 

K /( 

AX 

M,.,. 

e · · • 

deci (=10-1) 
· centi (=10-2) 
· milli (=10-3) 

micro (=10-6) 
nano (=10-9) 

· pico (=10-12) 
• femto (=10-15) 
· atto (=10-18) 
· kilo (=103) 

mega (=106) 
• giga (=109) 

tera (=1012) 

GREEK ALPHABET 

alpha Nv 

beta a e 
aamma o 0 

delta n1f' 
ep.ilon P p 

uta ]; tr f 

eta T'f' 

!hila Tv 

iota ~tP 

kappa Xx 

lambda '1'1/1 

mu OCII 

nu 

Ii 

omicron 

pi 

rh6 

siama 

tau 

up.ilon 

phi 

khi 

pli 

6mcaa 
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