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THE UNCERTAINTY OF EVALUATING ORIGINAL OIL-IN-PLACE IN NATURALLY FRACTURED 
RESERVOIRS 

Roberto Agui  1 era 
SOQU I P 
Quebec , Canada 

ABSTRACT 

alculation of 
tured reservoirs 

on volume fac t  

racture water s 
i n i t i a l  o i l  rates which m i g h t  lead to  very optimistic forecasts. 
i n i t i a l  h i g h  rates are  due t o  the original oil-in-place w i t h i n  the fractu- 
res. Upon depletion of the fracture system the o i l  production may decli- 
ne drastically usually w i t h  strong increases i n  gas-oil ratios.  
there on production depends on the f ac i l i t y  w i t h  which the o i l  bleeds-off 
from the matrix into the fractures. Consequently, the importance of hav- 
i n g  reasonable estimates .of original oil-in-place w i t h i n  the fracture net- 
work cannot be overemphasized. 

The object of this paper is  t o  i l l u s t r a t e  procedures t o  ob- 
tain estimates of original oil-in-place i n  naturally fractured reservoirs. 
The  Montecarlo Simulation apwoach has been used t o  calculate ranges and 

These 

From 

probabi 1 i ty  dis t r ibut ions o f '  t o t a l  porosity (pl)  , double-porosi ty  exponent 
(m) total  water saturation (S,) fracture porosity ( @ f )  water saturation 
w i t h i n  the fractures (Swf) , original oil-in-place w i t h i n  the fractures (Nf), 

a1 oil-in-place (N) i n  a hypotet 

luded t h a t  bet ter  

1 e-porosi ty  reser- 

red reservoirs if  the uncertainty .of calculating oi l - in-  
place is-quant i ta t ively measured. 

INTRODUCTION 

Experience indicates that  development of naturally fractured 
reservoirs has led to  manyeconomic fiascos. T h i s  has occurred because h i g h  
i n i  t i  a7 o i  1 rates have 1 ed engineers t o  overestimate the production forecasts 

A 

of the wells. 
fractures have a negligible storage capacity and are only channels of very 
h i g h  permeability that  allow the f l u i d s  to flow, and ( 2 )  the matrix has an 

Reservoir engineers usually make the assumption that  (1) the 

J 
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S C H E M A T I C  S K E T C H E S  
S H O W I N G  

POROSITY DlSTR I BUT I O N  

FRACTURED RESERVOIR ROCKS 
I N  

A B C 

PERCENT RESERVOIR P O R O S I T Y  I N  FRACTURES 

Fig. 1- Sketch A - Reservoir w i t h  high storage capacity i n  rock mat r ix  
(primary pore spaces) and very low storage capacity i n  f rac tu -  
res. Sketch B - Sediment having approximately equal storage ca- 
pac i t i es  i n  mat r ix  and fractures. Sketch C - Rock having a l l  
of i s storage capacity i n  fractures. (A f te r  McNaughton and 
Garb f ).  

- 2 -  
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A 

important storage capacity b u t  a very small permeability. 

Assumption .1 i s  believed t o  be quite weak. his assumption 
has led t o  many fiascos i n  the development of naturally fractured re- 
servoirs. In fac t ,  many reservoirs that  produce a t  i n i t i a l  rates de- 
c l ine very drast ical ly  i n  short periods of time. T h i s  occurs because 
a l l  the producible o i l  has been stored i n  the fracture system. 
quently i t  is important t o  be able t o  make reasonable estimates of o i l -  
in-place w i t h i n  the fracture system. 

Assumption 2 above has to  be considered carefully. 
permeability of the matrix is  very low, then the bleed-off of o i l  from 
the matrix into the fractures will be very slow and only the o i l  o r ig i -  
nally w i t h i n  the fractures will be produced i n  a reasonable span of t i -  
me. If the matrix has a reasonable permeability, then the storage ca- 
pacity of the matrix becomes of paramount importance. 

naturally fractured reservoirs varies intensively depending on the de- 
gree of fracturing of the formation and the value of primary porosity. 
The greater the value of primary porosity, the greater the success pos- 
s i b i l i t i e s  of naturally fractured reservoirs. The storage capacity i n  
the matrix porosity of Figure 1-A is large compared w i t h  the storage ca- 
pacity i n  the fractures. For the schematic of Figure l - A ,  10% of the 
total  porosity is  made out of fractures. In this case the fractures may 
be an evil  rather than a bless, because they may help to create problems 
dur ing  d r i l l i n g  operations such as mud losses, blowouts, f i r e s ,  etc.  .. 
The  schematic of Figure l - B  shows a rock w i t h  about the same storage 
capacity i n  fracture and matrix porosities. In this case, the reservoir 
matrix i s  rather t i g h t  and the fractures provide avenues of nearly i n -  
f i n i t e  permeability. 
have permitted t o  produce ov individual wells of 
Iran1 . 

Conse- 

If the 

I t  i s  important t o  visualize that  the storage capacity of 

This is an ideal combination of porosities that  

Figure l - C  shows the sch ic  of a rock where the matrix po- 

characterized by producing a t  very 
rosi ty  i s  zero. 
In general reservoirs of this 
h i g h  i n i t i a l  rates tha t  declin 
There are,  however, exceptions i n  the- l i terature .  For example, 
the Edison' and Mounta'n View 
nia and the E l  Segundo$, Wilminton and Playa de Rey f ie lds  i n  the Los 
Angeles Basin produced above 15000 BOPD from fractured pre-creta eous base- 
ment schist .  Jhe storage i n  the basement rock of the La Paz-Mara' o i l  
f ie lds  i n  Western Venezuela is  i n  t acture system. T h i s  f i e ld  produced 
over 80000 BOPD from-the basement r o i r .  Matrix porosity contributes 
very l i t t l e  i f  a t  a l l  to  the over-all reservoir capacity o f  the Osage and 
Meramec limestones i n  the Eastern Anadarko basin5. In these limestones es- 

I n  th is  case a l l  orage capacity i s  due to  fractures. 

nomic limits i n  rather short times. 

the San Joaquin Valley of Califor- 

nish the generalized assumption that  the storage capacity of a fractured 
system is negligible as compared w i t h  the storage capacity of the matrix. 

I t  is the objective of this paper to  describe a procedure to  e- 

- 3 -  
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Fig. 2- D i s t r i bu t i on  o f  matr ix  poros i ty  f o r  example problem. 

Fig. 3- Ra - Porosi ty response cross-plot  permits eva uat ion of the 
double-porosi ty  exponent, m. (A f te r  Agui lera 8 , 9 ) .  

i 
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A 

valuate the uncertianty of calculating original- oi,l-in-place i n  naturally 
fractured reservoirs. T h i s  procedure is not  claimed to  be perfect. 
wever, i t  has provided the author  w i t h  an additional tool i n  the huge pro- 
blem of evaluating fractured media. 

Ho- 

ORIGINAL OIL- IN-PLACE 

Total original oil-in-place i n  a naturally fractured reservoir 
can be calculated volumetrically from the relationship: 

7758 Ah P, (1 - 5,) N 
Bo . 

where 
A = area, acres 
h = net pay, f ee t  
P, = total  porosity, fraction 
Sw = total  water saturation, fraction 
BO = in i t ia l  o i l  formation volume factor,  bbl/STBO 

The original o i l -  -place w i t h i n  t h  ractures can be approximat- 
ed from: 

Nf = c2i: 
BO 

where 
osi ty ,  fraction 
tion w i t h i n  

The following sections will present procedures t o  estimate the 
parameters tha t  go into equations 1 and 2. 

e total  porosity can 
the partitioning coefficient from 

f the matrix 

lab ’ = 1 - V ( l - @ b j  

where matrix porosi ty ,  fraction 
par t i t ion ing  coe ient, fraction. 

- 5 -  
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The partitioning coefficient represents the fraction of to- 
ta l  pore volume made u p  of fractures. I t s  value can be estimated u s i n g  
the method of Locke and Bliss7 or  pressure analysis.6 The  matrix poro- 
s i t y  can be obtained from analysis of intergranular cores i n  the labora- 
tory. 
has usually a normal distribution (Figure 2) .  

I t  must be noted t h a t  experience indicates that  matrix porosity 

Double-Porosi t y  Exponent 
. I  

The double-porosi ty  exponent, m ,  fo r  a ural ly  fractured re- 

ponent of intergranular systems. Sometimes, i t  is  possible to  estimate 
the value of m from logs alone when a s ta t i sca l ly  significant number of 
zones i s  available as shown i n  Figure 3. I f  this is  not the case i t  is  
s t i l l  possible t o  estimate the value of the double-porosity system from 
the re1 a t  ions h i  p: 

servoirs has' been found previously to  be smaller % ¶ &  than .the porosity ex- 

where m double-porosi ty exponent 
mb = matrix porosity exponent 

The matrix porosity exponent is  obtained i n  the laboratory 
from the analysis o f  intergranular cores. 
equation 4 are obtained as described previously. 

Other parameters tha t  go into 

Total Water Saturation 

10 Total water saturation can be calculated from the relationship: 

where Sw = total  water saturation, fraction 
R t  = true formation res i s t iv i ty ,  -m 
n = water saturation exponent 

Values of Rw can be otbained from the SP log, water analysis, o r  

- 6 -  
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I 

JJ) 
j 
I 
I 

i reservoirs. 9 911 

regional water res i s t iv i ty  tables. The total  porosity and the double- 
porosity exponent, m, can be obtained as discussed previously. 
true formation res i s t iv i ty  i s  obtained from res i s t iv i ty  logs. I n  this 
paper i t  is  assumed that  the water saturation exponent, n ,  i s  equal to  
the double-porosity exponent, m. 
reasonable based on previous experience i n  intergranular and fractured 

The 

T h i s  assumption does not appear un- 

1 Fracture Porosity 

i 

i 

I 
1 
1 

An estimate of fracture porosity i s  necessary to  calculate 
the original oil-in-place w i t h i n  the fracture system.' The fracture po- 
rosity i s  approximated by the difference between the total  porosity as 
determined from equation 3 and the matrix porosity as determined from 

l 
i 

I 

I core analysis, or 

As discussed i n  the introduction of this paper, the impor- 
quantitative estimate of fracture porosity cannot be overem- 

phasized. I t  i s  strongly recommended to  avoid the generalized assump- 
tion that  the fracture porosity contribution t o  storage capacity is  ne- 
gligible.  

The possibil i ty of estimating water saturation i n  the fractu- 
gineering l i terature .  res has been usually overlooked i n  the petroleum 

However, i t  is  possible t o  ma e such an estimate 
tures as a bundle of tubes as recommended by Hilchie and Pirson. 12 F i -  

considering t h e  frac- 

tha t  the relat ive permeabili- 

t e r  viscosit ies,  i n i t i a l  water o i l  ra t io ,  and i n i t i a l  o i l  formation volu- 

es for  a bundle of tubes as 

1 t o  the water saturation i n  the fractures. The pro- 
culate the value of k, as a function of o i l  and wa- 

accompl is  hed w i  t 

( 7 )  p w  WOR 
B o p 0  - p w  WOR 

I 
1 where krw = re lat ive permeability t o  water, fraction 
I JAW = water viscosity, cp 

1'0 = oi l  viscosity, cp 
WOR = i n i t i a l  water-oil ra t io  i 

! 
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S,' ( % I  
13 Fig. 4- Relative permeability curves for  a bundle of tubes (After Fat t  ). 

SE NW 
I 

I 
I 

I - - g : y  , [ Y N .  CHALK 

FRACTURE DEVELOPMENT 

U.. ..- 
ROLL-OVER 

Fig. 5- L u l i n g  - 
(After P 

Mexi type fau l t  
rsonif4). 

Fig. 6- Fault proximity index 
(FPI) as a function of 
fracture intensity index 
(FII)  18 chalk. (After 
P i  rson ) . 
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Equation 7 has been used t o  forecast i n i t i a l  water-oil 
ratios 
i t  t o  calculate i n i t i a l  water saturation i n  the fractures. 

w i t h  sound results.  12 T h i s  enforces the possibil i ty of u s i n g  

A 

Reservoir Area 

Aerial photography has been used successfully in some areas 
t o  map fracture trends. Alpay 14 has repor ed a f ie ld  application of 
aerial  photography i n  eight reservoirs of west Texas. He found that ,  
i n  general, a good match was obtained between predominant fractured 
trends determined from aerial  photography and subsurface trends deriv- 
ed from reservoir performance. The mapping of fractured trends from 
aerial  photography must be carried out by experts, as man-made features 
such as fences, power 1 ines , roads , pipe1 ines , etc. may be mistaken 
for  natural fractured trends. To avoid the previous possible mistakes, 
i t  is better to  resort ,  whenever possible, to  areas that  have not been 
man-touched. 

Other method l 5  to  map fracture trend akes use of a fractu- 
r e  intensity index derived from conventional well logs. T h i s  index has 
provided valuable information for  estimating distance to  fau l t s  i n  the 
A u s t i n  chalk of Texas and appears as a very promissory tool i n  the Saint 
Lawrence l owl Quebec. The fracture intensity index ( F I I )  is de- 
fined by: 

The value of FII increases as a f a u l t  i s  approached as shown 
i n  F i g u r e  5. 
te the lateral distance t o  a f a u l t  from a p l o t  similar t o  the one show 
i n  Figure 6 for the Austin chalk. 
order-of-magnitude estimates of the reservoir area. 

makes use of optical processing 

From the calculated value of FII i t  i s  possible to  estima- 

Mapping of the fractured trend permits 

Another promissory a neati on of racture trends f 6 

be used some- 
times i f  there is evidence that  vertical fractures extend a l l  over the 
section o f  interest. Other potential tools  t h a t  may prove useful for  de- 
termining fracture pay include variable intensity logs, 17 Dual Induc- 
tion-Laterolog 8, 18 sonic and neutron or density logs, 18 core porosity 
and neutron logs, 19 borehole televiewer, 20 comparison of matrix porosity, 
mb, w i t h  the double-porosity exponent, m ,  cycle s k i p p i n g ,  21 SP curves,22 

I 
i 
i 

i - 9 -  
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correction curve on the compensated density log, 23 co arison of shale 
comparison of vol ume to  uranium index , 22 1 i thoporosi ty cross-plo 

long and short normal curves, 15 production index, 
and s ibi la t ion logs. 25 

k and temperature 

MEASURE OF UNCERTAINTY 

The  log analyst i s  painfully aware that  the previous eqi ations 
or any other s e t  of equations t o  evaluate fracture reservoirs are not e- 
xact. These equations can provide meaningful information, however, if 
the analyst places reasonable ranges i n  the parameters tha t  go into the 
solution of each equation. The  choice of range must re f lec t  as close as 
possible the present knowledge of the basic data. The analyst must also 
choose the best probability distribution for  the data a t  hand . ,  T h i s  i n -  
formation permits a probabilistic analysis w i t h  the use of the Montecar- 
lo  simulation technique. - Essentially, a Montecarlo simulation takes the 
probability distributions of the i n p u t  data and generates random values 
w i t h i n  the pre-established m i n i m u m  and maximum values of the data .  
repeating a calculation many times ( for  instance 100, 200 o r  maybe 1000 
o r  more times) the analyst ends u p  w i t h  enough information to  generate a 
plot  of the various answers ( for  instance oil-in-place) versus probabili 
ty  of occurrence. The generated data permit analysts and managers t o  de- 
cide whether o r  not they like the odds. 

This.paper will consider histogram, triangular and rectangle distributions. 

By 

- -  
26,27 

Several distributions have been discussed i n  the l i t e ra ture .  

Histogram Distribution 

Experience i ndicates tha intergranular porosity distri- ' 

i t y  when dealing w i t h  natu- 
om a histogram are selected ~ 

ns are symmetrical.28 Conse histogram distribution ap- 
pears as a good choice to  i n p u t  primary 

Rectangular Distribution 

A 
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A 

distribution used when there i s  a h i g h  degree of uncertainty i n  the 
i n p u t  data and only the lower and upper limits of the range are known. 
The selection of random v ues from a uniform d i s t r i b u t i o n  i s  depicted 
i n  Figure 9. 

EXAMPLE 

T h i s  example is  designed to  provide a working knowledge of 

The data available for  the analysis are presented below: 
how t o  quantify uncertainty i n  the evaluation of a naturally fractured 

VALUES 
Distribution Lower Most Likely Higher Sources o f  Data 

V Triangular 0.10 0.20 0.40 Core7 and pressure 

mb 

6 
analysis 

n u l  a r  cores 
Rectangular 1.90 -- 2.10 Analysis of intergra- 

Triangular 30.00 50.00 Logs 
Rectangular 0.05 0.07 SP Log, water analysis, 

Rt 

W R tables, 8-R cross 
R 

pYots. 
1.45 PVT analysis , empirical 

charts. 
150.00 Logs, core analysis 

porosity ( a b )  has been construct- 

.10 

.20 

.40 

.18 

.12 
1.00 

w i t h  the use of 
The results are present- equation 3 and the Montecarlo simulation approach. 

ed i n  Figure 10-A. 
of 2.6% and a maximum of 9.9%. 

The calculated total  porosities range between a m i n i m u m  
Figure 10-A also indicates t h a t  there is a 

- 13 - 
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50% probability that the total  porosity will be 5.6% or  greater, and I 

t an 80% probability that i t  will be greater than 4.3%. 

are presented i n  Figure 10-B. 
ge between 1.321 and 1.678 as compared w i t h  the i n p u t  mb values which 
range between 1.9 and 2.1. 

between 9.7 and 57%. I t  also shows that  there is  a 50% chance that the 
water saturation is 22% or less ,  and an 80% probability that  i t  will be 
27% or  less. 

plotted i n  such a form as to  indicate values of porosity "greater than" 
a certain value. 
ed i n  such a form as t o  indicate values of water saturation "smaller 
than" a certain value. T h i s  i s  plotted i n  this fashion because we are  
looking for  the largest  possible porosities and the smallest possible 
water saturations. 

The calculated values of the double porosity exponent, m ,  
Note that the calculated values of m ran- 

Figure 10-C shows that  the total  water saturation, h, varies 

Notice that i n  Figure 10-A the probability of occurrence is 

In Figure 10-C, the probability of occurrence is  plott-  

Fracture porosity i s  found to range between 0.47 and 3.70% 
as shown i n  Figure 10-D, and there is  a 50% probability tha t  fracture po- 
rosity i s  equal to or greater than 1.8%. 

Values of water saturation i n  the fractures are  calculated to  
range between 21 and 77% w i t h  a most l ikely value of 41% as sh'own i n  
Figure 10-E. 

The main objective of this study, i . e . ,  the quantification of 

There i s  a 50% probability tha t  the o i l -  

oil-in-place i n  the fracture system is i l lustrated i n  Figure 10-F. 
variation i s  striking as the oil-in-place w i t h i n  the fractures ranges 
between 1.85 and 13.46 MMSTBO. 
in-place will be 5.1 MMSTBO or  greater. 
the oil-in-place will be 3 .5  MMSTBO or  greater. 

between 3.6 and 40.9 MMSTBO w i t h  a 50% probability that  i t  will be 
18 MMSTBO or  greater. 

The 

There i s  an 80% probability that  

Finally, the total  oil-in-place (matrix plus fractures) ranges 

SUMMARY AND CONCLUSIONS 

Log analysts are  painfully aware that  their results are  not 
always correct. 
ac t ,  as the log analysis science and a r t  i s  based upon empirical relation- 
ships. 
fractured reservoirs. This uncertainty can be quantitatively measured 
u s i n g  the Montecarlo simulation approach. The s e t  of equations presented 
i n  this paper has provided reasonable results i n  the author's experience. 
However, th i s  o r  any other set  o f  equationsis imperfect and as such must 
be treated. 

Moreover they are  aware that the i r  results are  not ex- 

Strong uncertainty arises specially when dealing w i t h  naturally 

1 
i I t  is important to  quantify the amount of oil-in-place 

within the fracture system t o  make sound projections of reservoir l i fe .  t 

- 14 * 
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A 

High  i n i t i a l  o i l  ra tes  i n  naturally fractured reservoirs a re  the resu l t  
of o i l  stored w i t h i n  the fractures.  
s e  when the fracture  network i s  depleted, depending on the ra te  w i t h  
which o i l  bleeds-off from the matrix into the fractures.  

naturally fractured reservoirs i f  the uncertainty of calculating oil-in- 
place i s  quantitatively measured. 

Strong production declines may a r i -  

I t  is concluded tha t  bet ter  decisions can be made regarding 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

11. 

12. 
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B 
THE DETERMINATION OF PRIOR DEPTH OF BURIAL 

(UPLIFT AND EROSION) USIVG INTERVAL TRANSIT TIME 

By William H. Lang, J r .  
Union Oil Company o f  California 

ABSTRACT 

In 1930 a relationship was suggested between the observed compaction o f  
shale sediments and the depth o f  burial. I t  was suggested t h a t  i n  d i s -  
turbed areas th i s  would be useful for  the determination of the maximum 
depth o f  burial. 

Various researchers have directly and indirectly used th i s  concept i n  
relating interval t r ans i t  time-porosity-depth of burial. The author des- 
cribes a method t o  construct a transit time-depth plot (TDP) for a given 
well, taking a number of wells and assembling a type mpaction gradient 

The compaction gradie on the TDP on each well within the basin is  com- 
pared t o  the type gradient for the basin, and the relat ive amount of up- 
l i f t  (pr ior  depth of burial)  i s  determined. I t  then becomes possible t o  
bet ter  recreate the 
events. 

sedimentary basin. 

nce of geologic 

ab1 ished between 
compaction and depth o f  burial ,  i t  would be possible t o  determine the 
maximum depth t o  w h i c h  shales in any undjs turbed area had once been buried." 
Athy physically measured the de ty  o f  over 2,200 shale samples i n  North- 
eastern Oklahoma and parts o f  T s and established a compaction (density 
or  porosity) - depth relation. One o f  his most important  conclusions was: 
"By applying the compaction - depth .  data derived.. . i t  i s  estimated tha t  
the eroded overburden is  4,000 - 4,500 feet ." Athy was able t o  determine 
prior depth o f  burial and subsequent up l i f t  and erosion from shale density 
da ta .  

creating the geologi I t  may possibly 
answer the question: 
nondeposition o r  i s  i t  absent because of up l i f t  and erosion? Athy i s  
emembered more for  w i t h  depth rather 

t h a n  these aspects o 

Open hole res i s t iv i ty  well logs were being introduced t o  the industry i n  
1930, and 'Athy's technique depended upon the physical recovery of rock 

- 
concept should ely useful xploration geologists in re- 

ents in many sedimentary basins. 
I s  a particular s t ra t igraphic  u n i t  missing because o f  

- 1 -  
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samples and the measurement o f  parameters beyond the capability of the 
logging service companies. 
seismic velocity was apparently a function o f  depth and geologic time. 
Figure 1 (Faust) indicates the relation of  interval velocity plotted 
against depth for geologic age groupings. 

I t  was la ter  recognized by Faust (1951) that 

In 1953 Faust included a lithologic factor i n  his velocity function. He 
minimized eologic time as an important consideration i n  his reference to  
Heiland's 9 1940) statement: "An increased age merely increases the prob- 
abil i ty that i t  (the s t ra ta)  has undergone a greater degree of dynamome- 
tamorphism." Hedberg, 1936, had covered that by repeating, 'I.. .the 
porosity of the well-known Cambrian clays of Finland and Russia i s  
relatively high."  

The reciprocal of interval velocity, i.e., interval t ransi t  time was found 
t o  be useful for disciplines other than seismology. 
determined a relationship between interval t ransi t  time and porosity through 
the time-average equation. T h i s  relation i s  now used by the various service 
companies i n  the determination of porosity from e las t ic  wave-type well logs. 
Porosity computations from the time-average equation are reasonably accurate 
under certain circumstances. Sarmiento (1 961 ) described some of  the geo- 
logical factors which  should be considered for a precise porosity-transit 
time relationship. These are: "Age, composition, tectonic history 
(compaction), shaliness, and type of f l u i d  i n  i t s  pores." 

The reference i n  Sarmiento's paper t o  tectonic history and compaction is 
the f irst  intimation that interval t ransi t  time i s  modified by ",.;the 
degree of tectonism." Allied to this line of thought ,  the effect of depth 
was considered t o  be an important factor. 
Cretaceous sandstones i n  Wyoming and A1 berta and the t ransi t  time-depth 
relation. Thirty years pr ior  to  the above paper, Athy had demonstrated the 
relationship between density, porosity, and depth of burial. Sarmiento d i d  
not c i t e  Athy i n  his work and m a y  not have been aware of the parallelism 
of their  e f for t  regarding tectonic imp1 ication. 

Wyllie, e t  al.,  

Figure 2 shows Tertiary and 

In 1962 Jankowsky used interval t ransi t  time-porosity and related them to 
the reconstruction of the structural history of a basin. 
'I.. .customary methods fa i l  when the reference planes have been eroded by 
u p l i f t i n g .  I t  is fortunate that diagenesis imparted t o  the sediments 
primarily physical changes.. .'I "Considerable research has b r o u g h t  about 
the know1 edge of the theoretical and practical l y  i rreversi b l  e decrease of 
rock porosity w i t h  increasing depths as the result of the increase i n  
overlying pressure." Apparently, Jankowsky also was not  aware of Athy's 
work. He used the same procedure, b u t  derived the data from t ransi t  time 
measurements rather than core samples. The porosity of clay and claystone 
was used because they ".,.most easily permit the exclusion of other com- 
p l  icating factors .I' Jankowsky used the porosity-burial-up1 i f t  relationship 
t o  construct maps showing "residual l i f t i n g " .  
of u p l i f t  not reversed by subsequent subsidence. 

P h i l i p ,  e t  al., (1963) used the t ransi t  time-porosity-depth relationship 

He wrote, 

In other words, the amount 

- 2 -  
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t o  aid i n  the reconstruction'of the'geological history of the GiShorn E 
Trough. Maximum depth 'of burial was determihed using a transit-time- 
porosity relation i n  shales. Pennebaker (1968) showed a family of normal 
compaction lines, Figure 3, that  was related t o  the age o f  G u l f  Coast 
sediments. 
less compacted sediments ..." If this is taken a step further i n  a con- 
formable sedimentary sequence, a s t a i r  step compaction profile might be 

b 

He noted a "shift from inland, older sediments t o  more recent, 

r t ransi t  times 

derived from transi t  time 
paper. T h i s  is an improv 

a t  50-foot intervals. A l l  of the shale discriminators are used b u t  fre- 
quently only the SP and resis t ivi ty  curves are ava ble. T h i s  p l o t  can 
be made manually or by the computer if the logs ha been digitized. Shales 
are used for compac studies rather than sands t o  eliminate possible 
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poros i ty  and gas effects. 
sandstones i n  the West Coast the sandstones "compact" a t  the same r a t e  as 
do the shales.) 

CONSTRUCTION OF THE TYPE COMPACTION GRADIENT 

I n  a t e c t o n i c a l l y  a c t i v e  sedimentary basin, we l ls  w i l l  f requent ly  encounter 
low t r a n s i t .  t ime (high i n t e r v a l  v e l o c i t y )  a t  an abnormally shallow depth. 
Figure 7 shows t r a n s i t  t i m e  depth p l o t s  on we l l s  i n  a Ca l i f o rn ia  T e r t i a r y  
Basin. The arrows show the i n te rsec t i on  o f  the t r a n s i t  t ime i n  the shales 
a t  100 microseconds w i th  depth, P l o t t i n g  the l o g  of t r a n s i t  t ime versus 
l i n e a r  depth produces a s t r a i g h t  l i n e  fit o f  the  shale po in ts  on a l l  of 
the wells. This , l i n e  then becomes the compaction gradient f o r  t h a t  par- 
t i c u l a r  wel l .  Pro jec t ing  the f i t  t o  the surface on Wells A and E gives 
a value o f~approx imate ly  189 microseconds o r  an i n t e r v a l  v e l o c i t y  o f  5,300 
feet per  second. This i s  f l u i d  v e l o c i t y  and probably close t o  the v e l o c i t y  
of a c lay  s l u r r y  which has not been subjected t o  b u r i a l .  

With b u r i a l  the c l a y  sediments are subjected t o  the  mechanical, thermal, 
and chemical changes associated w i t h  increasing depth o f  b u r i a l .  
and E show gradual ly decreasing t r a n s i t  times f r o m  the approximate value 
of f l u i d  v e l o c i t y  a t  the surface. This decrease i s  considered t o  be 
"normal" i n  Wells A and E w i t h  the possible exception o f  s l i g h t  overpressure 
which may be encountered a t  12,000 f e e t  i n  Well A. "Normal" i n  t h i s  context  
means t h a t  only subsidence and deposit ion has taken place w i t h  no subsequent 
u p l i f t  and erosion. 

( I n  many o f  the " r e l a t i v e l y "  quartz de f i c ien t  

. <  

Wells A 

Arrows denote the depth o f  100 microseconds on Wells A through E. 
''normal" we l ls  t h i s  depth i s  a t  10,000 feet,  wh i le  the depth t o  100 micro- 
seconds i n  Wells B, C, and D i s  a t  9,000, 5,000, and 2,000 f e e t  respect ively.  
It i s  possible t o  take segments o f  the TDP on each we l l  and composite them 
t o  produce a type compaction gradient. 
geologic sect ion i s  compiled f r o m  measured outcrop sections around a basin, 
a type compaction gradient may be constructed f rom t r a n s i t  t ime logs run on 
we l ls  d r i l l e d  i n  a t e c t o n i c a l l y  ac t i ve  basin, as shown by Figure 8. 
t o  the l o g i c a l  conclusion i t  can be i n f e r r e d  t h a t  there has been 2,000 f e e t  
of u p l i f t  and erosion i n  Well B, 7,000 feet  i n  Well C, and 9,500 f e e t  i n  
Well D. 

Usually i n  most sedimentary basins no wel l  ever penetrates the e n t i r e  sec- 
t i o n  i n  the center of the basin, so t h a t  i t  i s  necessary t o  construct  a 
type gradient as i n  Figure 8. A geologic sect ion of over 19,000 f e e t  was 
put together i n  t h i s  basin. The deepest wel l  ava i l ab le  i s  Well E and when 
superimposed on the type gradient, as i n  Figure 9, an exce l len t  agreement 
may be noted. 

On the 

I n  much the same manner as a type 

Followed 

-. 
INTERPRETATION OF THE TDP 

An app l i ca t i on  o f  t h i s  concept i s  i l l u s t r a t e d  by Figures 10 and 11. 
same C a l i f o r n i a  basin where the type compaction gradient was constructed, two 

I n  the 
i 

! 

- 4 -  



I 

SPWLA NINETEENTH ANNUAL LOGGING SYMPOSIUM, JUNE 13-16,1978 

we1 1 s were d r i  1 l e d  approximately fou r  m i  1 es apart.  .The DP on each w e l l  i s  
shown by Figure 8. Paleontological con t ro l  ind ica tes  a orre1 a t i  ve marker 
a t  about 13,500 f e e t  i n  Well K and a t  1,500 f e e t  i n  Well J f o r  a 12,000 
f o o t  s t r u c t u r a l  d i f ference. The paleo data ind ica tes  t h a t  the marker i n  
both we l l s  was deposited i n  an environment w i t h  a water depth o f  a t  l e a s t  
6,000 f e e t  (now found a t  a depth<of  1,500 f e e t  i n  Well J ) .  

Compaction gradients were drawn on the TDP o f  Wells K and J and i t  was found 
t h a t  the t r a n s i t  t ime a t  t he  11-5 marker was 86 microseconds i n  Well K and 
122 microseconds i n  We1 
rad ien t  f o r  the basin, 

On the other hand 

J 

I 

J. Comparing these t r a n s i t  times t o  the type 
igure 8, i t  can be determined t h a t  the c o r r e l a t i v e  

K has experienced no d i sce rn ib le  u p l f i t .  

pact ion gradie Figure 11 shows both of these we l ls  
depth o f  b u r i a  t the maximum depth of b u r i a l  Well J 
than Well K - r a t h e r  than the present 12,000 f o o t  s t r u c t u  

1,500 f e e t  i n  Well J occurs a t  6,200 f e e t  on the com- 
t h e i r  maximum 

A reconstruc ese we1 1 s woul d as follows: 

11-5 m POS 000 f e e t  o f  water. 
Paleo data indicates a gradual shal lowing o f  the 
deposi t ional  environment i n  the  sediments above the 
IL-5 marker. H e l l  J 

other. I n t e r v a l  t r a n s i t  t ime and the use o f  type compaction gradient a l -  

nected. 
cont ro l  points.  A reconstruct ion o f  the  geologic h i s t o r y  i s  as fo l lows: 

It may be seen t h a t  the i s o - t r a n s i t  t ime l i n e s  p a r a l l e l  the paleo 

The "F-marker" and 'IF-2" zone 
bur ied  t o  an equivalent depth 
compaction, Well P was up1 i f t e d  1,700 f e e t  more 
than \ e l l  Q. The s t r u c t u r a l  d i f fe rence i n  t h i s  
example i s  d u e ' e n t i r e l y  t o  u p l i f t  r a the r  than 
u p l i f t  and subsidence as shown i n  the preceding 
exampl e. 

Af ter  burial. and 

It i s  i n t e r e s t i n g  t o  note t h a t  paleontological  data ind ica tes  several uncon- 
f o r m i t i e s  t h a t  are present i n  these wel ls,  The unconformities show up c l e a r l y  J 

i 
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i n  Well P a t  the breaks i n  the compaction gradient. The unconformities are 
not t o  apparent, however, on the Well Q TDP. Another use o f  the TDP i s  the 
overpressure i n d i c a t i o n  a t  5,700 f e e t  i n  Well P. 

EFFECT OF CHEMICAL AND TEMPERATURE DIFFERENCES 

Depth o f  b u r i a l  provides the necessary factors o r  environment f o r  the meta- 
morphism o f  sand and shale sediments. 
i s  o f  maximum importance i n  the depth of burial-compaction regime. . M u f f l e r  
and White (1969) describe the transformation of sedimentary rocks i n  two areas 
i n  the Salton Trough. Rocks o f  the same age and type i n  these areas i n  the 
trough are undergoing s i m i l a r  low-grade metamorphism. 
Geothermal Field,  there i s  an extremely high heat f low. The sediments show 
a higher degree o f  metamorphism a t  a shallower depth than the sediments i n  
the we l l  i n  the lower heat f low area. Figure 13, a TDP on a we l l  w i t h i n  the 
f i e l d  (high heat f low), i l l u s t r a t e s  the heat e f f e c t .  From 1,600 - 3,900 feet 
a great decrease i n  t r a n s i t  time may be noted, w i t h  r e l a t i v e l y  l i t t l e  change 
below tha t  point .  
1ZoF/1O0'. 

Bradley (1975) holds t h a t  the loss o f  poros i ty  w i t h  depth appears t o  be a 
chemical process ra the r  'than a mechanical compression. It does appear as 
mentioned, t h a t  there i s  a greater decrease i n  i n t e r v a l  t r a n s i t  t ime per 
foot o f  depth i n  basins w i t h  a high temperature gradient i n  comparison t o  
a basin w i t h  lower temperature gradients. Care must be exercised i n  deter- 
mining p r i o r  depth o f  b u r i a l  by i nsu r ing  t h a t  the temperature gradient i s  
r e l a t i v e l y  the same w i t h i n  the area studied. Higher heat f l o w  tends t o  
accelerate the ncompaction'' process and can cause erroneous assumptions. 

COMCLUSION 

The reconstruct ion o f  past geologic events i s  f requent ly  hampered by miss- 
i n g  section. 
missing due t o  nondeposition o r  missing due t o  u p l i f t  and erosion. 
may be formed by c res ta l  u p l i f t ,  sync l ina l  subsidence, o r  a combination. 
Present day s t r u c t u r a l  p o s i t i o n  may not r e f l e c t  the past s t ruc tu re .  The 
concept presented herein, shoul d a1 1 ow the geol ogi s t  t o  more accurately 
reconstruct  the pal eo basi n. 

There i s  evidence t h a t  high heat f low 

I n  the  Salton Sea 

The temperature gradient i n  the f i e l d  i s  on the order of 

I t  i s  o f  importance t o  determine whether the sect ion i s  
Structures 

c 
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TYPICAL COMPACTION GRADIENT 
CALIFORNIA TERTIARY BASIN 
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SOME PRACTICAL APPL~CATIONS 
TO IMPROVE FORMATION EVALUATION 

~ 

OF SANDSTONES IN THE 
MACKENZIE DELTA 

C 

W. L. Johnson 
W. A. Linke 

Chevron Standard Limited 
Calgary - Alberta 

A large volume of well log and other formation evaluation data has become 
available from more than seventy wells drilled in the Mackenzie Delta. 
order to effectively evaluate and document this data, much of the analytical 
work has to be handled through a computer. In some instances, the well logs 
have been difficult to interpret as to reservoir content and often difficult 
in determining accurate values of water saturation needed for reserve calcu- 
lations. The interpretational problems are believed largely attributable to 
the combined effects of generally low salinity formation waters and the type 
and amount of clays present in the reservoir sands. 
are some clays which can have a pronounced effect on the resistivity logs and 
those which have little or no effect. The existing interpretation technique 
whereby effective porosity and shale volumes are derived from cross plots of 
neutron and density data is believed to overstate the amount of clay present 
and render effective porosities which are too low. 
related to CEC measurements is offered which it is believed can, more simply 
and accurately, derive effective porosities and effective clay volumes from 
well logs. 
factors versus porosity are also offered. 

INTRODUCTION 

Over the p a s t  two years amount of w e l l  log and other formation 
evaluation data has bec 
the Mackenzie Delta (see Figure 1). st of the well log data has either been 
recorded digitally in the field and/or digitized since by various companies 
in-house for thei se. In order to adequately evaluate and document this 
large amount of d ch of the analytical work has to be handled through a 
computer. In s ces, the well logs have been difficult to interpret 
in terms of defining reservoir content, producibility, and often difficult in 
determining accurate values of water saturation. These interpretational prob- 
lems are believed largely attributable to the combined effects of low salinity 
formation waters and the type and amount of clays present in the reservoir 
sands. 

In 

As will be shown there 

An alternative method, 

Some additional formation evaluation parameters such as formation 

om more than seventy wells drilled in 

As will be shown there are some clays which have a pronounced effect 
d some which have little or no effect. he resistivity logs 

Initial interpretational procedures involved the use of cross plots of neutron 
and density data combined with a gamma ray to determine a volume of clay pre- 
sent and the effective porosity. 
cross plots could be made to produce reasonable answers. 
contention that the cross plot method overstates the volume of clay which has 

With various degrees of manipulation, the 
However, it is our 

- 1 -  
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I 

i 

I 

an effect on the resistivity logs. 
which are too low. Effective porosity as used here for sandstones implies 
that the density or neutroddensity log derived porosity minus any effects 
for clay and/or hydrocarbons will be the effective porosity (0e). Alternate 
shaly sand models have been examined and used but with only limited success. 
With the advent of locally available commercial laboratory measured values of 
cation exchange capacity (CEC*) a set of empirically derived equations has 
been developed which can utilize well logs to determine volume of clay and 
reservoir water saturations. Comparisons of density porosities with core 
analysis indicates that the density log is accurate in defining reservoir 
porosity. 
ators in the Mackenzie Delta is presented to illustrate the reduction in 
laboratory measured porosities and permeabilities which occurs when the 
same samples are subjected to increasing net overburden pressures. These 
data appear to fit very well with similar determinations made in such 
diverse areas as the North Sea and the US Gulf Coast. 

It also rendersbeffective porosity values 

In addition, special core analysis data released by several oper- 

STAN’DARDIZATION OF LOG DATA 

As with any project involving the handling of a large volume of well logs, some 
attempt has to be made to standardize these data for such factors as tool mis- 
calibrations, borehole effects, changes in mud properties, etc. The problems 
of standardizing well logs is a separate topic in itself and hence will not 
discussed in any detail here. Reference is made to a paper by E. T. Connoly 
(1968) in which he discusses problems encountered with the standardization of 
log data in the Rainbow area of northwest Alberta. 
cult in the Mackenzie Delta as there are no well-defined lithologies such as 
dense limestones and/or anhydrites to use as downhole calibration checks. 
Useful approaches to standardization have been to generate histograms, cross 
plots and depth plots of shale transit time, density, neutron response and 
resistivity. The latter has been most successfully applied when standardizing 
multiple log runs obtained in the same borehole. 
still have some uncertainty when used over a large area as regional changes in 
log responses may occur. 

SHALY SAND LOG EVALUATION 

 researcher^'^) dealing with shaly sands noted that a plot of laboratory derived 
Ro versus Rw did not always equal a constant as predicted by Archie(2) in his 
classical paper of 1942 (refer to Figure 2) .  This divergence was especially 
prominent where the saturating fluid has a high resistivity. 
salinity, highly resistive formation waters, the values of Ro are much lower 
than would be anticipated by the Archie relationship. 
in Ro is attributed to the fact that the clay in the pore space of the shaly 

aturating fluid both contribute ions which together define the 
total conductivity of the rock. To put it another way, the Archie equation 
assumes that the matrix is inert, when in actual fact some clays can contri- 

If> 
The problem is more diffi- 

These attempts to standardize 

In these low 

This apparent decrease 

bute ions which significantly change the electrical properties of the rock. 

*A characteristic that describes the number of active points on a clay 
surface at which cations can be exchanged. The higher the CEC, the 
greater is the ability of the solid surface to conduct an electric current. 

C 

- 3 -  
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When a reservoir has been "corrected for shaliness" by some method, it implies 
that some attempt has been made to remove the resistivity reducing effect of 
the clay, so that only a "shale free" resistivity is used in computing hydro- 
carbon saturations. Failure to correct sands for shaliness will result in the 
derivation of erroneously low hydrocarbon saturations and may cause pay zones 
to be overlooked. 
be removed (see Appendix 1). 

Most log analysts are familiar with the &q, 0D cross plot used to derive Vcl 
and 8, (Figure 3a after Schlumberger) . 
data are plotted, the display will frequently look more like that of Figure 3b. 
This would seem to indicate that there are no clean sands within the interval 
being plotted. It might well be that there are no absolutely clean sands but 
the indicated minimum clay volume of 20-25% does not seem compatible with the 
good gamma ray and/or SP responses in these sands. Another problem with this 
method is that the clay point can seldom be documented with actual log data 
(see Figure 3b). As a result, many data manipulations are based upon subjec- 
tive decisions of the interpreter. In addition, as will be shown later, the 
division of Vcl values between the clean water line and the clay point is not 
linear. 

The effects of gas on the neutron-and density logs must also 

In some areas, however, when 0N and 0D 

GENERAL ASPECTS OF CLAY MINERALOGY 

Mention has been made of laboratory measurements of cation exchange capacity 
(CEC) of various clay minerals. Cation exchange capacity, as used here, is 
defined as the amount of positive ion substitution that takes place per unit 
weight of dry rock. This ion substitution can take place within an assembly 
of clay platelets, or between two assemblages of clay platelets separated by 
pore water. 

Clays are a natural material, with plastic properties of very fine size 
grades (less than 0.03 mm), and consist essentially of hydrous aluminum 
silicates. 

A kaolinite crystal is composed of two layers as illustrated in Figure 4 
(after Core Labs). Each layer, comprising a silica tetrahedral sheet com- 
bined with an alumina octahedral sheet. 
are stacked one above the other in the C direction. 
kaolinite shows little variation in its formula A14(Si,t,010)(OH)8. 

In the kaolinite group, crystals 
Unlike other clays, 

Since substitution of cations does not occur within a single layer, kaolinite 
should theoretically have a cation exchange capacity (CEC) of zero. In nature, 
kaolinite usually has some exchange capacity due to the fact that there are 
some broken bonds around the edges of the layers which give rise to unsatis- 
fied negative charges. These negative charges must be balanced by cations 
which can undergo limited substitution. As a result, kaolinite has a very 
low CEC of 0.03 to 0.10 meq/gm (Grim,(3) 1968). Worthington (1974, unpublished) 
is somewhat at variance with this range, stating that the average CEC is 0.03 
meq/gm. 
value. 

Clays which have a high cation exchange capacity play a leading role in the 

low CEC, it functions largely as a nearly inert pore filler, with only minor 

In any event, the CEC of kaolinite can be considered to be a low 

resistivity reduction observed in shaly sands. Because kaolinite has a very t 

- 6 -  
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resistivity reducing properties. 
play an important part in reducing the resistivity of the shaly sand, could 
lead to serious errors in computing water saturations. 

Failure to recognize that kaolinite does not 

Unlike kaolinite, illite has a variable chemical composition which can be 
described by the general formula 

'1-1. 5A14(si6. 5-7.0A11-1 .5 0 20 1 (OH)4 

An illite crystal (Figure 4) is composed of two unit layers, each of which con- 
sists of one alumina octrahedron sandwiched between two silica tetrahedrons. 
The unit is essentially the same as for montmorillonite except that about l/6 
of the Si+4 are replaced by Al+3 ions. 
is satisfied by the addition of potassium. Sometimes the ion is replaced 
by other cations.such as Ca+2, Mg+2, or H+. 
content of illite is 8-10%. 

This creates a charge deficiency which 

However, in general, the K20 

Substitutions within the lattice as well as broken bonds account for most of 
the CEC observed in illites. Illite commonly has a CEC ranging from 0.10 to 
0.40 meq/gm (Grim, 1968) with an average value of 0.20 meq/gm (Deer et al,(4) 
1974). This is approximately seven times the average CEC value recorded for 
kaolinite. 

MontmorillQnite (1/2Ca,Na)oe7(A1,Mg,Fe)4 (Si,A1)8020 (OH)4 though similar in 
structure to illite, differs in that Mg+2, Na+l or Ca+2 tend t o  be the substi- 
tuting cations rather than potassium. The generalized structure of montmor- 
illonite is illustrated in Figure 4. 

Probably, most geologists are aware of the fact that montmorillonite is a 
swelling clay which takes in variable amounts of water. 
illonite containing Na+l as a cation has only one molecular layer of water but 
contains two molecular layers of water when calcium is the substituting ion. 
Foster(5) (1953) examined samples of montmorillonite from twelve separate 
localities and concluded that there was no correlation between the degree of 
swelling and the cation exchange capacity. Core Laboratories Inc. disagrees 
with this finding (in press). 

Frequently, montmor- 

A very high cation exchange capacity can be measured on montmorillonites with 
values ranging from 0.8 to 1.5 meq/gm. 
age CEC to be 1 meq/gm, a value more than 33 times that recorded for kaolinite. 
About 80% of the CEC is a result of lattice substitution in the montmorillonite 
structure, while 20% of the CEC has been attributed to broken bonds (Grim, 1968). 

Worthington (1974) estimates the aver- 

Chlorite is a hydrous green silicate consisting of ordered layers of alumina 
octrahedrons and silica tetrahedrons, with basal cleavage between the layers 
(see Figure 6 ) .  The general composition of chlorite is 

Worthington (1974) reports that chlorite has a zero cation exchange capacity. 

In summary then, montmorillonite and illite have generally high CEC values 
while kaolinite and chlorite show very low to 0 CEC values. 

- 8 -  
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Figure 5 is a bar graph illustrating the clay composition from X-ray diffrac- 
tion of the Taglu A to D and Moose Channel sands. Depth of the sands is in 
order of listing with the A sand being the shallowest sand and the Moose 
Channel being the deepest sand. A Lower Eocene age has been attached to the 
Taglu sands, while a Paleocene-Maestrichtian age has been assigned to the Moose 
Channel sands. Other data indicates that this section has not reached the tem- 
perature necessary for the montmorillonite to illite conversion. This means 
that any variation in clay composition is not a reflection of post depositional 
processes but can be attributed to source and hydraulic sorting. 

In the discussion concerning clay composition, various statements were made 
about the cation exchange capacity of the clays. Reference was also made to 
the fact that the clays in the delta are predominately kaolinite and illite, 
with minor amounts of montmorillonite and traces of chlorite. The table 
attached summarizes the average CEC of these clays in the delta. 

Volume of clay (Vcl), as used by industry, is the total volume of clay 
measured in a given volume of rock. 
that two types of clay are involved in this definition: 

1. Effective volume of clay 

It has not been generally recognized 

- a resistivity reducer 
- a pore filler 
- high CEC 

2. Ineffective volume of clay 

- insignificant effect on resistivity reduction 
- a pore filler - very low CEC 
Total Volume of Clay = Effective Clay + Ineffective Clay 

Effective clay (e.g., montmorillonite) has a high cation exchange capacity and 
contains the resistivity reducing porosities that worry log analysts. Failure 
to correct resistivities for effective clays will result in serious error in 
computing water saturations using the conventional Archie equation. 

Some clays such as kaolinite and chlorite have very low to nonexistent cation 
exchange capacities. These clays do not have a pronounced effect on the 
resistivity of the rock but function largely as nearly electrically inert pore 
fillers. 
considered in any resistivity corrections for "shaliness." 

This type of clay has been defined as ineffective and should not be 

If the formula weight of hydrogen is considered in relation to the total mole- 
cular atomic weight of the individual clay, it will immediately be apparent 
that delta clays which have a high percentage of hydrogen hound in the clay 
tend to have a low cation exchange capacity (see Table 1). 

How does this affect the logs? Both the neutron and the density logs will 
see the free water in the pore space as porosity. However, the neutron log 
will exhibit a higher porosity reading in a shaly sand than the density log 
because it recognizes hydroxyl ions bound in the crystal lattice in addition 
to the hydrogen of the pore water. 

- 10 - 
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Worthington (1974) of COFRC developed a method to compute the approximate 
theoretical response a neutron log would give in a shaly sand of given poro- 
sity. Using his formulas and the clay composition from X-ray diffraction 
(see Figure 6 ) ,  the percent each of the clay constituents makes towards the 
total ( f l ~ - f l ~ )  response on the log was calculated. Examination of Figure 6 
indicates that while kaolinite constitutes about 45% of the total clay compo- 
sition in this particular Taglu B sand, it contributes 70% towards the total 
(flN-flD) response observed on the log. 
clay present, contributes only 23% to the (0N-0~)) response. 
clay volume of 13% is montmorillonite and it contributes only 8% to the total 
(0N'flD) response. 

From the above data it would seem that the amount of separation occurring 
between the flN and 8 D  curves throughout a shaly sand is not only a function 
of the volume of clay present, but is also dependent on the type of clay 
present. 

By knowing the average CEC o he constituents, the clay composition, and 
the total CEC measured in the lab, the percent contribution each of the clay 
constituents makes towards the total CEC reading can roughly be determined. 
In a general way, (ON'flD) values suggest an inverse relationship to cation 
exchange capacity, i.e., clays which have a high amount of hydrogen tend to 
have a low CEC (refer to Figure 7). 
to relate the amount of (ON'&)) separation to the total volume of clay. 
Log analysts calculating Sw using shale corrected resistivities require the 
effective volume of clay. 

At first glance, it might appe r that even if an inverse relationship does 
exist between CEC and ($N'flD), the problem of determining effective volume of 

C 

Illite, which constitutes 42% of the 
The remaining 

The flN, 0~ cross plot technique attempts 

could simply be done by calibrating the (0N'flD) with laboratory derived 
alues. However, as Figure 7 illustrates, thermal absorbers and erratic 

compositional changes in the clay mineralogy result in a CEC versus ( f l ~ - f l ~ )  
relationship which is rather unpredictable. Compare the reliability of this 
data with the identical CEC values in Figure 8a plotted versus gamma ray. 
is obvious that the gamma ray is much more correlatable with cation exchange 
capacity, and'should b sed in preference to the (0~41)) as a clay indicator. 
Based on data from two lls, CEC can be calculated from the gamma ray using 

It 

.00197 gamma - 0.0949 

in the laboratory have also been correlated with relative gamma ray deflection 
(refer to Figure 8b). 
a sand with zero cation exchange capacity has a gamma ray value of 48 API. 
This closely agrees with the laboratory measurement which determined that a 
sand with a radioactivity of 55 API had a very low cation exchange capacity 
of only 0.009 meq/gm. 

The gamma ray log does not respond to kaolinite and chlorite because they lack 
any natural radioactivity. By coincidence, these two clays are nearly electri- 
cally inert in that they do not possess any significant ability to lower the 
resistivity of a shaly sand. Illite contains radioactive potassium which is 
recognized by the gamma ray log. 

The intercept in Figure 8a implies that in this well, 

Montmorillonite rich beds in the delta tend 

- 13 - 
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to have a high U308 content, which results in extremely high gamma ray values. 
Both illite and montmorillonite are characterized by a high CEC which reduces 
the resistivity of the reservoir. Since the delta sands are largely composed 
of kaolinite and illite, the gamma ray log should be reasonably accurate in 
determining the effective volume of clay to be used in shale corrected water 
saturation calculations. This is a result of its ability to ignore kaolinite 
(ineffective clay), while responding to illite (effective clay). 

From laboratory measurements, the cation exchange capacity of a rock sample 
was determined and water saturation was calculated using a form of the Waxman- 
 mi ts (6) equation : 

- (BQvRw2) + ((BQvRw~) + 4 (F*Rwl) /Rt)% 
2 sw = 

Where: 
\ 

QV = Quantity of cation exchangeable clay present - meq/ml of pore 
space expressed here as C E C ( 9 )  Pg 

8 - 
Pg = grain density of rock solids, gms/cm 3 

Rwl 

Rw2 = Rw at 77'F 

= Rw a formation temperature 

F* = Formation resistivity factor where formation or formation sample 
is saturated with a very low resistivity brine, expressed here 
as 0.798-2-09 

B = Specific counterion inductance. This is expressed as 

B = 4.6 1-0.6 exp (-.77/Rw2) 

Rt = deep resistivity reading. 

Then the assumption was made that this value of Sw should represent the true 
water saturation since the shaliness was actually physically measured in the 
laboratory. 

Using the same porosity, resistivity and Rw, the effective volume of clay can 
be determined using the modified Simandoux(8) equation. 
be assumed that the Sw calculated from the modified Simandoux equation has 
validity and is therefore equal to Sw calculated by the above method. 
terms of formulas, this relationship can be expressed as: 

To do this, it must 

In 

;]'. F*Rwl ( 1-Vcl) + 0.79 (1-Vel) (Vcl) Rwl 
1 1 Rt 2f12*09 Rsh 

0.79 Rwl (1-VCl)VCl is equal to 

2 
-[ 2f12 *09Rsh 3 
(BQvRw2) + ((BQvRw2) + 4(F*Rwl)/Rt) 

2 

- 16 - 
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or 
Sw (modified Simandoux) = Sw (modified Waman-Smits) 

The modified Simandoux equation requires a value of Rsh to compute Sw. Since 
this parameter does not go into CEC/Sw calculations, a third assumption must 
be made; that is, the amount of error in picking the resistivity of the shale 
zone is very small. This assumption seems reasonable since Rsh can be picked 
with ease from the logs. 

Figure 9 illustrates the relationship between CEC and the effective volume 
of clay for both the Mackenzie Delta and Gulf Coast areas. 
can be expressed as: 

This relationship 

Effective Vcl = CEC (1.661 Rsh-0.567) - 0.001 Rs 
Also plotted on this graph is the Vcl computed by a (0p8D 
derived from the well log gamma ray using a method describ 
(1971) , 
where : 

amma log - g amma ss. 
gamma sh. - gamma ss. 

Vcl = 1.7 - (3.38 - (x + 0.7)2)4, and x = 

These log derived measurements correspond to the same footage over which CEC 
values were recorded on the core. 

Note that at low values of CEC, the Vsh and Vcl from a ( ( 6 ~ 4 ~ )  technique 
exhibit values which are consistently too high. 
uted to clay type, tool design, and thermal absorbers. 

This can mainly be attrib- 

Remember that in addition to not recognizing quartz, the gamma ray ignores 
ineffective clay (kaolinite) and recognizes effective clay (illite). 
Therefore, volumes of clay calculated by this method should, and in fact 
do, fall on the theoretical effective clay line. 
from this illustration is that the gamma ray method of finding Vcl relates 
very well to the CEC and should be used in preference to a ( 0 ~ 4 ~ )  technique. 

Recently, much discussion has been focused on the question as to whether the 
gamma ray is related to the effective volume of clay in a linear or a non- 
linear manner. 
structed. 

Figure 9a is a plot of the effective volume of clay determined by laboratory 
measurement versus volume of clay derived from the equation: 

The conclusion to be drawn 

I 

To shed light on this question, Figures 9a and 9b were con- 

amma ray log - gamma ray sand 
gamma ray shale - gamma ray sand Vcl = 

Note that the volume of clay calculated by the above method does not agree 
with the measured effective \tokume of clay. 

The absorption equation can be written as: 
(-distance x Pb x mass abs. coefficient) gamma ray detected = gamma ray clay e 

c 
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This relationship implies that in a theoretical sense that the gamma ray cannot 
be related to a shaly sand in a linear manner. 
the bulk density of the sand will increase in value. This will result in an 
exponential decrease in gamma rays arriving at the detector. Therefore, the 
amount of radioactivity corresponding to a 10% change in Vcl at low Pb values 
is much less than radioactivity corresponding to a 10% change in Vcl at high 
Pb values. 

As sand becomes more shaly, 

The data plotted in Figure 9b agrees with this theory. 
calculated by the formula derived by Clavier correlates very well to the volume 
of clay measured in the laboratory. In comparing the fit of the data in 
Figure 9b with the fit in Figure 9a, it becomes quite clear that the non-linear 
gamma ray function is superior to the linear gamma ray function in predicting 
the volumes of resistivity reducing clays. 

Observe that the Vcl 

POROSITY AND PERMEABILITY 

Core derived porosity and permeability measurements made under net overburden 
pressures (normal overburden pressure - pore pressure) varying from atmospheric 
to 5000 psi have been assimilated to produce Figures 10 and 11. Figure 10 is 
the plot obtained when core porosities measured at atmospheric pressure were 
compared with porosities measured under a net overburden pressure. Very little 
porosity reduction is observed when samples are subjected to either 2000 psi or 
5000 psi. 
with those at 5000 psi was determined as 

An equation relating porosities measured at atmospheric pressure 

(Ip = -0.429 + 0.960 0 atmospheric 
The slight reductions in porosity appear to be in agreement with similar data 
from the North Sea and the US Gulf Coasts. 

Figure 11 is a comparison of various log and laboratory derived porosities 
from a cored Taglu sandstone interval 4090 to 4697.7. Density log and @N, 0~ 
cross plot derived porosities are compared with laboratory porosities measured 
under atmospheric pressure, net overburden pressure, and a: humidity controlled 
condition. 
overburden pressure. From qn examination of the data presented in Figure 11, 
it would appear that acceptable values of porosity can be determined directly 
from a density log. 

The effect of applying increasing net overburden or confining pres-sures to 
laboratory derived permeabilities appears to be much more significant than was 
noted with the porosity measurements. 
the following reductions in permeability were noted: 

The humidity controlled measurements were not made using a net 

Based upon a moderate amount of data, 

Net Approximate Amount of 
Overburden Depth Permeability 
Pressure Represented Reduction % 

2000 psi 3500' 15-20 
5000 psi 9000 l 33-40 

Based on permeability measurements from 24 samples subjected to 300 psi and 
5000 psi net overburden pressure respectively, the following equation was 
derived : 

= 5.03 -b 0.64 K300 psi K5000 psi 

- 22 - 
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The reduction in permeability observed above probably represents a maximum 
since all measurements were made on cleaned and dried core samples. 
problem with this is that the confining pressure used in the laboratory cannot 
be transmitted to a pore fluid as would normally occur in the subsurface envi- 
ronment. 

A further consideration when assessing the potential productivity of liquid 
bearing reservoirs in the Mackenzie Delta is illustrated in Figure 12. The 
comparison being made is between permeability to air of a cleaned and dried 
sample versus permeability to water in the presence of varying amounts of clay 
and changing formation water salinity. The-salinity range of Mackenzie Delta 
formation waters is illustrated by the two dashed vertical lines, 
in this range even moderate amounts of clay present in the matrix will signi- 
ficantly lower the permeability to water. 
the case where the fluid is oil may not be as significant. 

The 

Note that 

The reduction in permeability in 

The following equation relating formation factor to porosity has been used with 
success in the Mackenzie Delta. 

This equation was derived from laboratory measurements made on core samples 
subjected to a net overburden pressure of 5000 psi. 
same as the "Humble Formula." 

RESULTS AND CONCLUSIONS 

In judging the results of the shaly sand analysis technique discussed in this 
paper, reference is first ma 
to that shown in Figure 3b. uperimposed on Figure 13 are the volumes of clay 
as determined from the conve ional @N, @D cross plot (dashed lines) and the 
effective clay volumes as determined through relationships, CEC-Effective Vcl, 
CEC-gama ray, and gamma ray vs. (@N-@D): Note that the latter method results 
in considerably lower Vcl percentages. 
to the clean water sand line, now have Vcl values~of 5% to 10% rather than the 
30% as determined from the conventional @N, 0D cross plot. 
the subdivisio f Vcl between 0 (clean sand line) and 100% is not linear as 
is assumed in The reduced clay volume is more 

It is essentially the . 

to Figure 13 which is a QN, @D cross plot similar 

The data points which appear closest 

Note also that 

@N, ( 8 ~  cross plot method. 
e with the other log data for the plotted interval. 
he two methods is probably reflecting the difference between effective 

Some variance 

ter plots from t wells in the ckenzie Delta. 

Porosities are from density logs. 
These wells were selected because of the difficulty in determining hydrocarbon 
presence from conventional log analysis. 
main interest is the dif rence in watel; saturation values as determined from 
the Waxman-Smits equatio 
the sands are relatively clean such as approximately 4,350 feet in Figure 14, 
the two Sw values are quite similar and show without any problem the presence 
of hydrocarbons. 
is clearly more compatible with the DST data shown in the centre columns. 

Of 

and that from the standard Archie equation. Where 

In the shalier portions, the shaly sand corrected Sw data 
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In conclusion, it is our contention that density logs alone can be effective 
porosity values of acceptable accuracy and that the gamma ray curve can deter- 
mine effective volumes of clay, i.e., the clays which have a reducing effect 
on resistivity logs. Further CEC work is necessary in other areas in order to 
establish a set of interrelationships between CEC, gamma ray, Rsh and Vcl. C 
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APPENDIX I 

NEUTRON/DENSITY DRY GAS CORRECTION 

Density logs in gas zones typically exhibit too high a porosity 
reverse being true for neutron logs. 
and/or water saturation of a gas zone, the porosity from the 
neutron logs must be corrected for the gas effect. 

A common method is to plot ($N'@D) versus gamma ray In a ma 
Figure A for the widest possible array of API values. _Since the composition 
of clays can be erratic both laterally and with depth, it is recommended that 
plots be broken up into intervals of about 500'. This should allow for a' 
fairly linear correlation of gamma ray with (8~-8~) in the water saturated 
zone(s). This linear correlation has been referred to as the "1iquid.line." 
Where the profile takes on a banana-shaped character, as is quite often the 
the case, the clay composition has probably changed or more likely the corre- 
lation between ($N-$D) and gamma ray has ceased to be-linear beyond a certain 
value of increasing clay content. Fortunately, the correlation is usually 
sufficient linear over the range where a gas correctio 
(see Figure B). 

In order to calculate the clay content 

is most significant 

Gas filling the pore spaces of the sand will cause the points to drop below. 
the liquid line. This distance is measured and entered along with the slo e 

1977). 
and intercept of the liquid line into the following equations (Steffensen 80) 

$DC gas corrected = 8D1 - Z ((Kg +P) - (0N1 - .8D1)) 

0NC gas corrected = 8 N 1  + Y ((KV+P) - (ON1 - $Dl)) 
Where : 

P = Intercept 
K = Slope 
8 = gammarayu~ 

Z 
2 = 0.403 if ph = 0.1 
Z = 0.491 if Ph = 0.3 
Z = 0.579 if ph = 0.5 
2 = 0.877 if rh = 0.7 
Let 8DC = OD1 if Phl 0.7 
Y 
Y = 0.597 if fh.= 0.1 
Y = 0.509 if Ph = 0.3 
Y = 0.421 if ph = 0.5 
Y = 0.123 if Ph = 0.7 
Let 8NC = 8N1 if rh>, 0.7 

= 0.366 if Fh = 0 

= 0.634 if f'h = 0 
. * _  

Example: Refer to Figure A 

- 30 - 
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Point A has a ON = 0 .25 ,  0D = 0 . 3 5 ,  ph = 0 and a Xray = 60 API. 
of the liquid l ine  is 0.0026 and the intercept i s  -0.14 (see Figure A). 

The slope 

0DC gas corrected = 0.35 - 0.366 (0 .00266(60)  + ( -0 .14)  - ( . 25  - .35$ 

0DC gas corrected = 0.306 
0NC gas corrected = 0.25 + 0.634 (0 .00266(60 )  + ( -0 .14)  - (0 .25-0 .35) )  

0NC gas corrected = 0.326 

- 32 - 
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THE F-JD -m CROSS PLOT - A NEW APPROACH FOR DETECTING s IN COMPLEX RESERVOIR ROCKS BY WELL 
LOG ANALYSIS 

J 

I BY 
lando G6mez-R 

1 D 

I Petroleos M nos, Mexico City, Mexico 
I 

, 

I 

1 I. ABSTRACT 

{ oriented method is p 
ctures in complex reservoir rocks with very low matrix 

1 , 
ented for detecting the pres - - 

porosity using only conventional well logs. Vugs, complicate still more 
the problem of fractured reservoir rocks . The method also allows for - 
the determination of probable existence of vugs. This novel approach is 
characterized mainly a new practical of the formation resistivity 
factor, F , together h porosity and a her parameters normally - 
employed in well log anaiysis. It is necessary the use of nuclear poros- 
ity logs, such as  neutron and density gamma-gamma, but it can be ap-- 
plied even in cases with limited logging program. Minimum well logging 
program, however, normally requires deep and shallow suitable resist - - 
ivity logs and at least one nuclear porosity log; a gamma-ray curve is 
desirable. A s  a matter of fact, the method is a general approach; there 
fore, it can be applied also, with a non fractured, non com- 
plex reservoirs,  for c turation and a permeabil- 

I 

1 

- 
i ~ 

I ity indicator. 
i 

1 

a better selection of - 
th complex porosity sys- 

completion operations. 
clude fractured res - 

11. INTRODU 

I 

servo been a very di 
ation. cent publication1 shows - 

s testified by the 214 references it contains 
ecial subject. This' de problem has been 
, which vary fro lysis through res- 

ervoir performanc well logging t s and well log analysis 
have been one of the most important ways for a more comprehensive un-- 
derstanding of this problem. Vugs, frequently present together with frac - 
tures, and lithology changes, complicates more the problem. 
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I 

Fracturing may occur in any kind of reservoir rock, but more typ- 
ically they are present in carbonate rocks. 
range from massive, vuggy and fractured reservoirs to the highly strati-- 
fied reservoirs, depending upon the position of the reservoir rock with re- 
spect to the original depositional environment and the influence of further 
diagenetic processes modifying their original textures. Even though the - 
amount of primary porosity in initial carbonate sediments is higher than 
in initial sandstone sediments, the final porosity in carbonate rocks is 
smaller than in sandstone rocks. In carbonate rocks, primary inter- - 
granular porosity is more-variable than in sands, because of its wide va 
riety in grain size and shape; besides, these carbonate rock original porz 
systems can be modified because of the post-depositional diagenetic effects. 

Their characteristics may - 

There are five main natural processes of porosity and permeability 
alteration that commonly occur in carbonate rocks2 Some of them can - 
increase these reservoir parameters, some can decrease them and some 
others can produce either of these effects. 'Such processes are: leaching, 
dolomitization, fracturing, recristalization and cementation. 

Leaching, generally improve porosity and enhance permeability. - 
Dolomitization, on the other hand, may increase the pore size or may - 
destroy permeability. But, main effect of dolomitization seems to be per- 
meability increase, as observed in practice2, by better development of - 
solution vugs in dolomites; as a consequence of dolomitization, natural frac 
turing may be produced more easily because of the brittle nature of dolom- - 
ites. 

Fracturing may become productive very low porosity rocks, which 
otherwise would be non productive. Generally, fractures increase porosi- 
ty very little but notably increases permeability. They are more common 
in tectonically active areas, such as the area where the recently discov- 
ered fields in SE Mexico3 are located. 

Recristalization, can produce high& porosities in carbonate rocks 
but the associated permeability is very low and difficult to determine. Cer - 
tain cements can destroy porosity even in small amounts. 

The method here presented is intended to identify complex porous 
fractured rocks, such as those briefly outlined above, by using only well 
logs. It makes use of a computer program that may throw numerical 
listed results of Sw, $3,  m, a and F which can also be displayed as 
computed curves. Nevertheless,one of the most efficient presentations of 
data for getting the most out of the method is as F-p-rn cross-plots. - 
The different presentation of data serves different purposes. 
ical values are used for selecting the intervals for testing the well and - 
evaluating the importance of the well oil and gas reserve. The F-$3-m - 
cross-plot gives an overall view of the well as a prospect for obtaining - 

Listed numer - 

c 

i, 

- 2 -  
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production from naturally fractured zones, from non fractured zones or if  
an artificial fracturing wiU be necessary for making the well productive or 

J more produc 
I 

111. BASIS OF THE METHOD 
I I 111.1 Theoretical a 

ctical basis of t& new approach are con-- i 

I tained in two prev ns ! # 5 ,  and will be briefly reviewed here 
1 upon. The more general F-jD relationship is considered to be: 

, 

I 

F=a/jDm . . .  
On the other hand, the following relationship has been found to exist - 

between parameters a - and m of the above equation4 : 
4 

I m = A - g l o g a  0 . .  ( 2 )  

I Various practical applications have been derived from the basic re- 
lation ( 2 ). e development of a method for  
detecting natural fractures by an appr which basicany involves the - 
use of Eq. ( 2 ). New abundant additional data of a and m, for sands 
and &%onate rocks, have verified this relationshirand supports its va- 
lidity; the statistical correlation coefficient is above 0.9. When Eq. ( 2 ) 
is combined with Eq. ( 1 ), the following expression is obtained4: 

The scope of this study i 

I 

I 

l 

~ 

. . e  ( 3 )  A log;@ + loa F 
1 + B l o g p  a =  

I 

I I 
~ 

~ I 

Equations ( 2 ) and ( 3 ) show that a and m can be computed by only 
no assumptions are-necessary for these parameters. 

en in hydrocarbon bearing formati6s. 4,s For making more 

using well logs; i. e, 
i ve been established for computing a and m with reasonable - 

e cases the computation of m, charts of Figs. 2, and 3 were 
ch are solutions of Eqs. ( 2 ) and ( 3 ). The charts are - 

thod and have the folloyving characteristics. 

I 
i 

umerical values of constans A and B are as listed below. 

Table I. Num 

- 3 -  

D 
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c 
D 

Fig. 1. - Chart for determining 9 F or m 
for sands. 

Fig. 2. - Chart for determining fBY F or m for 
\ carbonate rocks. 

- 4 -  
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s A and B:are statistical constants, their valuemay vary - 
st small and 

to the amount and nature of a and m data available. Never- 
theless,: it has been found in practice%at this variation is 

emning a or in. ' 4 '  - 

non- I porous permeabl 

D 

- 5 -  
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other at a common point. This is a very important and basic information. 

of constants A and B. Unique values of F and fB characterizes this - 
point for each of both charts. The coordinates, F and fB , of these -- 
crossing points can be obtained through Eqs. ( 2 ) and ( 1 ). 
m = 0 in Eq. ( 2 ) the value of a at the intersecting point with the 
a axis in Fig. 3 is obtained; E q r  ( 1 ) shows that this lue also e- 
@ais the formation resistivity factor, F, at the crossing point of all m 
curves of, Figs. 1 and 2. The corresponding porosity can be obtained - 
from Eq.( 1 ). The numerical values of F and obtained for the - 
crossing points are as follows: 

Table 2. - Common crossing points 

The relative position of this point in the charts depends upon the values t 
By making 

of the m curves. 

For a better understanding of the method, a brief description o 
some complex typical porous systems is necessary; this will be accom- 
plished in the next section. 

111.2 Characteristics of Basic Porous Systems. 

Figures 4 ( a ), ( b ) and ( c ) are schematic representations of - 
three carbonate rock basic porous systems. Fig. 4 ( a ) represents a rock 
with only primary intergranular very low porosity, saturated with only brine. 
The normal electrical behaviour of rocks in this porosity range would fol-- 
low the illustrated trend in the companion figure at the right. 

Now, let us  assume that the same porous system as above exists, 
but with effective fractures (Fig. 4 b). Even when fractures, generally, 
do not increase porosity very much, it do increase permeability; of - 
course, cases are where fractures constitutes almost the total porosity. 
Fractures, are also very efficient channels for electricity flow; accord- 
ingly, formation resistivity factor for this second porous system would 
be lower than in case ( a ) and the position of the F, Q) , point would . 
be very different; the more intensive and effective the fracturing, the 
lower the resistivity factor. 

a third typical case may exist, as shown in Fig.4 ( c). 
The same rock as in the first case but with solution channels and inter- 

Finally, 

i 
i 

- 6 -  
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J 
connected vugs. Even though leaching does 
much, permeability is notably increased; as 

. . - . . .  . 

.. 

D 

the basic interpretation poi 

through equations. The a 
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ibed in what follows immediately. ' 

IV. DESCRIPTION OF THE METHOD 

' . The method here presented €or detecting fractures, 
consists in determining the total porosity and the formation 
factor in each analyzed level. Porosity must be obtained from nuclear 
logs. Equations for obtaining porosity using neutron-density logs combi- - 
nations are given in the literature, which llow for lithology, shale or 
clay content and hydrocarbon corrections. C 7 s 8  For determining the for - 
mation resistivity factor, it is necessary to use a porosity independent - 
equation. A s  the method, more frequently, has to be applied to h dro- carbon bearing formations, the following general equation is used: $ 

2 
SXO . . .  ( 4 )  

Rxo (Rcl )xo 
Rmf 

F =  - 
(Rc1)xo - Rxo Vcl  , s o  

in terms of clay parameters; hydrocarbon correction SXO, is accomplished 
by the following set of equations? 

%O = 1 - fhr ( 1 % ) . . .  ( 5 )  

A s  may be realized, the computation of the formation resistivity fac 
tor, implies a trial and e r ro r  procedure in using equations ( 4 ) through (63 
and the computation of connate water saturation is involved. 

With the final computed data of F and p ,  a value for parameters 
a - and m is also computed, using Eqs. ( 2 ) and ( 3 ). 

Each point, defined by the F, p ,  computed data as above, is - 
plotted on charts of figures 1 and 2. The relative position of any point 
with respect to F, p and m in the cross-plot will help to determine -- 
whether or not theanalyzed level is within a fractured zone, has predom - 
inantely vugular porosity or is a normal reservoir rock with almost - 
only primary intergranular porosity. 

In applying Eqs. ( 4 ) through ( 6 ) in fractured rocks, 
assumptions have to be made. 

Oil may be a umulated in primary porosity, fractures and - 
vugs. Microfractures, provide the necessary means for draining hydro- 
carbons horn the low porosity _ 1  small . blocks to the main fracture system. * 

several 

- 8 -  
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- Mud filtrate flushing occurs in the 1 rosity system - 

- The electrical deep and shallow devices measure; respectively, - 
as well as in fractures and effective vugs. 

average values of Rt and Rxo of the composite porous system of primary - 

erage values of the total ef- 

porosity, vugs and fractures. > >  

0 L .. 

- Computed water saturations are 
fective porous system. - 

V. INTERPRETATION PRINCIPLES METHOD.. I 

Detection of Fractures 

. . Wyllie and Gregory 9, conducted la experiments in 'order 
to ascertain the effect of increasing the amount of cement on the forma- 
tion resistivity factor of initially unconsolidated porous medium. The - 
result was a rapid increase in resistivity factor, ensuing- a s  porosity 
is decreased by the presence of cement material. This was t rue ' for  all 
th6 different artificial' porous systems used by the authors, every one of 
which had its own -F-p relationship, 1. e., its particular parameters a 
and m. A similar cementation process like this i upposed to have - 
taken place in natural original entioned in other - 
section, original porosity of s uring the geologic 
time, several factors can modify it, one of which is the cementation - - 
process. But these--excellent experiments of Wyllie and Gregory do not 
reveal what will happen when porosity reduction is carried out to the - 
lowest range of porosit); found in 

cross plotting 
reef sediments 

tory data of basalt rock reported by 
the same figure (squares). They includ 
sediments, leached and recristalized limestone and dolomite. In general, 
the higher porosities and their corresponding low 
factors of the carbonate group belonging to the 
ified * sediments, are what -more resemble the initial F - $3 characteristics - 

r y  sediments before any diagenetic and diastrophic p rocesskay  - - 
rred. The rest of the sediments have suffered some alteration ei-- 

ther by diagenesis and/or moderate diastrophis 

low the general m' curves tr located ,in the: cross 
plot NW region and only just n also be realized- 
that the m values for each plotted point are consistently high. Al l  this 
sediments petrophysical behaviour recall the results of the Wyllie and - 
Gardner experiments cited at the begining of this section; i. e., the - - 

It can be observed 

- *g 
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more the reduction of initial porosity, 
But all these obs 
reviewed with m 

the higher the resistivity factor. 

- 

~ Figure 6 is designed to re 
iour: of initially unconsolidated sediments, when subject to increased ce- 
mentation. Uet us  assume we-have a very osity, very high permea 
bility. porous carbbnate sediment,' with $an i stivity factor and p r i r  
mary poros of about 2 and 40%,respectiv soon "as - the ce-- 
menting nat 1 process starts, porosity re egins to 'occur; con- 
sequgntly , resistivity factor increases. Iff  geologiqal modifying 
factor is present, this cementation process would continue to' the lowest 
porosity ranges in the highest resistivity, 
same m curyes trend, But' this rarely ha 
process, during the geologic time. Comp ocess necessarily - 
present, also reduces 
va-riable degree and is 
the characteristics of 
rock can support more efficiently all kin 
turing, but a very low porosity, very c k -is more- susceptible 
to &acturingl It seems to exist a poro 'point for a rock, be- 
low which chances for fracturing in ostulated that this - 
porosity is giyen'by the common in of all the m curves 
in'Ffgs. 1 and 2, _as appears in Table 2,. Suppose a rock continuously 
being cemented has reached a low primary porosity value of about 5% - 
with a resistivity factor around 700, as schematically indicated in Fig.6. 
Let u s  postulate also that this same. rock is f rac tured ,  and porosity re- 
mains about the same order of magnitud; re istivity factor; however, will 
decrease considerably, a s  shown also i 

more intensive 

No matter the 

leaching creates effective vuggy porous syst permeability is' very - 
high. High permeability often is also adhracteristic of reefal systems. 
Nevertheless, porosity is not necessarily, gh for these porous models, 

. / r  

- -11 - 
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and frequently is in the medium to low range, as mentioned before. - 
These conditions all together m y  produce another porous system model 
of economic importance of low to very low formation resistivity factor. 
Representative F, p , points of effective vugular conditions will fall in 
the cross-plots NW area with high m computed values. 

D 

primary porosity exists, e plotted points will fall in the 
s .with moderate to low values. The higher the value 

Some points may fall also in the - of m, the higher the 
NE region, when not interconnected ‘primary porosity exists. 

c 

es, almost always there 
may belong to one of two cross-plot 
f fractured systems, some plotted 

and SE regions. Criteria must 
be exerted in these cases in order to interpret the results of computa- 
tions. - 
rock ,conditions, favorable for production; probably, limiting values are 
iri’the range of m = 0.5. 

Other important ambiguous cross-plot regions are located in the 

belong‘ to rocks with petrophysical characteristics 
s; i.e, , vugs and fractures. But this case is not 
these two conditions are favorable for production. 

can 
But these are the less fa- 

Some points in the SE region may be considered as fractured 

I 

e NW and SW, areas. The F,(D plotted points, close to 

, By following a .  similar reasoning as above, alike conclusions 
be’ derived for the-NW-NE and NE-SE areas. 
vorable limits be eas, for production. 

I .  - FIELD E 

e is presented for comparison 
$3 -m computer cross-plot ,of a 

reference conditions. 
drilled in  a Jurassic 

limestone. A s  can be realized, most e F, (D, plotted points 
fall within the NW area, and the.computed m values are within the range 
found in the laboratory for this particular field. Few points are scat -- 
tered .in all the. remaining areas, * Computed values of F are considered 

tial production of this well was about 700 Bls/day. 

of this cross-plot indicates the well production 

- 13 - 
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is from primary porosity and permeability because the values of the - 
computed parameters mostly belongs to these particular conditions. 

Wel l  2 

i 

Fig.8 is the F-fZl -m cross-plot of the producing interval of a well 
of the new Southeast Mexico Cretaceous area. The reservoir rock is - 
known to be a low porosity fractured complex carbonate. Unlike the pre- 
ceding example, almost all the plotted points fall within the-SW area, - 
which confirms the well is producing from a fractured rock. Initial pro - 
duction of this well was 3,500 Bls/day of oil. 

VI1 . CONCLUSIONS 

A method has been presented for detecting natural fractures in 
complex reservoir rocks by well log analysis. First results show that - 
the method can be applied principally for differentiating potentially pro- 
ductive from non productive low porosity reservoir rocks. 
be applied for detecting probable vuggy porosity when this i 
inant, characteristic. 

It can also 

The application of the method requires the use of porosity-nucle - 
ar logs and suitable electrical resistivity logs. 

Numerical values of F, fZl, Sw , a and m, areobtainedthrough a 
computer program, which can also be displayed as computed logs. By 
a special crossplotting of the F, (2 , computed data, the main probable 
characteristics of the porous systems can be predicted; i. e. , whether - 
fractured, vuggy or with only primary porosity. 

First results of the application of the method indicate that highly pro- 
ductive low porosity fractured reservoir rocks are characterized mainly 
by relatively low computed formation resistivity factors and negative com - 
puted values of m. Very low resistivity factors, medium to high porosities, 
and high positive m computed values, characterize probable vuggy zones. 

Equations for computing F and SW, are general expressiones, - 
used whatsoever the porosity system be; therefore, the validity of com- 
putations remains for any case. If the rock has only primary porosity, 
the computed values of a - and m can be used as permeability indicators. 
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r 

D 

sxo : Mud filtrate water saturation 

Formation true resistivity in the flushed zone 
. . A  

Rw : Format * A  

Rmf : Mud filtrate resistivity. 

si 

m 
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DETERMINATION OF LOGGING PARAMETERS IN SHALY SAND 

MAKOTO MIYAIRI 
TOSHINOBU ITOH 

Central Technical Laboratory 
Japan Petroleum Exploration Co., Ltd. 

E 

ABSTRACT 

At the well log interpretation in shaly sand, the most reasonable values of logging 
eters are found out by the use of several kinds of computer crossplot methods 

The formation interpreted in this case study consists of an alternation of shaly 

with a help of data from core analysis and data from well production test. 

sand and clay having a very thin bed thickness. Because an average formation resis- 
tivity at the production zone is less than 2 ohm-m, a water saturation (SW) calculated 
by the use  of the standard values of m = n = 2, b =2-Vsh and a=O. 8 on Poupon's 
equation (1971) shows always over 70% even the formation producing gas without any 
water. Therefore, those logging parameters 
for fitting with the result of production test. 

The parameters of a and m on Porosity term can be determined from Rt - 0, cross - 
plot, the parameter of n on Water Saturation term can be determined from Z-(d cross- 
plot basing on a formula modified of the standard equation as  log Z=n log 0, T log ( S W ~ , ) ~ ,  
when Sw9 = constant is satisfied at an irreducible water saturated zone, and the para- 
meter of b on Vsh term can also be determi 
formula modified of the standard equation a 
Z are expressed as X, f (Vsh, Rt, Rsh 

The logging parameters driven from 
n = 1.4, b = 2 at 0 s V s h  < 0.26 and b = 1 . 8  at 0.26 s Vsh 
well coincided with the data given by the core analysis. 

ust  be arranged to be a suitable value 

I 

from X -Vsh crossplot basing on a 
g Rsh. Where, X and 

splot methods are m = 2, a = 0.85, 
1 and those values were 

I .  Introduction 

At the fundamental e 
shown in the following, 

parameters, a, m, n, b, etc., have an important weight on the calculation of Sw. 
Authors have been engaged to the log interpretation of oil a 
resistivity. 

as field having a very low 

- 1 -  
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Fig. 1 is a typical well log of the oil field adopted in this case study. 

Fig. 1 

Although the formation at the depth from 8,050 ft to 8,430 ft  is a gas producing 
zone on this well, an average formation resistivity at this zone is about 2 ohm-m, and 
the calculated Sw value shows over 70% when the standard values of parameters, such 
as m = n = 2, a = 0.8 and b = 2 - Vsh, are used at the equation (1). However, this zone 
is placing at the upper level from the main oil producing zone at the depth from 8,500 ft  
to 8,600 ft, and produced a pure gas without any water at the production test. 

sult  of production test was discussed with a help of the data given by the core analysis 
of which cores were taken at this well. On such discussion, it is cleared that, at the 
formation which is composed with an alternation of very shaly uncompacted sand and 
clay having a very thin bed thickness as shown in Fig. 2, the values of log parameters 
may differ from the standard one. 

A cause of such inconsistency between the result of log interpretation and the re- 

Fig. 2 

Therefore, a method for determination of the reasonable values of those para- 
meters has been studied with a help of the various crossplot methods basing on the log 
data and F -8, 8 - S, crossplots basing on the core data. 

The results on this case studies are as follows ; 
The values of a and m are m =2.01 and a =O. 85, and those are nearly same as the 
standard values of m = 2  and a =O. 8. 
The value of n is n = 1.4, and this is quite different from the standard value of 
n =2. 
Thevalueof b is b = 2  for 0 <Vsh<0.26 and b=1.8 for 0.26 i V s h  51. 

The method for determining the log parameters tried in this case study can also be 
applied to other fields, the paper describes the detail of this method including the flow 
sheet for the computer processing of the method. 

1) 

2) 

3) 

11. Determination of a and m 

1. Clean Sand 

A modified formula of Archie's equation is as follows. 

-log = m log 8 - log aRw + n log S, . . . . . , . . . . . . . . . . . . . (2) 

When Rt -8  crossplot is taken in a log-log scaled graph, it is well known that the points 
which are corresponding to the one on water bearing zone will drop at the linear line 
which is so called as Clean Water Line. 

At the hydrocarbon bearing formation, the points will drop at the specific side of 
such clean water line because the third term on the equation (2) is not zero. Therefore, 

- 2 -  
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when Rt - Q, crossplot is taken with all points including the one on hydrocarbon bearing 
zone, the line crossing the points which are  placing at the critical position will be co- 

When Rt-Q, crossplot is taken at the log-log graph 
is in  an abscissa, the line crossing the most north 

lean water line, and then, the value of 
d the value of a can be given by the 

th the clean water line. 
is in an ordinate and 

west side points is in corres 
be driven from the g r  

crosspoint between this line and the vertical line at 8 = 1. 

2. Shaly Sand I 

When the .equa 
tween Rt and 9 is e 

E ula, the relationship be- 

- lo = m l  - log aRw + n log S 

+ 2 log ( 1  + 1.) ................... (3) 

At one, the equation (3) can rewritten as follows, 

........ log Q, ............ ( .. 1-1 ....... (4) 

Where, Ro is a resistivity of water bearing formation. Since the third term of the 
e points of crossplot correspond- 

the clean water 
ints is no more 
Q,xsh is used 

quation (4) can be 

log aRw ........ (5 )  

r n  east side of 

When the values of m and b are taken as m = b = 2 conveniently, the above equation 
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t 

becomes as Q) + VshQ)xsh > Vsh + Q), and then, 

i 
S L Y .  . . . * .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

When (gxsh .> is satisfied, the points of Rt-Q), crossplot wil1,move to the more 
Rsh 

southern east side from the clean water line, and the critical points placing at the most 
north west side of the graph will mainly be corresponding to the one on clean water 
bearing sand. 
Q)s-Rt crossplots), the l ine placing at the most southern east side in the, graph i. will be 
the most reasonable line to be used as  the clean water line. 

Therefore, among those three Q),-Rt crossplots ((gN-Rt, Q)D-Rt and 

Fig. 3 is a schematic explanation of the principle mentioned above. , . -  

Fig. 3 

a) Determination of m 

Fig. 4a is F-Q) crossplot based on the daia from the core analysis of which cores 
were taken at the well shown in Fig. -1, and the salinity of formation water is 20,000 
ppm of NaCl in  this example. 

The core samples were separated into several groups in  accordanc 
block of the formation at first, and then, two or three samples at each group were 
selected for the purpose of getting the representative Vsh value of,groups. The shaly- 
nes’s of the core was estimated by the measurement of deviation ratio of F values when 
the formation salinity was 20,000 ppm, 10,000 ppm and 5,000 ppm respectively. 

The points marked @, and @ are corresponding to the sample of Vsh < 15 %, espe- 

Since the all points corresponding to the samples of Vsh < 15% are placing at the 
cially, the points marked@ are corresponding to the one on clean formation of Vsh < 
5%. 
inside of broken lines, the points marked 0 at the inside of broken lines may also be 
corresponding to the one on clean sand, because those were represented by the other 
sample at same group whose Vsh value was less than 15%. 
west side crossing over the broken line of A may be corresponding to the one on very 
shaly formation as explained at equation (4). 

on the total points inside the broken lines, and then, m = 1.614 and a = 1.368 can be 
driven from this line. 
the graph and the sample number of 60 is not enough to determine a reasonable line on 
such point distributions, this average line may not be representative of F -8  relation- 
ship of the actual formation. 

Fig. 4b is a frequency plot of those points shown in Fig. 4a, the window width of 
F and Q) is 0.063 on log F scale and 0.02 on log $3 scale respectively, and the broken 
lines shown at Fig. 4a are also projected into this graph. 
average line given by means of a least square method basing on the points at the each 
window level on log F scale, and then, the values of m and a are given as m = 1.999 

The points at the northern 

The solid line is an average line given by means of a least square method basing 

However, because the crossplot points disperse rather widely in  

The chained line is an 

i 

- 4 -  
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f 0. 14 and a =  0.795 from this line. 

. -  When such average line is re-projected into Fig. 4a, marked chained line, the 
ensity of the points inside the broken 

of the lines passing through this point is given as follows. 

m = -1.70 lo 1.858 . . . . . . . . . . . . ............ 

t 

s a final line driven from the equation (7), and which 
crosses with the average line taken at the first step at this mid-weight point. Because 
of those reasons mentioned above, this line may be the most reasonable average line 
which regulates the relationship of F = - for those points. 

According to this case study, it is cleared that the gradient of critical line may 
represent the one of the average line, but the value of a given by this critical line is not 
representative of the density of clean reasonable value of a must 

a 
8 m  

driven by means 

the next st 
Sa, 5b and 5c are Rt-(&, Rt 
respectively. 

Since the values of m and a 
one given by log readings automatically, At Rt-Q)N crossplot, the critical line crossing 
the most north-west side points gives the m and a values as me2.01 and a=0.69. 

splots are a projected line given at Rt-gN 
crossplot is well cbincided 'with the critical - 

line crossing the most north-west sid 

0.25 determin 

The first values of m and 
crossplot as a rule of this method. 

b) Determination of a 

To determine a reasonable value of a 
one on clean water sand must be pointed out 
the selection have been done for taking the clean water point$. 

ints which are corresponding to the 
refore, the following three steps of 

- 5 -  
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i) Determination of aRw on clean water bearing sand I 
t 

i 
With the values of m and a given by Rt-Q))N crossplot, the value of aRw at 

the level by level of depth is calculated at first, and then, a crossplot of aRw-GR 
will be taken with such aRw and GR readings. Since the clean sand shows 
normally a low GR readings, the lowest value of aRw corresponding to the mini- 
mum GR reading will represent the one on clean sand.2) On this 
aRw value on clean sand can be determined as aRw = 0.097 ohm- 
crossplot. 

ii) 

* 

Selection of water bearing sand 

The points of which aRw value shows as aRwS 0.097 ohm-m may be corre- 
sponding to the one on water bearing sand (including the shaly sand). Fig. 6a and 

~ 

6b are F -Q)N and F -Q)D crossplots of which points are satisfymg the criteria of F 

I 
t 

1 
i 
I 

- aRw I 0.097 ohm-m. 
Fig. 6 E 

iii) Selection of clean water bearing sand 

According to the results of core analysis, it is cleared that the core sample 
Such criteria.  

of Vsh < 15% on the core data are corresponding to the criteria of IQ)N-QID I < 
0.01 on the log data of which criteria were checked out by the level by level cal- % 

culation. The points marked o in  the graph are satisfying the criteria of IQ))N-Q)DI 
< 0.01. 
projected lines given at Rt-Q)N crossplot (Fig. Sa). 

At those figures, it is cleared that the clean water points can also be discrimi- 
nated from the other points at F-Q)D crossplot, while those points were not discrimi- 
nated at Rt-Q)D crossplot. 
by Neutron Log and Density Log must be coincided with each other theoretically. 
ever, some deviations of the position of points a re  seen between F-Q)N and F-Q)D 
csossplots. 
has been taken as shown in Fig. 6c, and the mid-weight point of all points inside the 
critical lines was marked as A. 

having the Vsh value less than 15% can be treated as clean sand. i 

t 

The chained lines at the upper north west side of the graphs are the 

On the clean water bearing formation, the porosities given 
How- 

Then, F-Q) crossplot of which porosity is an average between Q)N and Q)D 

A relationship of a and m of the lines passing through this  mid-weight point is 
given as m = -1.745 log a + 1.893. 
by putting the value of m = 2.01 into the equation. 

one given by core data (m = 2.00 and a = 0.83). 

Therefore, the value of a can be driven as a=O. 85 

The values of m = 2.01 and a =O. 85 given by log data are well coincided with the J 

I 

111. Determination of n and b t 

3) 1. Determination of n 

The fundamental equation for determining the value of n is a s  follows by multiply- t 
ing of Q)m/2 to the both sides of ‘equation (1). 

- 6 -  
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8" = ( V s h  
(%mn 

A logarithmic formula of this equation is as follows, 

replaced as Z = ( Vsh Rsh 

en the right side of equation is 

log z = n log Q, - log ( h ~ , ) ~  .............................. (8) 

When Z-Q, crossplot is taken at the log-log scaled graph, the points which are corre- 
sponding to the specific S& will drop at the linear line, and then, the value of n can 
be driven by the gradient of that line. However, the formation lithology and water 
saturation will vary at the level by level of the depth, and the points of Z-Q, crossplot 
will widely disperse in the graph in accordanc ysical conditions of the 
formation. The usual metkod which determin of n is a direct m surement 
of n exponent by the use  of the core sample ba e following equation. 8 

................................ ( 9 )  

Where, Rto and Rtl is a resistivity of the sample at the water saturation of h0 
and Swl respectively. However, this method is not convenient to the practical usage 
for getting an average value with the large number of samples, because many difficul- 

t the lower range of it, and a rather 
nce a condition of QQ, = constant 
e in the oil field, Z-Q, crossplot 

isting to measure an accurate Sw 
ill be required to get the final daEkSu 

is oftenly seen at the irreducible water saturat 
can be used as a determination of the n value on such irreducible water saturated zone. 

%-Q, crossplot basing on the co 
from 8,500 f t  to 8,600 ft on th 

data of which core samples were 
ell shown in Fig. 1, and Fig. 7b is 

the production test achieved at this zone. 6 )  

Fig. 7 

Fig. 7a shows that, when the formation is in  the condition of 
ed, the value of 5+&l = constant will be as S f i  = 0.08 fo 
0.1 for the medium sand. Sw-Q, crossplot basing on the 
well coincided with the one of core data, and shows that this zone is in the condition of 
irreducible water saturated, 

ducible water saturat - 
rse sand and as = 
on test data is also 

Fig. 8a is 2-9 crossplot basing on the 

The points at the most north west side in the 
minimum value of S d  = constant. 
points gives the n value as n = 1.4.  

sample at this well7), and the n value is also given as  n = 1 . 4  from the gradient of 
this curve. 

The gradient of 

Fig. 8b is %-S, crossplot basing on 

E 
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2. Determination of b and Rsh 

A modified formula of the equation (1) as follows. 

A logarithmic formula of above equation is as  follows, when the right side of equation is 

replaced as X' = ( 

log X' = b log Vsh - log Rsh . . . . . . . . . . . . . . . . .. . . , (10) 

However, the value of X' can not be calculated as  long as  the value of Sw is not cleared. 
m/2 

When X is taken as X = - - )2 instead of X' conveniently, X at Sw= 1 will be 
expressed as  follows. (q Jaq 

Since the condition of Rt > Ro is satisfied at the hydrocarbon bearing zone, X < Xo is 
also satisfied in accordance with the equations written above. Therefore, when X-Vsh 
crossplot is taken at the log-log scaled graph, the most north west side points a re  
mainly corresponding to the one on water bearing formation, and the points which a re  
corresponding to the one on hydrocarbon bearing zone will drop at the south east side 
under such critical line. 

Fig. 9 is X-Vsh crossplot basing on the log data, and then, the values of b and 
Rsharegivenas b = 2  for O s V s h < 0 . 2 6  and b = 1 . 8  for 0 .26sVsh< , l  and Rsh= 
1 ohm-m. 

Fig. 9 

IV. Conclusion and Discussion 

Fig. 10 shows a flow sheet for computer processing based on this method. 

Fig. 10 

Since the values of Q, and vsh must be cleared at the step of Z - g  and X-Vsh crossplots. 
Therefore, the process of those crossplots will be done after the level by level calcula- 
tion of and Vsh values. 

The final check of all parameters can be achieved by the following equation which 
is a modified formula of equation (1). 

- 8 -  
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A logarithmic formula of above equation is as  follows, when the right side of equation is 

- l ogy '  = m l o g 9  - log a . . . . . . . . . . . .. . . . . . . . . .. . . . . . , . . (11) 

However, the value of Y' can not be calculated as long as  the value of Sw is not cleared. 

When Y is taken as Y = 1 / ( )2 instead of Y' conveniently, Y at 

Sw= 1 will be expressed as  follows. 

Since a condition of Rt > Ro is satisfied at the hydrocarbon bearing formation, Y >Yo 
is also satisfied in  accordance with the equations written above. Therefore, when Y -QI 
crossplot is taken at the log-log sc 
are mainly corresponding to the on 
correspond to the one on hydrocarbon bearing zone will d r  
under the such critical line. 

asing on the log data, th 

graph, the points at the most north west side 
water bearing formation, and points which 

the south east side 

Fig. 11 is Y-QI crosspl d line is a-critical line 
calculated from the equation (11) with the parameters of m = 2 . 0 1  and a = 0.85. 

Fig. 11 

Because, all the points drop at the south east sid 
determined by this method might be in  the reasonable values. 

line, it may be said that the fundamental equation is not suitable for the for ation being 
in  the interpretation. Therefore, another equations introduced by de Witte', etc. must 
be tried. 

e critical line, the parameters 

When the plenty of points drop at the north west side crossing over the critical 

Fig. 12 is a computer log basing his log interpretation. 

Fig. 12 
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Fig. 1 Example of logs used in this 
case study 
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POROSITY Q ( Y e  

Fig. 4-a F-‘Q)cross om core Frequency crossplot of the points 
shown in Fig. 4-a 
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Fig. 5-b R t - 8 ~  frequency crossplots from example of Fig. 1 

............ 
I / ! 

__ 

Fig. 5-c R t - 8 ~  frequency crossplots from example of Fig. 1 

- 14 - 



SPWLA NINETEENTH ANNUAL LOGGING SYMPOSIUM, JUNE 13-16,1978 

15 20  25 3 0  35 
POROSITY @N ( *le 1 

Fig. 6-a F-  Q)N crossplot by selected 
points from Fig. 5 

, 

CRITERIA I 

15 20 25 30 35 - POROSITY $0 ( * I . )  

Fig. 6 -b F - $ 3 ~  crossplot by selected 
points from Fig. 5 
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0Xsh selected. 
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tionship between a EC m. 

msdloga + @ 

1 /?=-logFav/log0av I 
I 

Determination of a 
(m- 0) /o( 

n*= n 

Level by level calculation 
of 0 1L Vsh 

i 
Determination of n 

z - 0  
I 

Determination of b 

Total Evaluation I r Total Evaluation 

I y - 0  

1 
1 

END 

Fig. 10 Flow chart for determining parameters ; a, m, n, b; 
in computer processing of log interpretation 
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i 
Fig, 12 Computed logs from 

example of Fig. 1 
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Log Analysis i n  a Rocky Mountain Heavy O i l  Reservoir 

by 

nut  and D.O. Cox 

ing Associates, Inc. 

ABSTRACT 

I n  evaluat ing a heavy o i l  accumulation i n  Wyoming f o r  an enhanced 
recovery p i l o t ,  l og  analysis w i t h  conventional "clean sand" evaluat ion 

es was found t o  y i e l d  computed o i l  sa tu ra t ions  much less than 
urat ions.  The format ion involved was the Tensleep, which i s  

genera l ly  considered t o  be a c lean sand. 

Formation water, however, i s  fresh, con ta in i  less than 800 par ts  
per m i l l i o n  t o t a l  d issolved so l ids ,  predominantly calcium bicarbonate. 
Measured water res i s t ;  y i s  9.4 ohm-meter t 68F. Because o f  the 
h igh  water resistivity ny c lays which are present would decrease the 
r e s i s t i v i t y  recorded by the logs, compared t o  the r e s i s t i v i t y  t ha t  would 
be observed w i t h  the same pore geometry and f l u i d  content i n  the absence 
o f  surface conduct iv i ty .  

To evaluate the p o s s i b l i t y  o f  c lay  conductance a f f e c t i n g  the l og  
r e s i s t i v i t i e s ,  the c 
core samp 1 es . 'Measu r. which ind icates 
a smal I c lay  conductanc 
meq/100 gr, X-ray d i f f r  ments were a l s o  obtained on much 
o f  the core; i n  general ontent  was less than 10% 
by weight o f  the t o t a l  
t o  est imate CEC, using 
minerals present. For h i c h  CEC's were measured, 
estimated average CEC w nd ica t i ng  t h a t  X-ray d i f -  
f r a c t i o n  data may be used t o  est imate ca t i on  exchange capaci ty w i t h  
f a i r  accuracy. For the e n t i r e  Tensleep i n t  

on exchange capaci ty  (C€C)  was measured on several 

be as h igh  as 6 

a c t l o n  data were a l so  used 
d i f f e r e n t  types of c l a y  

il saturat ion,  

c lay  conductance i n  t h i s  

c t s  o f  c lays on 
h r e s i s t i v i t y  format ion 

t o  be clean. 

"c 1 ean sand" 
o i l  content t o  

j u s t i f y  considerable f i e l d  t e s t i n g  t o  attempt to  develop a p r o f i t a b l e  
recovery method. 

- 1 -  
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In t roduc t ion  

Log analysis,  combined w i t h  
whether o r  not  a conventional o i  

o ther  data, i s  o f t e n  used to determine 
o r  gas w e l l  should be completed. 

The amount o f  money res t i ng  on the dec is ion t o  complete a s i n g l e  we l l  
may range from a few tens o f  thousands o f  d o l l a r s  to several hundred 
thousand do l l a rs .  The dec is ion must be made quick ly ,  and ambigui t ies 
can normally be resolved by w e l l  testi 'ng, i f  j u s t i f i e d  by the o v e r a l l  
magnitude o f  the program. Under these condi t ions,  simple methods of  
l o g  i n t e r p r e t a t i o n  are genera l ly  adequate, o r  can be corrected emp i r i ca l l y  
as experience i s  gained i n  a given province. 

More sophis t icated methods o f  analys is  a re  needed when la rge  expen- 
d i t u r e s  o f  t ime and money are requi red t o  demonstrate conclus ive ly  
e i t h e r  the success o r  f a i l u r e  o f  a venture. This i s  the case i n  enhanced 
recovery pro jects ,  p a r t i c u l a r l y  when l i t t l e  o r  no primary o i l  can be 
produced. It then becomes more c r i t i c a l  t o  analyze and i n t e r p r e t  c o r r e c t l y  
a l l  the ava i l ab le  data t o  develop a consis tent  desc r ip t i on  o f  the reser-  
v o i r  and i t s  f l u i d s .  Idea l l y ,  the desc r ip t i on  w i l l  be s u f f i c i e n t l y  
accurate t o  he lp  se lec t  the most promising enhanced recovery method 
for p i l o t  test ing.  Subsequently, t h i s  reservo i r  desc r ip t i on  i s  used 
to design and evaluate a p i l o t  test .  U l t imate ly ,  a f t e r  some mod i f i ca t i on  
based on p i l o t  performance, the reservo i r  desc r ip t i on  becomes p a r t  of  
an economic analys is  t o  decide whether t o  terminate the p r o j e c t  o r  t o  
expand i t  t o  a commercial scale. 

Tota l  o i l  i n  place i s  one o f  the most jmportant numbers t o  est imate 
accurate ly  f o r  enhanced recovery pro jects .  With enough w e l l  con t ro l ,  
the  gross reservo i r  volume can be accurate ly  determined, and, w i t h  modern 
l o g  sui tes,  so can poros i ty .  Hence, reservo i r  pore volume can be con- 
s idered t o  be a r e l a t i v e l y  prec ise quant i t y ,  and most o f  the uncer ta in ty  
i n  t o t a l  o i l  i n  place resu l t s  from uncer ta in t i es  i n  est imat ing o i l  satura- 
t ion .  The fo l low ing  paper i l l u s t r a t e s  the use of "shaly sand" log  i n t e r -  
p r e t a t i o n  techniques t o  improve the p rec i s ion  o f  o i l  sa tu ra t i on  estimates 
i n  a "clean sand" reservo i r  conta in ing heavy o i l  and f resh  water. 

General Descr ip t ion of  Evaluat ion Program 

A mul t i -we l l  eva luat ion program was completed a few years ago t o  
inves t iga te  the f e a s i b i l i t y  o f  enhanced recovery from an apparent ly 
l a rge  o i l  accumulation i n  the Tensleep sandstone i n  Wyoming. Object ives 
o f  the program included: 

1. Obtaining we l l  con t ro l  for de f i n ing  the l i m i t s  o f  the 

2. Establ ish ing the average o i l  content per u n i t  volume 
o i l  accumulation. 

w i t h i n  the accumulation. 
requ i re  a minimum s p e c i f i c  o i l  content t o  be ecbnomic, 
even w i t h  per fec t  e f f i c i ency ;  hence, t h i s  parameter was 
needed f o r  process screening. 

Some enhanced recovery methods 

- 2 -  
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rock and f l u i d  p roper t ies  
ren t  recovery methods, 

and to a s s i s t  i n  the 
p i l o t  tes t ing .  

a t i c  crosssect ion 
to  members I - IV by 
and on logs. Well 
tes the oil.-water contact, 

and w e l l  C i s  water satura 
program f o r  these wel ls .  

Pre l iminary In te rp re ta t i on  o f  Data from the Evaluat ion Pragram 

I n  Fig. 2, data from rou t ine  core analyses a re  p l o t t e d  f o r  w e l l s  
A and B, along w i t h  q u a l i t a t i v e  ind ica t ions  o f  the amounts of  odor and 
o i l  bleeding taken from t e l l - s i t e  geo log is t ’  o re  frequent 
and profuse bleeding was observed from the  core taken i n  w e l l  A than 
t h a t  taken i n  w e l l  B. This i s  cons is tent  w i t h  the s t r u c t u r a l  pos i t i ons  

e t o  the o i l /water  contact)  sh 
.r 

1 satura t ion  i s  26.3% f o r  we l l  A and 13.8% 
for we l l  B. Average core poros i ty  i s  17.1% for w e l l  A and 17.0% f o r  
w e l l  B. Average core permeabi l i ty  i s  140 md. 

. Because o f  the low poros i t ies ,  b leeding losses o f  20 cc o f  o i l  
per f o o t  o f  core represent a decrease in ’  mea 
10 sa tura t ion  percent. For t h i s  reason a lon  core analys is  o i l  satura- 
t i ons  are  low by an unknown but  probably s i g n i f i c a n t  amount where bleeding 
was reported. Also, so f lush ing  losses were suspected, s ince the 
reservb i r  i s  underpress d., Even though the  o i l  v i s c o s i t y  i s  over 
2000 cp a t  the reservo i r  temperature o f  7OF, the  overbalance (estimated 
a t  several hundred p s i )  dur ing cor ing  would cause h igh  pressure gradients  
and f l u s h  ou t  an unknown amount of  o i l  when the core was cut.  Mud f i l t r a t e  
invasion was ‘shown by the log responses , log analys is  

red oi l  content o f  almost 

stimates from 

shown as Table 3. 

We suspected t h a t  the use o f  a r t i f i c i a l l y  low r e s i s t i v i t i e s  f o r  
mud f i l t r a t e  and format ion water i n  the CORIBAN@analysis was an - ad 

~ 

F 
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- ection  f o r  shaliness. Although the Tensleep i s  regarded as 
a "clean" sand, i n  tha t  i t  contains on ly  a small f r a c t i o n  of clays, 
c l a y  conductance makes a s i g n i f i c a n t  c o n t r i b u t i o n  t o  t o t a l  conduct iv i t y  
when poros i ty  i s  l o w  and water r e s i s t i v i t y  i s  high. 

F ive  core samples, w i t h  a wide range o f  p o r o s i t i e s  and gamma ray 
responses, were selected for laboratory  determinat ion of  ca t i on  exchange 
capaci t ies (CEC). The resu l t s  a re  shown i n  Table 4, along w i t h  core 
analys is  po ros i t i es  and o i l  saturat ions,  p rox imi ty  l og  r e s i s t i v i t i e s  
and invaded zone water saturat ions computed from an Archie equatio2: 

I n  using Eq. 1, we assumed tha t  the prox imi ty  l o g  recorded essen t ia l l y  
the invaded zone r e s i s t i v i t y  and used the observed value fo r  mud f i l t r a t e  
r e s i s t i v i t y .  
saturat ions i s  less than one, even though a l l  o f  the core samples contained 
s i g n i f i c a n t  amounts o f  o i l .  

Note tha t  on ly  one o f  the ca lcu la ted  invaded zone water 

I n  order t o  determine the magnitude o f  the c l a y  conductance e f f e c t ,  
the Waxman-Smi t s  equations were used. These equations are' 

Note tha t  if Qv = 0, Eq. 3 reduces to Ro = F*Rw, the usual Archie equation. 
Equations 2, 3 and 4 may be combined t o  de r i ve  

Data presented by Waxman and Thomas3and by Koerpericpshow tha t  n* = 
m* w i t h i n  normal experimental sca t te r .  For computation purposes, i t  
i s  convenient t o  use m* = n* = 3 ,  and se t  Q = Qvb/$, where Qvb i s  she 
ca t i on  exchange capaci ty per cm 
o f  pore volume. With these s impl i f icagtons,  the general r e s i s t i v i t y  
equat ion based on the Waxman-Smits conduc t i v i t y  model becomes 

o f  bu l k  voyume, ra ther  than per cm 

I n  t h i s  form, po ros i t y  and water sa tu ra t i on  appear on l y  as the product 
of osw 

- 4 -  
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atio.S/C of s y) conductance to total. 

(7) 

y correctly be 
equal to 1.0. By inserting 

average values of* I$ = .Is, = .02, and B = 1.2, the- 
b to be 0.26-that is, 

surface conductance in,the invaded zone contributes at least 26% of ' 

the total conductance in the invaded zone. I n  the undisturbed zone 

the total conductance. 
F = 9.4, B = 0.771, surface Conductance contributes at least 50% of 

'RW 

With the above results in hand, we felt that a more complete deter- 
cessary to determine values minationsof the CEC's.of the'formation was 

*of oil saturati aboratory measurements 
many samples were tried. 

s ,  

X-ray'.diffraction .measurements had been performed on the 
e of well A, to determine clay content of the rock. The 

ineral  given In Table 
Table 6rshows a comparison 
easurements and the 

approximate weight percentage of different clay minerals was obtained. 

Table 6 ,  fairly good 
For the entire Tensleep 

tion was computed for each foo h well. Although it i s  not strictly 
use the average CEC rage o i l  saturation for 

i 

7 
i 
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r, each zone differed little from that computed using the CEC's estimated 
for each foot. For example, the average oil saturation for well A was- 
49.7% computed with the average CEC, and 48.9% compyted with the continuous 
estimates of CEC. , -  

Table 7 i 1 lustrates the magnitude o f  the error which is incurred 
by using "clean sand" techniques instead of Eq. 6.- As seen on Table 
7, clean sand methods.underestimate o i  1 \content by more than 40 saturation 
percent for wells A and B. The surface conductance for these wells 
accounts for about 70 .percent of the total conductance. 
in the evaluation program, the error in oil saturation arising from 
"clean sand" log analysis averages 50 saturation percent andd the average 
ratio of surface conductance to total conductance is 75 percent. 

D i scuss ion 

for all wells - 

. 

It might be argued that-the above.comparison between "cl 
'shaly sand" evaluation techniques is spurious. Commonly, an "apparent 

improves the estimates of saturation, 
water resistivity" is used rather than the observed formation water 
resistivity. 
it still leaves considerable error, gecause the correct R 

Although the use of Rw 
varies with wa 4sw. 

To illustrate this point, Rwa was computed 
Archie equation, giving an average value of R . of 3.45 ohm-m. 
this Rw for the structurally higher we1 Is le& -to computed oi 1 satura- 
tions welch are still 7 10 to 24 saturation percent less than those 
tained with the Waxman-Smits equation. 

well C, using the 
Using 

Another approach to correcting for clay effects is to use true 
water resistivity with an "apparent" exponent in the Archie equation; 
as shown by Koerperich$however, this method is useful only when the range 
of saturations encountered'is limited--i.e., it has the same limitations 
as the use of an apparent water resistivity. 

Throughout this discussion and in the remainder of this paper, 
we have implicitly assumed that saturation estimates based on the 
Waxman-Smits "shaly sand" equations are the ''true'' values and that other 
estimates are in error. Of course, this is not strictly correct, since' 
the actual saturations are never known exactly. However, estimates 
based on the "shaly sand" techniques are more compatible with the obser- 
vations of oil bleeding from most of the cores, with capillary pressure. 
measurements, and with well behavior during subsequent pilot testing, 
than are either the core analysis results or log analyses based on 
lean sand" methods. 
the most nearly correct. 

Conclusions 

1. Clay conductance has an important effect,-even in clean sands, 

Hence, we believe the former estimates to be 

on the saturation-resistivity behavior of rocks with relatively 
low porosity when water resistivity is high. 

- 6 -  
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2.  

3.  

4. 

The Waxman-Smits model provides an apparently r e l i a b l e  method 
f o r  est imat ing sa tu ra t i on  from r e s i s t i v i t y .  However, i t  should 
bq,~rnent ioned that a1 1 repor,ted- l a b  work v e r i  f y i  ng th i  sa model has I 

been w i t h  sodium ch lo r i de  solut ions,  ra ther  than w i t h  the calcium- 
countered i n  many Rocky Mountain 

for most purposes f r o m  X-ray d i f f r a c t i o n  d 
from logs taken i n  the s 

Techniques using an appa 
underestimate o i  1 q t u r a  

d t o  se r ious l y  
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t - 1  , -  . *  Nomenclature 

B - equivalent conductance o f  c lay  ;ex 

CEC - ca t ion  exchange capacity o f - rock -  

F* - formation r e s i s t i v i t y  f a  

m* - poros i ty  exponent f o r  sh 

n* - sa tura t ion  exponent for  shaly sands (Eq. 4) 
Qv - ca t ion  exchange capaci t y  of rock (meq/un 3 'pore volumg) 

Q,,b - ca t ion  exchange capacity of rock (meq/an 3 bulk  volume) 

Rmf - mud f i l t r a t e  r e s i s t i v i t y  (ohm-m) 

R - formation r e s i  rated w i t h  fo i on water (ohm-m) 
0 

- t rue  formation r e s i s t i v i t y  (ohm-m) 
Rt 

R - formation water r e s i s t i v i t y  (ohm-m) 
W 

R - invaded zone r e s i s t i v i  t y  (ohm-m) xo 

S - water sa tura t ion  i n  undisturbed formation 
W 

S - water sa tura t ion  i n  invaded zone 

S/C - r a t i o  of surface (clay) conductance to  t o t a l  conductance (mho-m-lhho-m ) 

xo 
-1 

4 - poros i ty  

v - exponent i n  Eq. 6 

- 8 -  
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Feet o f  Core 

Table 1: Summary of  Coring and Logging Programs 

Core Descr ip t ion 

Core Analysis 

Capil l a r y  Pressures 
CEC Measurements 
Gra i n Dens i t y  
O i l  Saturat ion 
Peneabi  1 i t y  
Poros i t y  
Water Saturat ion 
X-Ray D i f f r a c t i o n  

Well Logs 

Ca 1 i per 
Cement Bond Log 
Comp. Formation Density Log 
Cmp. Neutron Log 
High Resolution Dipmeter 
Dual Laterolog 
Gamma Ray 
Laterolog 
M i c r o  1 og 
Proximity Log 

Well A 

269 

Y e.s 

Yest t 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

Yes 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
Yes 

Well B 

180 

Yes 

No 
Yes 
Yes 
Yes 
Yes 
Yes 
No 

Yes 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
Yes 

* N.A. = Not Appl icable 

t Measurements performed on selected samples 

Table 2: Summary of CORIBAND@Analysis, Well A 

Average Average O i l  
- Zone Thickness, ft. Poros i t y  Satura t ion 

I 

I I  

1 1 1  

I V  

56 191 .424 

44 173 538 
138 161 -571 
58 .127 =591 

Well C 

0 

N.A.* 

N.A. 
N.A. 
N.A. 
N .A. 
N.A. 
N.A. 
N.A. 
N.A. 

Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
No 
No 
No 

Overal l  296 155 559 

- 10 - 
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Table 3: Formation Water Analysis, Well C 

I on - 
Sod i urn 
Potass i urn 0.41 

Ca 1 c i um 179 8.93 
Magnes i urn 31 2.55 
Sulfate 230 4.78 
Chloride 20 0.56 
Bicarbonate 476 7.81 

Total Dissolved Solids: 739 mg/l 

Measured Resistivity: 9.4 ohm-m at 68F 

Table 4: Cation Exchange Capacity and Other Data, Well A 

F 

Calculated 
Measured Core 01 1 Core 

Sample CEC, meq/100 gr Saturation Porosity 

a 0.95 0.312 0.167 

b 1.09 0.286 0.013 

Proximity Log tnvaded Zone 
Reslstlvi ty (ohm-m) Water Saturation 

69.2 1.07 
3.96 

C 1.22 
d 1 .OS 

e 0.94 
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Table 6: Comparison Between Calculated and Measured CEC, Well A 

Meas u red 
Sample CEC/meq/100 gr) 

a 0-95 
b 1 .og 
C 1.02 

d 1 .oo 
e 1.14 

Average 1.04 
- 

WELL 
A 

CEC Computed from Clay Types 
X-Ray D i f f r a c t i o n  (meq/100 gr )  Present 

0.73 K, 1 ,  M 
1.42 K, M 
1155 K, M, ML 

0.93 K, M 
1.73 ' K, I ,  M, ML 

1.27 
- 

Figure 1: Schematic Cross Section 
of Tensleep Reservoir 

WELL WELL Elevation 
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i 
Table 7: Oil. Saturation Calculations, Wells A and B 

Well A 

lean Sand Shaly Sand 
Formation Core Oil Computation of Computation of S/C 

Elevation Po saturation Oil Saturation Oil Saturation - Ratio 

NA .485 .702 
.645 

1325 

.542 .767 
1300 

.364 .626 
1275 

- 749 1250 

1200 .20 17 .428 .520 .690 
19 40 .360 .125 525 .705 

1150 .16 09 .217 - 090 .404 .701 1175 
.664 1125 17 252 9 220 -. 136 .342 
.651 1100 ' 17. .156 -. 182 .302 

.16 .291 232 .661 .805 
873 

1075 

.267 044 .484 .715 

.180 .374 
9 352 

1225 15 410 .382 495 
.142 

1050 .16 .211 .430 .797 

Well B 

1000 .22 273 NA .157 .506 529 
-646 . l l  w.048 376 

.564 .723 
19 237 

.172 09 
.666 

19 
525 .22 ,028 179 

.718 

.18 .046 .696 
736 
.692 
.624 
.686 

.658 

.670 

975 
950 
925 
900 19 079 

875 
850 19 41 4 
825 .21 
800 .21 
775 

750 

.lo7 

F 
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TER L O G  AN 

AN E S S A Y  

by 

M. H. Rider 

I. 

Compagnie Francaise des 

Bordeaux, Franc 

G 

The greatest  d i f f icu l ty  with the dipmeter seems t o  be a lack of consumer 
dence. T h i s  is  not necessarily i n  the too l  i t s e l f  but of the  manner i n  

which it i s  interpreted. It i s  i n ' t h e  existing systems of analysis t ha t  the  
doubt lies. 

Quite a number of art l e s  have been writ 
ems for  dipmeter interpretation have been p 
similar ambitions : it i s  only an essay. 

sed. This  paper does not 
. I  

The first object i s  t o  compare dipmeter r t s with measurements 
rvations on cores and, where possible, t o  draw conclusions. A second 

object i s  t o  use a quasi-s ta t is t ical  approach t o  dipmeter analysis ( ra ther  
than pattern an 

measurements made d i rec t ly  on cores. Various methods of computer curve' analy- 
sys  are  used and contrasted (Schlumberger geodip, HDT conventional correlation 



_- 

DIPMETER PROCESSING COMPARISONS 
4 
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CLUSlCX 
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Fi er processings from a 14 m (46 feet) interval of 
interbedded sands & shales. 
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I 

and Cluster : Exploration Computing correlat ions) ,  

I ompare the  dipmeter r e su l t s  w i t h  un-oriented cores, rather 
than make point by point comparisons, dips were pooled by incrementsofdegrees 
of dip and plot ted i n  histograms. That is ,  t he  histogram i s  a plot  of frequen- 
cy (number or i n  percentage) against degrees of dip (counted i n  5' increments) 
(Fig. 1 ) .  Directions of dip have been largely ignored. In  t h i s  way the  ar t i f i -  
c i e l  or ientat ion of a core i s  unnecessary. Moreover, t he  pooled dips can be 

ree headings ; correlation 
scale  and "noise", l i thology and fac ies  and sedimentary s t r u  

s t small 'correlation 
er  in te rva l  have 

ow i f  qual i ty  i s  impaired i n  these 
extent do a r t e fac t s  

e as t h e  number of dips 
but so does t ruth"  
d e r ror  mixed and where 

interbedded sands and 
and 35 cm th ick  [1/2"- 

lo"]) .  The in te rva l  w a s  cored. The dipmeter 
of computer processing (Table 1 ) .  

as subject t o  f ive  var ia t ions 

+ EXPLORATION COMPUTING 

reproduced from one histogram t o  t h e  next. (The borehole d r i f t  was nearly 5 O  
i n  a direct ion exactly opposed t o  t h e  s t ruc tura l  dip. For t h i s  reason 5 O  w a s  
added t o  all core dips t o  reconst i tute  t he  t r u e  values. There are therefore 

- 3 -  
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no dips between 0 and 5' and a s l igh t ly  exaggerated number between 5' and 10' : 
the\or iginal  0-5 ' dips having been t i l t e d  t o  t h i s  increment). 

The 5 t o  15 degrees c lass  obviously contains the  s t ructural  dip. Compa- 
' r i ng ,  therefore, t h i s  c lass  (Table 1 )  we see the  differences between t h e  
various computer programmes and treatments (see a l so  Fig. 2) .  

COMPARISON OF COMPUTER PROCESSIN 
interval of F1g.l 1 

Correlation Correlation Correlation 
interval 4m.  interval 0'6 m. interval 0.1 m. 

Step 1 m. Step 0.6m. Step 0 , l m .  

90 m. 

95 m. 

I 
10 15 2010 5 10 15 2010 5 10 15 20 30 40 50 60 

Processing by Exploration computing ) 

Fig. 2 : Arrow plo ts  of three different  computer processings. The interval  
is tha t  used i n  Fig. 1 

~. 

With the same programme (Exploration Computing) but decreasing correla- 
t i on  interval  ( the distance along which the  r e s i s t i v i t y  curves a re  compared) 
we see the  number of dip points increased considerably from 14 t o  50 but the  
re la t ive  percentage decreasedfrom 100 % t o  57 % (Table 1 ) .  The c lus te r  pro- 
gramme gave resu l t s  similar t o  the  large correlation small s tep programme 
(4.0 m x 1.0 m) . The eye measured 106 dips (84 %) and geodip 107 dips (73 $) . 

- 

The first point of note is the  number, o r  density of dips. Geodip approa- 
ches the  eye i n  de t a i l  ( the  density of measurements on the  core was i n  fact  
made t o  resemble tha t  of geodip : the  eye could have added more). The f ine  
correlation (0.1 m x 0.1 m )  sees only one half t h i s  number and the  other pro- 
grammes l e s s  than one sixth.  There i s  thus great variation i n  de t a i l ,  espe- 
c i a l ly  between geodip and the  other programmes. _ _  ~ - 

, But of these dips, how much i s  "noise"' 1 

In  t h i s  context it i s  interest ing t o  compare the  number of dips above 15 
degrees for  t he  various programmes and treatments. (Table 2) .  

- 4 -  
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TABLE 2 DIPS ABOVE 15 

Correlation In t .  Step No of dips % (of a l l  dips) 

1.0 m 1.0 m 0 0 

G E O D I P  

The f ine  correlation 0.1 m x 0.1 m)  shows 31 dips (35 %) above 15 
while  t he  core shows only 12 dips (9.5 %) . If , from these figures,  we consider 
t h a t  only 10 % o f t h e  dips should be above 15 degrees, 25 % of the  dips o f t h e  
f ine  correlation (35 % above 15 degrees) a re  "noise". That i s  there i s  a 3 % t o  
4 % "noise" leve l  i n  each of the  5 degree increments, probably over the  scale 
from 0-45 degrees. The histogram, i n  f ac t ,  shows t h i s  very well, there being 
an overall  platform around 4 % ach increment between 15 and 45 degrees of 
dip. The overall  e r ror  w i l l  be 
treatments do not show t h i s .  

(approximately). The other 

The degree of "noise" i s  d i f f i c u l t  t o  discern i n  the  remaining treatnents 
using t h i s  method. It i s  interesting, however, t o  add t h e  azimuths t o  t h e  his- 
tograms t o  see i f  differences which can be a t t r i b u t e d t o  noise ex i s t  (Fig. 1). 
Two azimuths a re  given, t h a t  of dips with the  s t ructural  dip of between 5 and 
15 degrees (Fig. 1 column 3)  and t h a t  of dips over 15 degrees (Fig. 1 col.  4 )  
(Dips a re  grouped in to  45 segments f o r  these p lo t s ) .  

The s t ructural  dip azimuths are a l l  remarkably i l a r  except t h a t  t h e  
4 m x 1 m processing shows a s l igh t  variation, probably because of the  f e w  
points contributing t o  t h e  s 
i n  t h i s  manner no "noise" i s  
shown above t o  be It 

i s t i c s .  This indicates 
s ib le ,  even i n  t h  

grouping t h e  points 
tment (0. I m x 0.1 m )  

The azimuths o egrees, where they ex i s t ,  show more varia- 
t ion.  The f ine  treat 0.1 m x 0.1 m)  shows only a s l igh t ly  prefered orien- 
t a t ion  due t o  the  "noise" already discussed. The 4 m x 1 m treatment shows a 

pread and i s  based on very l i t t l e  data : it 
a strong prefered orientation (similar t o  . 

ar t o  show "noise". 

Conclusion. 

of computer curve correlation give a density 
(number of dips) which varies considerably ( t o  the  order of 10 times i n  t h i s  
example). 

With a classical  treat  , a f ine  cor re la t i  interval  ( i n  t h i s  case 

G 
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60- 

50- 

:: 40- 

L 30- 
0 10- 
2 

JO- 

.1 m x . 1  m )  engenders "noise" but also increases t rue  dips at the same t i m e .  
Coarse correlations appear t o  1ack"noise"but lack r e l i a b i l i t y  because of t he  
f e w  dip points available ( i n  t h i s  case Cluster 1 m x 0.5 m and Exploration 
Computing 4 m x 1 m). Geodip gives considerable d e t a i l  with apparently l i t t l e  
"noise" . 

If resu l t s  a r e  pooled, as i n  the present example, "noise" appears t o  be 
eliminated and the  various treatments give very similar resu l t s .  Fine correla- 
t i on  gives more data, usable i f  results a re  pooled : coarser treatments lack 
data a t  higher dip angles. 

- 
CORE - 

LITHOLOGY AND FACIES 

Facies most cer ta inly has a strong influence on the  quali ty of dipmeter 
logs. Otherwise stated,  l i thology and facies have a strong influence on the  
type of micro-resistivity curve. A lack of r e s i s t i v i t y  contrast will give poor 
quali ty correlation, good r e s i s t i v i t y  contrast ,  good correlation. 

The following comparisons. show some examples of t h i s .  

Interlaminated sand and shale facies. 

The first comparison i s  between core data, geodip and an or iginal  HDT 
processing (correlation in te rva l  1 m s tep 1 m) ever a 5 m (16 f e e t )  in te rva l  
of f inely interlaminated sands and shales (Fig. 3a). A second example compa- 
res  core data from 5 m (16 f ee t )  also of f inely interlaminated sands and 
shales t o  a geodip treatment (Fig. 3b). 

INTERLAMINATED SAND AND SHALE 
FACIES 

0 10 ¶O 50 40 a 
h 
2 0 *of 

GEODIP 
10 ru 

40 
rr. E 
Q o  

$ Jo 
10 
10 

0 
HDT 0 

B COI -' -- -  'rei !m. . 0 10 ¶O JO 40 50 

DEGREES OF DIP 3 10 step im. 
2 

IBI 0 

El 0 10 10 JO 40 

DEGREES OF DIP 

Fig. 3 : Dip frequency histograms of two exampl.?s from a f inely 
in1;arlaminated sand and shale facies.  
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~ 
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i 
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In  the first example the correspondence between geodip and what t h e  eye 
sees i s  reasonable. The or iginal  HDT programme gives reasonable but sparse data. 
In the  second example the correspondence i s  excellent. 

facies  favour t o  dipmeter measurements i n  general 
regardless of processing. The reason, presumably, i s  because the f ine  interbed- 
ding of sand and shale gives good, small scale, res is t ivi tycontrasts .  In fac t  
it is found tha t  any f inely laminated deposit with r e s i s t i v i t y  contrast (shale 
i n  sand, evaporites i n  limestone e t c )  gives similar resul ts .  

Bioturbated sandstone facies.  

The core, i n  t h i s  comparison i n  a bioturbated, f ine  grained, shaly 
sandstone. The l i thologies  are t e r r i b l y  mixed and secondary, bioturbation 
structures,  dominate. The eye read dips come mainly from very i r regular  lamina- 
t ions.  The or iginal  HDT processing (correlation interval  1 m step 1 m) and 
geodip are used (Fig. 4 ) .  G 

TURBATED SANDSTONE 
FACIES 

Fig. 4 : Dip frequency histograms from o io 10 ao 40 

a bioturbated sandst DEGREES OF DIP 

The correspond he logs i s  null .  This seems t o  
be a case where "mathematical dips" or "noise" dips are  almost t he  o 
recorded. The i r regular  laminations seen by the eye are  probably not 
on the  logs since they do not cross the  en t i r e  borehole ( i n  t h i s  cas 

our curves of 

nts.  Never-the- 
n. They can be recognised as "noise" by being spread more or 

l e s s  evenly over the  interval  of dip values and having no def ini te  azimuth, as 
w a s  discussed previously. 

- 7 -  
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Discussion-conclusions 

The lesson from these comparisons between facies and dipmeter (regretta- 
bly too few) i s  that when conditions (facies)  are favourable the dipmeter 
works well : when conditions (facies)  are unfavourable dip readings are s t i l l  
givenbut arespurious. Favourable facies are those in  which regular r e s i s t i v i ty  
variations exist .  Unfavourable facies are  those i n  which there are no res i s t i -  
vi ty  contrasts. 

The concepts of favourable and unfavourable are not absolute : it 
depends t o  some extent on the scale of correlations (correlation interval)  for  
the conventional computer process. The example (Fig. 2)  shows how dips spread 
as the  correlation interval i s  decreased (This i s  the same interval used i n  
the discussion on "noise"). With s m a l l  ( th in)  correlation intervals the facies 
is  unfavourable ( l o t s  of "noise"), with a large (thick) correlation interval 
the facies i s  favourable. This simply indicates the leve l  at which the resis- 
t i v i t y  contrasts take place. A correlation interval f iner  than the r e s i s t i v i ty  
variations w i l l  give a great deal of "noise" (Fig. 5 ) ,  but larger than the  
res i s t iv i ty  variations will give good dips. 

Fig. 5 : 

SCALE OF RESISTIVITY VARIATIONS 
AND CORRELATION INTERVAL 

RE 

Demonstration of the relationship between correlation interval 
and r e s i s t i v i ty  variations. The correlation interval 0 w i l l  

'give favourable results : the small correlation interval@.unfa- 
vourable results.  

RE 

Demonstration of the relationship between correlation interval 
and r e s i s t i v i ty  variations. The correlation interval 0 w i l l  

'give favourable results : the small correlation interval@.unfa- 
vourable results.  

SEDIMENTARY STRUCTURES. 

It i s  of'ten supposed t h a t  the dipmeter i s  able t o  "see" sedimentary 
structures. In t h i s  context the  comparison ci ted below raises interesting 
problems. 

The example i s  of a 13 m (43 foot) foreset sandstone interval (of which 
10 m-33 fee t )  were cored with a Processing by Exploration Computing. The 
i l lus t ra t ion  (Fig. 6) shows the core lithology, lamination characterist ics and 
corresponding dipmeter results. The processing used a correlation interval of 
60 crns (2 fee t )  with a step of 30 crns ( 1  foot) .  

- 8 -  
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FORESET SANDSTONE FACIES Pig. 6 : Core log and arrow plot of a 
foreset sandstone facies. 

I 

COR RELAflON 
INTERVAL O,(lm. 

0.3 m. 

DEGREES OF DIP 
I 

COSET THICKNESSES 
OF CORED INTER 

5 0 1  

0 5 10 1s a0 

THICKNESS OF COSETS 

DIP HISTOGRAMS 

correl 0,6m 

CORE 
(Foresets) r -$ t 

- 
30 40 

OF DCP 

G 

Fig. 7 : Dip frequency histograms of 
the foreset sandstone facies 
of figure 6. 

Fig. 8 : Coset t h  ess histogram as 
measured in  the foreset sandstone 
interval of figure 6. 
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The histograms resume the  interval i n  degrees of dip first (Fig. 7a) 
from the log and secondly (Fig. 7b) from the core. The core dips are those 
tha t  correspond only t o  foreset dips ( that  i s  ignoring the  dips of junctions 
between cosets). The lack of correspondence between the two histograms is  
evident. 

i 

The dipmeter log (Fig. 6 )  shows tha t  the dipmeter gives s l ight ly  higher 
dips i n  the sands than i n  the surrounding shales. However the lack of dips 
between 20-25 degrees, the predominant foreset dip, shows tha t  essentially the 
foreset s are not seen. 

The explanation for  t h i s  may be found i n  the histogram of coset thick- 
ness for the cored'interval (Fig. 8). It shows tha t  no coset is  thicker than 
20 cm and tha t  the average i s  between 5-10 cm. The interval  of correlation 
for  t h i s  dipmeter w a s  60 cm. (2  feet). That is, the  four micro-resistivity 
curves are compared over a distance of 60 cm, which distance w i l l  cover four 
o r  more cosets. This problem has already been indicated (Schlumberger 1970, 
p. 50) though i n  a different fashion. In the example ci ted here the dipmeter 
i s  not reading the foresets ut  the dips of cosets. The l a t t e r  are  between 0 
and 10 degrees (Fig. 9 ) .  

SCALE OF CORRELATION INTERVAL 
AND OF COSET 
R n 

COSET 
DIP 

FORESEl 
DIP 

COSET 

U 
LARGE 0 SMALL @ 

CORRELATION lNTERVAL 

Fig. 9 : Diagrammatic representation of the different dips measured 
i n  foreset sands using different correlation intervals.  The 
large correlation interval 0 reads coset dips, the small 
correlation interval @ foreset and coset dips. 

Discussion-Conclusions. 

The suggestion fromthe above comparison is  tha t  v i s ib i l i t y  or  non- 
v is ib i l i ty  of sedimentary structures by the dipmeter i s  a question of scale 
(geodip excluded). A t  what scale do the phenomena exis t  and at what scale 
can we expect results? 

The s i z e  of cross-beds varies from that  of small ripples t o  giant waves 
and eolian dunes, from 1-2 ern (inches) t o  over 30 m. (100 feet). However, 
examples shown here indicate the order of s i z e  familiar t o  sedimentologists 
(Figs 10, 11) .  The greater number of cosets are  thinner than 1 m (3  f ee t )  : 
%he number thicker than t h i s  varying with type of structure. 

- 10 - 
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This means tha t  a 1 1 correlation interval w i l l  "see" very 
relation will "see", i n  favourable , few cross-strata, a 60 cms ( 

cases one quater of the structures and a 30 cm (1  foot) correlation'perhaps 
one th i rd  (geodip excluded), I f  we compare the histograms and l o  as 
examples' (Figs 10, 11 ) there w i l l  be considerable' variation from ion 
t o  another. 

. 

COSET THICKNESS AND FORESET DIP VARIATIONS 

(af ter  Kellin@ 1969 

a- 
i 0  30 40 , 

DEGREES DIP 8.. . 
F .  u. 

40 
s -- 

TIDAL 1 (after Swett okal. 1971) 

30- 1 n--ro PI 

UNIT (COSET) THICKNESS DEGRl 
20 50 40 

EES OF DIP 

G 

(3 
2 
6 n 
m W 

cn cn 

V 
2 

( FROM POTTER 1967 1 
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The conclusion, therefore, i s  tha t  it is  possible t o  see sedimentary 
e t  structures butmost, even w i t  short correlation distances, w i l l  be 

missed. The'most frequently read d i  w i l l  be those of cosets or beds. 

,&re data are needed i n  t h i s  domaine. The behaviour of geodip has not 
been documented. 

INTERPRETATION 

The foregoing examples of comparisons between cores and dipmeter logs 
gave rise t o  various ideas. An example interpretation i s  now given t o  show 
how these ideas can be used. 

It i s  generally assumed tha t  interpretation begins with the identifica- 
t ion  of patterns (GILREATH e t  al. 1969, SCHLWERGER 1970, GILREATH. e t  al. 
1971, GOETZ e t  al. 1977). However the first comparison gave an example of very 
detailed logs. One glance a t  the  detailed log (Fig. 2)  STLOWS that it i s  impos 
s ib le  t o  t race  patterns. Moreover, as w a s  i n  
these detailed logs. 

cated "noise" i s  present i n  

To eliminate "noise" and t o  i n i t i a t e  an interpretation it i s  necessary 
t o  pool resu l t s  : t o  look a t  dips s t a t i s t i ca l ly  rather than individually. 
This idea w a s  used i n  Nigeria t o  resolve structural  dip problems (NEDERLOF e t  
al 1971) and recently the notion has given r i s e  t o  the cluster  programme of 
Schlumberger (HEPP e t  al. 1975). By combining dips and plott ing t h e i r  poles on 
a stereonet, another author (PERRIN 1975) w a s  able t o  different ia te  between 
types of sedimentary structure. 

The pooling process proposed here i s  tha t  used i n  the f i r s t  example of 
comparison (Fig. 1 ) .  A histogram i s  made of the degrees of dip over a chosen 
interval. From t h i s  histogram and other data i f  necessary the structural  dip 
i s  identified&. 12).Knowingthattheordinary maximum angle of sedimentary dip 
i s  35 degrees a second zone of possible sedimentary dips can be delineated. 
Beyond th i s ,  dips are ei ther  secondary (slumps, bioturbations e t c )  or  tectonic 
( f r a c t k e s ,  faults e t c ) ,  tha t  i s  formed i n  the  inter ior  of the sediment (as 
opposed t o  the sediment-water interface).  

DIP HISTOGRAM DIVIDED 

Structural dips 

Sedimentary dips 

DEGREES OF DIP 

Fig.42 : Possible divisions of the dip frequency histogram. 
. 
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Azimuth plots  are then made of the  various s l ices  of degrees of dip 
identified (Fig. 1 ) .  It i s  probable that  false dips are  included in  the  statis- 
t i c s  but t he i r  influence i s  outweighed by the t rue  dips. 

The example (Fig. 13) shows a single sand reservoir ( identified by corre- 
la t ion)  which w a s  penetrated by 25 w e l l s .  The dipmeter w a s  run i n  a l l  the w e l l s  
but w a s  not processed i n  the  same way i n  each (programmes include 1 m x 1 m, 
0.9mx0.6 m and 0.6 m x 0.3 m ) .  The results are often a confusing mass of dips. 
The sand body and i t s  equivalent interval 
lithology added (Fig. 13). The histogram i 
interval concerned and has been divided into a structural  e 
mentary element as described above. 

e shown by a gamma-ray curve w i t h  
of the degrees of dip for the 

The azimuths of the  ructural element are plotted on 
(Fig. 14) .  Correspondence between the isobaths dips indicates tha t  the  
structural  element has bee 

G 
The azimuths of the  sedimentary element a ted on the isopachite map 

of the  sand body (Fig. 
represents a north-sout derived from the  north. A southerly 
element i n  the  azimuths fo  rt of the sand body is evident, Howe- 
ver a westerly 

om other data t h a t  the sand body 

long the ent i re  western edge. 

e t e r  i n  sands seldom sees the id ip  of 
where core data suggests 

and correlation intervals 

e sand body i s  thus 
he body are proba- 
s are not strong 
during compaction. 

the  north-eastern quadrant 
demands comment. A study of the  g 

i s  the  sor t  o s found i n  c 

ion of three dip 
o diminishes the  

nfused dips. The 
exploited when pooling 

u ld  be given w i t h  
reserve. 

system both t o  outcrops and w e l l s .  

- 13 - 
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Fig. 13 : Electrofacies map of Reservoir "A" with gamma ray profile, 
lithology and dip frequency histogram. 

- 14 - 
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Fig. 14 : Isobath map of Reservoir "A" with structural dip azimuths. 
Depths i n  metres. 

G 
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1 .  

0 500 1000 - 
metres 

Fig. 15 : Isopach map of Reservoir "A" with sedimentary dip azimuths. 
Thickness in metres. 
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THE USE AND VALIDITY OF PULSED NEUTRON 
SURVEYS IN CURRENTLY DRILLING TESTS 

SHELBY W. SMITH 

DIVISION, NEW ORLEANS, LOUISIANA 

ABSTRACT 

The pulsed neutron tool with its multiple uses is possibly developing into-the 
most significant evaluation tool since the introduction of the SP and resis- 
tivity logs in 1931. The "Thermal Decay Time" or "Nuclear Lifetime Log" is 
the only tool ever developed or even suggested that can essentially reproduce 
the same log prior to and subsequent to setting casing. 
examples and recommended uses of the tool not originally antigipaged by the 
service companies, i.e., logging of very high angle holes (45 -80 ) through 
drill pipe prior to pulling the last bit, logging a test with stuck drill 
pipe or a test which is shut i pressure and cannot sustain higher mud 

This paper offers 

H 
sponse may be affected by mud filtrates or where there is deep 

invasion and there has been insufficient time for the filtrates to dissipate. 
However, in high porosity sands, there are often many unusual and adverse 
hole conditions where this tool will give a satisfactory qualitative response 
that is suff ther run addi- 
tional logs, andon the hole 
immediately 
the bottom. 

A pulsed neutron survey may offer signific 
logging program of many non-normal wells. 

pportunities in the initial 

It is seriously doubted that participants in the experimental radioactive log- 
ging program of Golden Meadow Field, Lo a, in 1965 would believe that the 
tool would develop into what is probabl most significant well evaluation 
device since the Schlumbergers develope SP and Resistivity log in 1931. 
The current ser Atlas and 

aturation. " 

- 1 -  
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characteristics, enables Management to make 'a decision to complete or abandon 
the test with a minimum of, or no additional surveys. 
is normally the best choice. However, Offshore operations are trending towards 
deeper water, smaller reservoirs or small, updip, undrained reservoir segments, 
all of which lead to longer, higher angle, directionally controlled holes. 

An IES tool run initially 

' Figure 1 illustrates one 
area with the above prob- 
lems. It is a jointly 
owned Texaco-Tenneco 
operated facility located 
in the Gulf of Mexico, 
West Cameron Area, Blocks 
642-643, water depth 375', 
124 miles from shore. 
There are eight wells 
which have beencdeflected 
more than 6200' from 
point of origin at the 

(00  4012 is11 A(. 2.8 sq. HI. platform. In order to 
ANGLE tADlUS DRAlMAGt 

70' I913 3446 Ac. S.3 Sq. MI. have a sufficient number 
80. 10982 10354 At. 16.1 $1. UI. - of drainage wells for 

the primary gas sands, 

mately -4400' deep, four 
Two have drift angles in excess 

Figure 1 which averages approxi- 
0 wellsowere drklled with drift angles of 70 +. 

of 78 and 82 with individual portions having angles of 86 from vertical. 
The maximum drift was 9941'. Figure 2 illustrates the objective of Well #A-18, 
a gas reservoir defined by an expendable exploratory well but with insufficient 
reserves to justify an additional S13MM platform. 

Texaco's Offshore Division has been closely associated with the highest achiev- 
able angles to the greatest distance in the Gulf of Mexico, but not without 
periods of considerable trepidations, particularly in how to achieve a 

0 

Figure 2 HIGH ANGLE HOLE ' 

PROBLEM OF LOGGING 

(4349)ss - 

- 2 -  
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0 satisfactory log with drift angles of 76 , which were achieved in some of our 
first efforts-in South Pass 54 in 1970. In such.high angle hole 
will not desce 
pipe. 

A review of the highlights of the the0 
system is desirable in order to unders 
offers. 

alone and must be pumped 

nd interpretati 
the problems a 

ryo, Pulsed NeutrondLog, was initially called 
common element is by far the strongest thermal neutron absorber of the common 
earth elements. The log respo 
present in the formation water 
a log of neutron ab tion properties permits the determination 
fluid saturations; oil-water contacts, and direct detection of g 
ing or drill pipe, even better, in some cases, than the older open hole logs. 

As the two names imply, Neutron Lifet - Thermal Neutr Decay Time, the 
pulsed neutron log is primarily a device that measures the life time of fast 
epithermal neutrons after emission into 

Neutron lifetimes are shortest in shale, longer in oil 
and longer still gas. Thus, if the measurement of n lifetime is 
displayed in an analog curve format, th lifetime curve will look very much 
like a resistivity curve. 

Data are obtained by activating-a neutron generator in the sonde which bombards 
the formation for about 20-100 microseconds. After suf f icienk time has elapsed 
to allow borehole effects to dissipate, counting is begun. These epithermal 
neutrons have a.life of from six microseconds in halite to 900 microseconds in 
quartzite. In wrous formations, it is essentially a direct relationship to 
the amount of chlorine present. Determination of these-lifetimes then allows, 
under most conditions, identification of several formation characteristics 
(e.g., lithology, porosity and fluid saturations). 

It is the intent of this timing procedure 
neutron population to decline by a predet rmined percentage, 63% for Schlumberger 
and 50% for Dresser Atlas. 

largely to the amount of capturing NaC 
when lithology and porosity data are kn 

H 

in saline water, 

- 

asure the time requifed €or the 

This may be done by either counting the neutrons 

wed to thermal neutron velocity 

- 3 -  
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E 

The following examples will 

~ Figure 3 

4. Casing collars uncorrected for depth. 

illustrate the results of data 
derived both in the laboratory 
and empirically utilizing pulsed 
neutron logs and show how 
qualitative interpretation can 
then be applied. 

I 

Figure 3 illustrates the common 
presentation of a Schlumberger 
TDT survey. Nine galvanometers 

+ are available for the thirteen- 
Ehannels of information gathered 
and/or calculated for full .eval- 
uation. Data not presented on 
the log are recorded on digital 
tape. 

In the left track, four curves 
are frequently plotted: 

1. The F curve which is a "low 
sensitivizy gamma ray curve", 
scaled 0-1000+ API units; 

2 .  
scaled O-lOO$Al?I units; 

3. Pulse rate quality monitor 
curve (Q), frequently omitted; 

- 
A standard gamma ray curve 

In the right track, the remaining five curves can be recorded: 

5. N1 - the near detector, count rates, solid; 
6. F1 - the far detector, count rates, dotted; 
7. TAU - formation time constant in microseconds; 
8 .  

-3 2 3 E- the calculated neutron capture cross section (10 cm /cm 1 ;  

9. The calculated ratio curve; =-near count/far count; (-background). 

Figure 4 illustrates the Dresser Atlas presentation of the "Nuclear Lifetime 
Log". "TAU" (Schlumberger) or "L" (as it is called by Dresser Atlas) is the 
elapsed time in microseconds for a percentage of the high energy. neutrons to 
be slowed enough to be captured. Sigma is calculated as: 

4550 Schlumberger = - TAU 
3150 ' Dresser = - L 

- 4 -  
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e 1. L e  

F 

SIGMA 
0 30 0 

8" ' ' 3 1  I ' , i 5 '  ' '4 

5-tu-5-0 
- r r r r r r r r  r r r r r r r r r  

IO r 

The Sigma value is relatively the most 
important of all the derived data for 
interpretation a represents the summa- 
tion of "capture cross sections'' of a 
specific interval of the formation, or 
its ability to slow 
high speed neutrons. 

far detector unt rate sensi- 
have been designed to normally 

track in water and oi ands in order 
that their frequent d rgence in gas 
sands is recognizable. 

Behind the basic principle of interpre- 
tation is the fact that all elements 
have a natural, constant, thermal neutron 
decay time and a calculated sigma or 
neutron capture cross section. 

Some common sigma values are 
as tabulated by Schlumberger: 

H 

TAU (MICRO- 
SIGMA SECONDS) 

Methane @ 1500 PSI-100°F 3.8 1200 
Quartz 4.3 1060 
Dolomite - Pure 4.7 980 
Limestone - Pure 7.1 635 
Granite 22 206 
Basalt 33 138 

h Gulf Coast Oil 22 207 
22 207 
120 38 

8 
6 

18,000 ,253 
45,000 0.10 

nly 33-55 as observed 

Even though n 1 identification very com- 
plex, there is normally enough distinction between hydrocarbon and salt water 

ment mixtures make el 

ignatures to dentification 

s not intended 
to indicate a partiality or preference. 
of water-oil and gas observed in a san 
listed first. 
logged for comparison, as it is appreciably more difficult to recognize the 
zones prospective for hydrocarbons without these base values. Many times the 
difference between wet and productive sands may be quite subtle, 4-1 division 
on some curves, particularly if the zones are shaly or invaded. 

d be noted that water is 
one or more wet, clean sands be It is highly desirable 

- 5 -  
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DT 
6 

I 

2 
3 

Figure 5 

The separation of the N1-F1 curves 
with F deflecting to the left and N1 
to the right in association with a 
low sigma is normally diagnostic of 
the presence of free gas. 

The underlying oil column with 
essentially tracking N -F1 curves 
and a sigma less than b e  underly- 
ing water, but greater than the 
overlying gas, is typical. If the 
sand is not too shaly and has 
greater than 2 ohms resistivity, 
greater than 15% porosity, and no 
significant invasion, practically 
an instantaneous check for a 
neutron-type porosity and an appar- 
ent water salinity can be made on 
the departure curves by crossplot- 
ting sigma vs. ratio. Henceforth 
then we shall use the "rule of 
thumb" that any sigma lower, to 
the right, than in obvious water 
sands is of interest and strong 
F left divergence relative'to N 
normally indicates gas. 

1 

1 1 

Figure 2 returns to the problem of 
logging very high angle holes and 
illustrates the approximate number 

of runs (57) that could be required to evaluate the bottom half of the hole 
without a "through drill pipe log". 
holes were logged and is still the method of obtaining required supplemental 
resistivity surveys. 
diameter IES tool is pumped down and out, the pipe raised out of the hole 
one stand, ninety feetkof hole logged, the sonde retrieved, one stand of 
drill pipe is taken off and the process repeated until sufficient hole is 
surveyed to evaluate all objectives and necessary correlation points. 
be a problem to find the objective sand unless it is structurally well- 
defined. 

Further, in a 75O hole, gnly 23.3' of vertical hole is logged per 90' stand 
and only 15.6' for an 80 drift angle (17.3'/100'). Correlation is not 
impossible, but at 3:OO A.M., it may appear so. 

Receipt of this log, A-18, Figure 6, made through drill pipe in an 82 
hole, was most encouraging. 
desired for interpretation are present; low sigma, low ratio, positive left 
divergence of the F vs. N curve (indicated by shading) and a fairly clean 
sand by ganuna ray. 'There are positive separations showing in the lower sand 
but the ratio and sigma comparisons indicate no hydrocarbon accumulation. 
is further confirmed by the base survey made in casing two months later. 
Although this well did not penetrate the original reservoir as proposed, a 
pump-down IES was - not considered necessary for a well completion decision. 

It is the way all initial high angle 

Open ended drill pipe is run to total depth. A small 

It may 

0 angle 
No IES was attempted and all of the elements 

1 
It 

i 
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5 . I  

F i g u r e  8 F i g u r e  6 

F i g u r e  7 

F i g u r e  9 

H 
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With the hole 

Figure 101 

Geological interpretations are not 
always infallable! A TDT, Figure 7, 
was run on A-7 early in the program, 
it did not fit everyone's interpre- 
tation but all agreed that this log 
indicated at least six members with 
probable gas and possibly more (2 
members are shown). 

A n  IES, TDT in drill pipe, and a 
casing log of A-7, are presented for 
comparison. 
ratio is approximately one division 
lower, there is slightly more gas 
separation on the N F curves but 
the sigmas are essentially identical. 
The SP on various portions of the 
IES is unreliable but there is no 
question about the resistivities. 
Here the TDT-gamma ray is supporting 
the IES. Figure 8 shows the 1" log. 

In the casing log the 

1 1  

angle of 68O-74O, ten more, short, pump-do6 IES log runs were 
required for full evaluation but the TDT saved at least 19 additional runs. 

In Well #A-8, Figure 9, the one inch correlation log indicates that at least 
two major sands in the middle portion have sigmas of interest. In Figure 10 
are the five inch portions of the drill pipe and casing logs. From the drill 
pipe log it was obviously a well capable of completion in the upper sand at 7850kD. 

On the base log, Sigma is essentially 
identical in the three upper members 
on both logs and the divergence of N 
F has improved on all sands. A 
visual examination of the sand at 
8050' would give a first impression 
of possible oil. 
sible N F separation, the sand is 1 cleaner ana sigma on the drill pipe 
log is only one division less than 
in the upper sand. 
hole log, the time period has given 
an increased sigma (wetness) value 
of +4 division, a slight decrease in 
ratio but a definitely discernable 
positive divergence. This zone 
probably contains some gas. 

Figure 11. Management decisions are 
being made based on confidence in 
pulsed neutron surveys. Well #A-3 is 
shown with a one inch and detail log. 
From the one inch correlation log, 
only two zones appear to be of inter- 
est. In this known gas area, there 

1 
1 

There is some pos- 

In the cased 

Figure 11 
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J 
is no positive divergence exhibited 
by the N F curves, sigma on the 
upper member is no less than all 
the other sands up the hole (not 
shown) and the lower member exhibits 
no gas effect on either the N1 F1 
or ratio values. The well is con- 
sidered dry and was plugged and 
abandoned. No resistivity survey 
was made. 

Figure 12. 
"near-f ar" separation , expected in 

1 1  

The "classic rule" of 

does not always take place 
tically. In the drill pipe 
f Eugene Island 367, A-11, 
is very little separation, in 

fact, the curves track across most 
of the gas sand which may be con- 
sidered shaly and relatively low 
resistive (4 ohms). Upon close 
evaluation of the log, it may be 
noted that above and below the gas 
sand there is a negative, right, 
separation of approximately one 
division of the F curve instead 1 of tracking. Projecting this into 
the sand, it may be assumed that 
there is, therefore, an implied 
separation. The sigma value for 
this sand averages, however, 3/4 

division lower than a wet, 

I I 
I I 

I - 9 -  
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pipe was masking sand indications 
on the gamma ray and sigma curves, 
and masking gas indications on the 
N F curves. 

A subsequent IES indicates only 
sandy shale to be present. Heavy 
weight drill pipe, while reducing 
curve sensitivity does not mater- 
ially influence the evaluation by 
the pulsed neutron. We cannot 
say this definitively about drill 
collars. 

To our knowledge, Texaco and 
Tenneco were the first companies 
to routinely.evaluate all very 
high angle holes through drill 
pipe with a TDT (January 5, 1975, 
W.C. 642 #A-1). Texaco's Eugene 
Island Block 342 Field is another 
Pleistocene field about 100 miles 
east of West Cameron 642 where we 
experienced similar good results. 

1 1  

Figure 14 of A-8 is typical. This 
drill pipe log, shown with a subsequent IES, illustrates all the desired param- 
eters in a relatively clean, higher resistivity sand with a water level. 
of the objective sands in this field were logged with an IES subsequent to 
running the TDT with major rig time savings. 
ally located the exact depth of the sands and few non-diagnostic IES surveys 
were made. 
these wells would now probably be completed without an IES. 

All 

The gamma ray and TDT specific- 

Under present conditions and with our past experiences, many of 

- 
19 
I 

... 

. a. 

._. e 

.. 

I 
... 

.. - 

Oil sands are equally subject to logging 
with this tool. Eugene Island Block 
3398 Well #C-2, is illustrated in Fig- 
ure 15 with two saturated oil sands, 
compared with a subsequent IES log. 
The initial TDT log, with the N1 F1 
curves tracking, the low sigma and lower 
ratio, indicated oil. The well was com- 
pleted flowing 208 BOPD from the 
Pleistocene sand. 

There probably is no question that a 
drill pipe, pulsed neutron log does not 
have the quantitative ability of a 
later, cased hole log, but how much is 
the difference? In the same W.C. 643 
field discussed earlier, multiple wells 
have had Saraband calculations made 
using drill pipe, TDT-IES combinations 
and then (Production Management Logs) 
Sarabands recalculated using the cased 
TDT or base log data. Figure 16, Well 

c 
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Fiqure 16 

- 11 - 

#A-1 is typical of the group. The 
sand illustrated here is the pri- 
mary reservoir and the water level 
is readily apparent on this log. 
Note the reduced porosity effect 
due to gas on the ratio curve. 
With the base log alongside, there 
are small, detectable differences 
between the two logs run 60 days 
apart in this clean sand. There 
is about 3 to 1 division differ- 
ence in the N F separation, 
which results in approximately 4 
to 1 division difference in ratio. 
Sigmas vary even less. 

The IES in Figure 17 brings into 
perspective the sand's character- 
istics as seen by our common 
denominator evaluation survey. 

1. 1 

Figure 18'is a comparison of origi- 
nal TDT gas and cased hole gas. 
As the laboratory experts in pulsed 
neutron logs have predicted, the 
base TDT shows increased amounts 
of movable gas over that calculated 
from the drill pipe log. The addi- 
tions, cross-hatched, range from 
2 to 9 porosity units and as ex- 
pected the largest changes are seen 
in the shalier zones where a greater 
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time was required for the filtrate to dissipate. 
porosity of the gas sand is 25%. 
The average calculated difference in observed gas reserves between logs run in 
drill pipe and casing is 27.9%. 

CONCLUSIONS: 

Empirically, we have determined that the use of a Pulsed Neutron survey through 
drill pipe in a currently drilling test under adverse hole.conditions can pro- 
vide qualitative data that may not otherwise be obtainable except under high 
risk conditions, i.e.: 

1. A complete log of very high angle holes can be made for evaluation and 
correlation where resistivity sondes will not descend below drill pipe or cas- 
ing. This procedure can save multiple resistivity runs, when required for 
additional evaluation, or look for a sand in a structurally poorly defined 
area. In shaly or low resistive sections, all supplemental-resistivity sur- 
veys may not be eliminated but will be reduced to the absolute minimum. 

2. 
drill pipe. 
well operations under such conditions. 

The overall average calculated 
Water saturations calculate as low as 6%. 

Significant information may be derived from logging a test that has struck 
It may materially affect recommendations and decisions for future 

3. 
weights. 
simplify and/or aid in drilling operations decisions. 

Conditions can exist where a test is kicking but cannot accept higher mud 
Use of this tool under these conditions may add information that will 

Although this tool is considered primarily an invaluable, irreplaceable tool 
in workover operations, it offers significant opportunities in the initial 
logging programs of many non-normal wells. 
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A STUDY OF THE RELATIONSHIP BETWFXN TWO INTRINSIC RESERVOIR PARAMEIZRS, 
2 THE LITHOLOGIC INFLUENCE FACTOR BND THE PORE GEOMETRICAL FACTOR 
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Petroleum hgineer ing Dep., Faculty of Petrol and Mining Fhgineering 

ABSTRACT 

> 
For a better characterization of a por 
of some complicating e f fec ts  i n  quantitative interpretation of reservoir 
parameters, two compounded in t r ins ic  petrophysical factors are uti l ized. These 
two factors  are ,  namely; the l i thologic influence factor and the pore 
geometrical factor. 

Theoretical studies and experimental investigations have been carried out i n  
order t o  relate the pore geometrical factor t o  the l i thologic influence factor. 
1% has been concluded that a clo 
those two factors. 

Those two factors  are favorably used for  
complexity of the pore s t ructure  of the reservoir. 

The l i thologic  influence factor,  which is a well logging 
obtained as a continuous record along the borehole axis. The pore geometrical 
f ac to r ,  which is a special core analysis parameter, can be evaluated fo r  
individual core samples. Thus, a quantitative relationship between the two 
factors w i l l  make the pore geometrical factor  available i n  a continuous form. 

medium and fo r  a better understanding 

d i rec t  relationship ex is t s  between 

acterizing microscopically the 

parameter, can be 

I 

ion ogging parameter, namely; 
the l i thologic  influence factor  core analysi arameter , namely; 
the pore geometrical fac t  

In estimating reserves and i n  analyzing and controlling recovery processes, 
formation evaluation methods a re  always faced with the complexity of the 
reservoir caused by drastic changes in  mineralogical composition and pore 

J 
geometry of the sandstones. The pore geometry is usually affected by grain 

, - 1 -  
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size, grain shape, grain sorting, grain packing, cementation, and clay or 
shale 

During recent years practical application of two intrinsic reservoir parameters, 
the lithologic (influence) factor, C, and the pore (geometrical) factor, G, 
have been made(1,2,3,4] . These two compounded parameters are capable of 
indicating the complexity of the pore structure of reservoirs composed of 
sandstones and shales. 13y determining the lithologic factor, C, and the pore 
factor, G, any appreciable changes of mineralogical composition, grain size, 
and pore size distribution can be detected and described quantitatively. 

Lithologic factor, C, is a well logging parameter, whereas the pore factor is 
a core analysis parameter. Both parameters, however, describe the intrinsic 
microphysics of the sandstones pore structure. Thus through the linkage of 
those two factors, a direct correlation between well logging and core analysis 
can be established. In addition, the pore factor, G, is usually determined in 
the laboratory on cores extracted from distinct intervals of the reservoir, 
whereas the lithologic factor, C, is a continuous record along the borehole 
axis. Thus, by establishing a correlation between G and C, a continuous record 
of G can also be determined SlOng the borehole axis. 

A better understanding and evaluation of the complexity of the pore structure 
and heterogeneity of the reservoir can be arrived at through the joint 
application of both parameters. By the joint use of both parameters any 
appreciable changes in the following parameters can be detected: the absolute 
permeability, k, the irreducible water saturation, Swi, the internal surface 
area of the interconnected pores per unit pore volume, S 
pressure, P mineralogical composition, and pore size distribution. 

the displacement 
P' 

d' 

While C and G can be used in describing the reservoir along the borehole axis, 
they can be utilized effectively in determining proper representitive average 
characteristics (in relation to rather homogeneous sections of the reservoir), 
thereby distributing the total complex hydraulic unit (reservoir) into 
homogeneous units. This can be done through proper statistical analysis of 
C and G. 

- 2 -  
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THE LITHOLOGIC INFLUEYCE FACTOR, C 

The l i thologic factor, C, w a s  derived and introduced as early as 1969 
i n  a microphysical mathematical model of oil- and giis-bearing sandstones. 
It is a dimensionless quotient of two e lec t r ic  conductances, the conductance, 

of adsorption water (and electr ical ly  charged ion) shells covering the 

5J 

6 
ga' 

solid mineral grains i n  the rocks over the conductance of interconnected 
pores, dg, completely s ated with i n t e r s t i t i a l  water of res i s t iv i ty  Rw: 

- 
= -  G$. (1) 

% 

d@= R, 

where dg is  given by the simple formula: 

(2) 
0 

I 
aJld dga was described i n  the mathematica 
[ 1,2,3,5]. In  the model, the sandstone 
- n different types of sol id  minerals, and each component is taken into account 
by its particular grain s ize  distribution, vi(d), where: 

e l  referred t o  previously 
sidered t o  be composed of 

refers t o  the ith component and 
efers t o  the re la t ive  volume of component i at a grain s ize  d, 

a unit  grain s iee ' interval  around d, i.e., v (d) is a i 
probability density'funotion of the relat ive volume component i in 

- t h e  rock. 
/. 

Some further probability variables were also defined i n  the model, as follows 

Ei(d) : re la t ive  volume of adsorption wat 

function of grain s ize  d; 

,volume v,(d), Thus t h i  ariable is also a probability density 
. I  

1 e lec t r ica l  conductivity of adsorption water of component i. 

Electrical  conductance, dga, of n the rock cribed 

with respect t o  variable I I as a sum of def ini te  integrals of 
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d, between integration l i m i t s  ditmin and di,ma;r 

where : 
minimum grain size of component i, 
m a x i m u m  grain size of component io 

di, min 

Thus 

substituting equations ( 2 )  and (3) in to  ( l ) ,  the lithologic factor 
becomes equal t o  

n di,max 
Vi ( d >  +&i(d) dd 

r;(d 
C= 51 d;.m;n (4) 

Rw 
It appears from Eq. (4) that C describes the relative surface electr ic  
conductance of the solid minerals exerted the i r  ionic adsorption shells, 
related t o  the conductance of the effective pores when completely saturated 
with water. Therefore, the lithologic factor, C, increases with increasing 
volume of sheet s i l icates ,  especially clay minerals, and with decreasing 
grain sizes. Thus the lithologic influence factor,  C, is a measure of the 
deterioration of the reservoir properties as affected by the sheet s i l i ca tes  
of minor grain sizes. 

It can be expected as well that with the deterioration of the reservoir 
properties, a systematic increase in the specific surface area o f t h e  
interconnected pores, S 

mathematically as follows. 
w i l l  occur. This relationship can be derived 

P' 

The specific surface area of the solid grains, S , per unit  bulk volume I 

ga 
can be described by the following equation: 

t 

I 

- 4 -  
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dd (5) 
vi ( d )  * Ei (CI) 

A t i  (d )  
di,rnin 

where 
Ati(d) is the thickness of the adsorption water shells in component i, 

as a probability variable. 
z 

In order to expressd 
form so .that the thickness of the adsorption water is included. Thus 

in terms of S ga ga 
, E q .  (3) is rewritten in mother 

I 

di,mri, 
The same 5 s  described by macroscopic expression: 
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In  equation (8), (S ) is the  specific surface area of t he  grains as re lated 
t o  unit pore volume. Equation (8) m a y  be solved fo r  ,the specif ic  surface area 

as shown i n  equation (9): 

g a p  

s 

or  , 
i - - 

? = c .  - . -  
- 
r 

(10) 
> .  

s, Rw i3 

where S 
t o  unit pore volume. 7 is a coefficient r e l a t ing  the specif ic  surface area 
of the grains t o  the specif ic  surface area of the3ntercoraected pores. I t  

usually approaches one for unconsolidated sandstones. 

is the  specific surface &ea the interconnected pores as re lated '  
P 

If Rw, F, ht, and 2 are considered as constants fo r  a homogeneous unit  of 
a reservoir, eguation (10) may be reduced in to  the following simple l inear  
form 

S p = A * C  
where A is a proportionality constant that can be determined experimentally. 

Thus equation (11) serves for determining the specific surface area of the 

interconnected poresI S 
factor, C. 

as related t o  uni t  pore volume.from the l i thologic  
P' 

Another very important reservoir parameter, namely; the ,absolute permeability, 
k, can a lso  be determined from the l i thologic  factor,  C, by means of the  

Kozeny-Carman equation: 
* 
~. I ?  

k- (12) 
kz 5, 

t where k is the Kozeny constant. Carman reported tha t  the value of k2 l i e s  i n  
2 

- 6 -  
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I 
, 

i 
the range from 4.5 t o  5.5 fo r  unconsolidated sands. 

By subst i tut ing equation (10) in to  (12), equation (13) may be obtained 

or 

$ 
c2 

= B I 
C2 

(13) 

(14) 

The constant B can be experimentally determined and is f a i r l y  constant fo r  
a homogeneous unit of a reservoir. 

Thus the  permeability can be determined from C and p! by means of equation 
(13). This value of permeability is equal t o  that determined when the core 
is  completely saturated with water. It can be also seen tha t  with increasing 
deterioration of reservoir characterist ics,  i.e. as C increases, the 
permeability w i l l  decrease. It can be a l so  noted that  a plot of C 

w i l l  y ie ld  a s t ra ight  line. 

Since capi l lary pressure curves are, i n  general, considered t o  re f lec t  some 

F 
of the fundamental character is t ics  of porous media, a re la t ion  between the 
l i thologic factor  and capi l lary pressure curve 

shown i n  equation (15) 
ought. To meet t h i s  

(15) 

ing and non-wetting 

k is the absolute permeability, i n  darcys, 
i s  the  capi l lary pressure i n  dynes/cm which is  a function of 2 

pc 

I 
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wetting-fluid saturation, Sw. 

By subst i tut ing equation (15) in to  equation (13), the following equation 

is  obtained. 

1 ,  

s w i  
(16) 

where D is an experimental coefficient, which is considered as a constant 

fo r  a homogeneous uni t  of a reservoir. 

The importance of the  integral ,  1 q, need not t o  be emphasized in any 

reservoir studies. By means of w e l l  logs and through the u t i l i za t ion  of the 

l i thologic influence factor,  C, the integral  can be determined. Any deterioration 
i n  the reservoir character is t ics  is sharply indicated by a reduction i n  the 
value of the integral  as suggested 

1.00 

pC 
swi 

equation (16). 

THE PORE GEOMFPRICAL FACTOR. G 

The pore geometrical factor  was introduced as early as 1960 [7] . However, 

it was used very widely by a recent paper published several years' ago 141 
based on a study of capillary behavior of sandstone reservoirs. 

As it is well lmown, the  capi l lary pressure curve r e f l ec t s  some basic properties 
regarding the pore geometry of the sample under consideration. The location 

of the curve with respect t o  the Sw-Pc axes is a measure of the irreducible 

desaturation, Pd, respectively. The shape of the curve i tself  depends on the 

interconnection of the  pores and the pore-size distribution. 

1 

I 

I 

l wetting-fluid saturation, Swi, and of the minimum pressure required t o  start 

f 
\ 

'i 
It is postulated tha t  when the  measured values of Pc and S 

plotted on natural  log-log scale, a smooth best f i t t i n g  curve approximating a 
of a sample are  

W 

I 
1 
i - 8 -  
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hyperbola is obtained. Assuming that deviations from a smooth curve are not 
of interest for the purpose of this investigation, and that these smooth 
curves represent true hyperbolas;, then the relation between P 
be expressed as follows: 

J 

where 
Pd is the disp 

‘wi 
G is the pore geometrical factor. 

is the irreducible wetting-fluid saturation 

The pore geometrical factor, G, is a constant for a particulas sample. The 
location and shap of capillasy pressure curve can be defi 
parameters appear 

irreducible wetting-fluid saturation ore geometrical factor. 

It can be shown mathe 

This is shown in equation (18): 

It can be concl onstant value of irreducible 

Thus, the pore 
wet t iqpf luid 
the interconnected pores in oil- and gas-bearing sandstones. 

lexity of the geometry o 

It is worth mentioning here that a study is being considered by the authors 
for a further improvement of G by introducing a generalized logarithmic 
hyperbolic form of 2-degree of mathematical freedom, as follows: 

- 9 -  

I 



SPWLA NINETEENTH ANNUAL LOGGING SYMPOSIUM, JUNE 1316,1978 

(19) 
where (a) is a power which, besides G, presents a 24egrees of freedom for  

stat i s t i ca l ly  bet ter  fitting. 

Some fbrther forms of the pore geometrical factor are also being considered 
by the authors, e.g., 

The study [4. has shown tha t  the pore geometrical factor, 
very strongly t o  E. BS a matter of fact, a plot of G vs 
l o e l o g  scale yielded a s t ra ight  l ine for  the formation under study. It 
was also shown that the pore geometrical factor is direct ly  related t o  the 
wettability of' the sample under consideration. In  other words G is related 

to  n, the saturation exponent, which is believed t o  be characterization 
factor of  reservoir wettability. A plot of G ~n on a log-log scale 
yielded a straight l ine as well for the particular formation under study. 

THE RELATIONSHIP BMWEEN C AND G 

The in t r ins ic  relationship between the l i thologic influence factor, C, and the 
pore geometrical factor, G, has been revealed *om basic concepts and from 
observation. To establish a mathematical correlation between them, the 

1 .oo 
integral  , - , is used as a s ta r t ing  point, 

n 

w i  3 

1.00 

- 10 - 
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Pc can be-expressed om Eq. (17) i n  t 
J I .  

Thus Eq. (21) can be written as 

+ 

(23 1 

sW 

'wi 
e S = -), the integral 

Integral = 1 

By transforming the indepen 
becomes 

I 

(24) 

aa be represented by 

For carrying 
f ( 6 )  i s  established at the particular V a l  That is 

(26 1 
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1 After deriving The first and second derivaties, f'(s) and ftt(s), and 
replacing S by - , and then substituting into Eq. (26), the Taylor 
development of the hction f(s) is obtained in the following formt sW* 

The integrandus, f(s), according to Eq. (27) is introduced into the integral, 
I, and by carrying out the'integration between the limits, the following result 
is obtained 

where the compound coefficients, A and B, are as follows: 

- l o 0 0  

Equation (28) shows that the integral, 7 , can be described 
'wi 

'c 

c 

- 12 - 
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as the product of  an exponential and a second degree power function of the  
pore geometrical factor,  Go The coefficients, A and B, are  functions of the  
irreducible wetting-fluid saturation, Swir only. One coefficie 

is  determined by the displacement pressure, Pa. 
that  the integral ,  I, is a function of G,*Swi, and Pd. 

Table 1. shows the magnitudes of the coefficient 
It is noted tha t  both increase with Swio 

Table 1. Some Tabulated Values of the Coefficients Appearing in 4. (28) 

and B for  0.1L SwiL0.5. 

as a E’unction of WettingLFluid Saturation 
% 

the pore geometrical factor,  G, can be evaluated from the  well logging 

parameter, C, i.e. from well logs. By combining equations (16) and (28), 

I 
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one obtains 
< ’  

t 
1 

’ ? .  < ”  

f ‘  = D  ~2 (31) 
i 

+ “  

where the  compound quant i t ies  A and B have been defined by equations (29) 
and (30) and whose values .are tabulated i n  Table 1. 

By solving equation (3l), the pore geometrical factor, G,-can be evaluated 
from w e l l  logs, since C is a w e l l  logging parameter. C can be evaluated from 

a combination of the  G a m m a - R q  and the SP curves, as it w a s  shown i n  Fig.5. 
of reference 1 2 1  . C can also be evaluated by other techniques. 

For the solution of Eq. (31) f o r  G, a lso Swi and Pd ought t o  be known i n  

advance. For t h i s  &pose Swi is determined also from the well logs,  and 

some reasonable estimation should be done for the  value of Pd. An investigation 

is i n  progress concerning the relationship between Pd and C. It is expected 
that C increases with increasing value of Pa. 

By rearranging equation (31), equation (32) may be obtained which shows the 

joint  effect  of c and ‘Pd, ( P ) 9 an G: - ”  

... . ‘ .  

. I  

. .  

-. . 

i 
i 

1 4  - 
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J 

I 

CONCLUSIONS AND COMNBNTS 

gic  influence factor  and the pore geometrical factor  are two 
in t r ins ic  reservoir parameters which characterize the complexity of the 
microphysical pore structure of sandstones. Any marked changes i n  the 
mineralogical composition, grain size, and pore s ize  dis t r ibut ion w i l l  be 
reflected by those two factors. Thus those two factors can be u t i l i zed  
joint ly  i n  detailed reservoir studies. 

The l i thologic  influence factor,  which can be evaluated from GammacRay - SP 
curves, i s  a well logging parameter that  c m  be obtained as a continuous 
record along the borehole =is. The pore geometrical factor,  which can be 
evaluated from capillary pressure curve, is a core analysis parameter that 
can be obtained on individual core samples. Thus a quantitative correlation 
between the  two factors w i l l  make it possible t o  obtain the  pore geometrical 
factor i n  a continuous form. 

A mathematical correlation 1s obtained between the l i thologic influence factor 
and the pore geometric factor. 

A comprehensive research work is i n  progress at the  Petroleum Engineering 
Department, Faculty of Petroleum and Mining Ehgineering, 81-Fateh University, 
Tripoli, Libya for  the f u l l  u t  he poss ib i l i t i es  involved i n  the  

I 
! 
i 
1 

I 
I 
j 

I Beaxing Sandstonestf , SPWLA 1. Barlai, 2. :"A New Theory of 

Tulsa, Oklahoma, ( 

on 

2. PEffects of Fine Grains 
Evaluation of the Hydrocarbon-Bearing Neogene Sandstones i n  Hungary" ,  
3:d European Formation Evaluation Symposi 
P. 1-46, London, UK, (1974) 

l e  Laminae on Well Log 

of Permeability Specific Surface Area of t he  
Grained Sandstones**, S P W  17 : t h  

orado, (1976) 

:*!Pore Geometrical 
s Influence on, 
of the Faculty of 

Engineering, 1973-1974, Petroleum Engineering, Paper 2, p. 1-16, (1974) 

I 



SPWLA NINETEENTH ANNUAL LOGGING SYMPOSIUM, JUNE 1316,1978 

5. Barlai, 2,:Well Logging Parameters of Hydrocarbon-Bearing Sandstones 
Composed of Sands, Silt and Shale; Evaluation of Water Saturation, 
Porosity and Grain-Size Distribution", SPWLA 10:th Annual Logging 
Symposium, Paper X., p. 1-42, Houston, Texas, (1969) 

6. Wyllie, M.R.J., Spangler, M,B.:"Application of Electrical Resistivity 
Measurements to Problem of Fluid Flow in Porous Media", Bulletin of 
m, Val. 36, P. 359, (1952) 

7, Thomeer, J.H.M.t"Introduction of a Pore Geometrical Factor Defined 
by the Capillary Pressure Curve11, Tran. AIME, Vol. 219, (1960) 

ABOUT THE AUTHORS 

ABDEL MAWLA AL- SAADOON BARLAI 

DR ZOLTAN BARLAI is currently the professor of Formation Ehaluation with 
A1-Fateh University, Petroleum Engineering Department, Tripoli , Libya. 
He graduated from the Technical University of Budapest in mechanical and 
electrical engineering in 1950 (B.S.) and from the Technical University 
of Sopron, H u n g a r y ,  in oil engineering, in 1952 (B.S.) He holds a F h D .  in 
geophysics at the Hungarian Academy of Sciences, Budapest since 1966, 
In 1974 he achieved the highest Hungarian scientific degree, Doctor of 
Technical Sciences, at the Hungarian Academy of Sciences in Budapest. He 
has been employed since 1952 in the Hungarian Oil and Gas Industry, where 

- 16 - 



SPWLA NINETEENTH ANNUAL LOGGING SYMPOSIUM, JUNE 13-16,1978 I 
he has dealt continuously with well logging and formation evaluation. He is 
a directory member of the Association of Hungarian Geophysicists since 
1964, where he is the Chairman of the Well Logging Section. He has been a 
member of the Geophysical Scientific Committee of the Hungarian Academy of 
Sciences since 1967. In 1976 he has been elected the Chairman of the 
Committee for a 3-yeax period. He moved from Budapest to Tripoli in 
December of 1976 with a state contract. 

I 

DR fiEDa ABDEL MAWLA received his B.S degree in Petroleum Engineering from 
Cairo University in 1960, He worked for the Egyptian Industrial Organization 
(Petroleum Engineering Sector) as a junior engineer, and as a teaching 
assistant at the Petroleum Engineering Department, Cairo University until 
1963. In 1969 he received his Ph.D. in reservoir engineering from Moscow 
Petroleum Institute. Upon receiving his Ph.D., he joined the Petroleum 
Ehg. Dept. of Cairo University as an assistant professor. In 1973 he 
joined the Petroleum Ehg. Dept. of the Faculty of Petroleum and Mining 
Ehg., 81-Fateh University, Tripoli, Libya. He became in 1975 the chairman 
of the Pet. &go Dept. Dr R.A. Mawla is the author of many publications in 
the fields of Petrophysics and reservoir engineering, and the co-author of 
three Arabic petroleum engineering textbooks. He was a member of the 
Consulting Technical Committee of the Egyptian General Petroleum Corporation 
and has done some consulting work for local and foreign companies. I 

DR FAIZH T. AGSBAWON holds a B.S. and an M.S. degrees in Petroleum Ebgineering, 
and a Ph.D. degree in Chemical Engineering. He received his B.S. and M.S. from 
West,Virginia University in 1965 and 1966 respectively, and his Ph.D. from 
University of Pittsburgh in 1970. He worked in the United States as a junior 
engineer with IGT, as a research assistant with the Coal Research Bureau, and 
as a teaching assistant with the University of Pfttsburgh. In 1970, he joined 
the University of Baghdad, College of Engineering as an assistant professor. 
In 1971 he became the head of the Petroleum Ehgineering Department. He held 
that position until 1975 when he joined 81-Fateh University of Tripoli, Libya. 
Dr Al-Saadoon is the author of many technical publications and the co-author 
of three Arabic Petroleum Engineering text books. He has done some consulting 
work for local and foreign 
honorary societies and he has served in the board of directors of some 
technical journals. 

firms. He is a member of mamy scientif ic  and 



SPWLA NINETEENTH ANNUAL LOGGING SYMPOSIUM, JUNE 13-16,1978 

KORMALIZATION TECHKIQUES AKD INTERPRE2IvE FRACTICES OF 

RELATIVE PERMEN3 ILITY CURVES OF RESERVOIR ROCKS 

i 
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Faculty of Petroleum and Mining m i n e e r i n g  
81-Fateh University, Tripoli,Libya 

ABSTRACT 

deals with normal i e  i w e s  currently used for  

eabi l i ty  curves. It reviews the current 
ed on actual data. It was shown that 

i f ferent  curves for  the same se t  under 

laboratory relat J 

state of the 
different techni 
study. Hence the  intention of t h i s  paper was t o  establish some c r i t e r i a  SO 

I 

oper selection of the  end 

educed from . 



SFWLA NINETEENTH ANNUAL LOGGING SYMPOSIUM, JUNE 13-16,1978 

INTRODUCTION i 

Accurate knowledge of reservoi 
permeability, water saturation, capillary pressure, relative permeability, 
and wettability is very importat to the reservoir engineer in order to 
properly characterize the reservoir undersudy and to evaluate its 
performance. Hewitt (1) and other authors (2,3) have demonstrated that 
lithologic characteristics control reservoir.properties. 

ock properties; namely, lithology, porosity, 

Capillary pressure curves are, in general, believed to reflect some ofthe 
fundamental characteristics of porous media (4,5). Capillary pressure- 
-saturation relationship is dependent on many factors; namely, pore geometry, 
fluids and solids involved, and the history of the saturation process. It 
is well known that pore size distribution and capillary pressure are 

directly related. This is the basis for a recent paper (6) correlating 
the pore geometrical factor with the lithologic,influence factor using a 
hyperbolic capillaric model as a foundation for the analytical approach. 
This approach may be used for a better understanding of multiple saturation 
fluid flow behavior. 

The great practical importance of relative permeability measurements to 
reservoir mechanics has been outlined by Osoba (7), Branson (8), and others. 
Several investigations have also pointed out that relative permeability is a 
function of prevailing fluid saturation, the rockiwetting characteristics, 
the geometry of the pores of the rock, and the history of the saturation 
process. Morgan and Gordon (9) have studied the influence of the pore geometry 
on some water-oil relative permeability curves using photomicrographs of 
thin sections taken from the ends of relative permeability measured sandstone 
plugs. licroscopic examination reveals that rocks with large well 
interconnected pores have relative permeability curves with the following 
characteristics : 

a - initial kro is a high fraction of kdr, 

- 2 -  
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b - irreducible water saturati 
c - final krw is relatively hi 
d - the two-phase flow region occurs over a wide range. 

(sw,) i s  low, 
but is a small fraction of , kair when 

compared to kro and 

The general characteristics of sandstone core with smaller pores, as 
compared to those with large pores, are 

a - initial kro and final km are smaller fractions of kair, 
b - irreducible water saturation is higher, and 
c - the two-phase region occurs over a narrower region. 
Since relative permeability measurements are often carried on few core 
samples taken from a number of wells in the reservoir under study, different 
curves are obtained. Thus, the reservoir engineer is faced with two problems; 
namely,the selection of samples to properly characterize the reservoir and 
the adjustment of laboratory data to reflect actual reservoir conditions. 

J 

The samples selected for laboratory testing should cover the permeability 
and porosity ranges found in the reservoir. 

The most generally accepted adjusting (normalization) methods use prescribed 
km @ Swe, km Q Sor, 
t ed (normalized) curve , 

points is the most critical part in those normalization 

The purpose o 

the normalization techni 
undektaken to 
(hereafter referred to as the X-structure) to a natura% water drive and/or 
water flooding. Thus this paper is based on an actual study. 

- 3 -  
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Two se t s  of r e l a t ive  permeability curves t o  o i l  and t o  water were obtained, i 
hereby designated as s e t  # 1 and se t  # 2, respectively. The first s e t  

consists of ten t e s t s  and the second se t  consists of four tes t s .  The 
samples selected for laboratory tes t ing covered permeability and porosity 
ranges found i n  the reservoir. 

Steady-state re la t ive  permeability tests were used i n  both cases, and for  
the correct direction of saturat ion change, namely; increasing wetting-phase 
saturation or imbibition. 

The laboratory data were developed from flooding refined o i l  sandstone 
cores containing an irreducible water phase. Simulated formation brine w a s  
used as the  displacing phase during the tests. 

A summary of the resu l t s  obtained for  set # 1 is given i n  Table 1. Figs (1) 
and (2) represent the experimental re la t ive  permeability curves obCained 
f o r  set # 1. 

NORMALIZATION TECHNIQUES 

Normalization is a valuable too l  i n  evaluating the average r e l a t ive  
permeability curve of a s t a t i s t i c a l l y  homogeneous rock zone, based on a 
l i m i t e d  number of re la t ive  permeability curves determined on cores cut from 
said zone. It can be used f o r  both imbibition and drainage permeability 
curves (10). 

I n  t h i s  study, three normalization techniques are  used i n  adjusting the 
laboratory data so that  they r e f l ec t  actual reservoir conditions. The 

discussion i n  t h i s  section w i l l  be limited set # 1 only. 

In the first case, the following normalized quantit ies are employed (11): 
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NO 

17 

7 

3 
8 
6 
19 
10 
2 

724 
634 

557 

446 

406 
279 
194 
179 
106 
12 

ility io 

Ib oi 
D swr 

6 16 

457 

236 

387 

299 
275 
148 
147 
80 

43 

103 

13 08 
23.0 - 

Porosity 
Irreducible 
water 
saturation 
SWr 9 
pore space 

5 .6 
9 .o 
9.1 
5 .8 
608 
21.1 

Oil in 

g2 
space 

90.2 

Residual oil 
saturation p pore space 

60.9 

43 05 

61.6 

Oil recovered 
% pore space 

56.6 

35 .5 

29 .9 

51.1 

53.1 40.1 
Sample -ctured during 

analysis 

c 



SPWLA NINETEENTH ANNUAL COGGING SYMPOSIUM, JUNE 1316,1978 

* sw - swe 
s w  a =  (1 = Sor) - swe 

* * so - sor 

(1 - so,) - swe so = 1 - s w  = 

X, Q Sw < 
Krw Q sor 

* xr0 e sw 
= 

Kro 'ro @ 

(3)  

Y Y * * 
= 1.00 @ S i  = 1.00 and Kro = 1.00 Q Sw = 0. K i r  Thus for  a water-oil system, 

* * 
The terms Sw and So are  called the effective water and o i l  saturations, 
respectively. They represent normalized l iquid saturations i n  the range 

where both water and o i l  are  mobile. 

To perform the normalization, the following step-by-step procedure is followed: 

a - Calculate Sw, K and K at different values of Sw. 
b = Plot Kro and Kmversus Sw on a semi-log scale for  a l l  samples under study 

c -Regenerate an average kro and krw curve fo r  each group of samples. 

* *  * 
* *rw' GO 

as shown i n  Fig. (3). Fig. (3) represents the normalized curve for  s e t  # 1. 

Arithmetic averages of Swe, Sor, km Q Sor, and kro @ Swe are  used i n  
t h i s  method. The resul t ing graph of the  average denormalized relat ive 

permeability curves of s e t  # 1 is shown i n  Fig (4). 

In the second case, the following normalized quantit ies a re  employed 

* sw - swr 
sw = 1 - swr  

* so - sor 

= 1 - swr 

- 6 -  
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* * * 
It should be noted that the sum of Sw and So does not add up t o  0ne.S 
represents t he  fract ion of t he  f l u i d  phase saturation which is mobile. 

Another normalized quantity f o r  o i l  saturation is employed and is given 
by equation (7). 

(7 1 ** * so 
1 - sw* so = l - S w =  

The values of Sor and Swr are taken d i r ec t ly  from the data  reported i n  
Table (1). 

To perform the normaliz he following tep  procedure is 

followed : 
(a )  Correlate km 

* * 9He 
Sw and kro with So and with So for  each t e s t  sample. . * 

with So and Then deduce a krw 
J 

w 
with So f o r  t he  whole set .  The least square method was used in  t h i s  
study. "he follow three equations were obtained 

* 1.677 km = 0,806 Sw 

respectively. 

is shown i n  Fig.( 

Equations ( t o  account for actual nonhomogeneous samples) are used (11). 
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* s w  - swr 
sw = (1 - So,) - swr (11) 

* * so - sor 
S o = l - S w =  ( 1  - sor) - swr 

1 4  

1 4  

m(Sw - SW,) 
krw = F 3 s j 4  = [ ( 1 - So,) - swr 

kro = ~ 3 S ) l 4  = [ ( 1 - So,) - swr 
m(1 - sor - Sw) 

where kr, and kro are the experimentally determined parameters, and m 
represents a s t r a t i f i ca t ion  factor. 

To perform the  normalization, the following step-by-step procedure is 
f o 1 lowed : 

(a) Calculate f:(s) and fL(s) at different values of Sw. f t ( s )  and f:(s) 

(b) Plot f$s) and f i ( s )  versus Sw - the  resul t ing graphs should be straight 

lines. Any deviation from a straight l ine  is a measure of the va l id i ty  

of the t e s t  sample under consideration. Determine Sor, Swr, and m by 

using the following criteria: 

are calculated from (km) 0.25 and ( kr0)0025, respectively. 

when f$(s) = 0 ,  

when f i ( s )  = 0, 

when Sw = Sw,, m = fi(s) 

Sw = Swr 

Sw = 1 - or Sor = 1 - Sw 
'Or 

(c) Determine a representgttive average value f o r  Sor f o r  the whole s e t  by 

plot t ing So Sw versus Swr. The usual graphical relationship between 

So$3wr versus Swr should be as that shown i n  Fig. (7). By using a ' 

representative average value for Swr and entering Fig. (7), a 
representative value f o r  Sor is determined. 

J r  

(a) Determine an arithmetic average value f o r  the s t r a t i f i ca t ion  factor,  m. 

- 8 -  
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(e) Solve Equations (13) ana (14) for  krw and kro respectively i n  terms of 
Sw by subst i tut ing the predetermined average values of m, Swr, and Sor, 

namely; 0.851, 0.150, and 0.488, respectively. 

The following two equations were obtained fo r  krw and kro, respectively. 

( f )  Plot krw and kro versus Sw on a serni-log SCE E. The resul t ing graph of 
the average denormalized re la t ive  permeability curves of s e t  # 1 is 
shown i n  Fig. (4). 

DISCUSSION OF DATA Ah9 RESULTS 

Discussion of Data 

Detailed core analysis (conventional and special)  were performed on set # 1 
and se t  # 2. These include porosity, permeability, water-oil saturations, 

water-oil r e l a t ive  permeability, and capillary pressure. In  view of the 
heterogenity of the  s t ructure  due t o  the presence of tight sections i n  its 
upper parrut; and shales distributed within, each one of the cored interval  was 
treated as a statistically homogeneous unit. 

The weighted aad geometric averages were used t o  process porosity and permeability 
data, respectively. The 
calculated as 13.37 $ 
and 17.18 f and 425.2 md. respective 

and permeability (as obtained from a l l  s e t s )  f o r  the  

14.94 f and 206 md. respectively. 

The capi l la ry  pressure curves were determined by the use of the  restored state 
method for  an a i r w a t e r  system. An air drive of 35 psig was used 

o r  s e t  2. The overal l  average porosity 

e structure is 

for  set # 1 

- 9 -  
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and 45 psig was used for  set # 2 i n  order t o  establish capi l lary equilibrium 
at the irreducible brine saturation. The average irreducible bEine saturation 
fo r  the whole structure as obtained *om the resul t ing average capillary 
pressure curve is 10.2 $. 

The weighted average porosity as obtained by well logging is 13.7 $ for  s e t  # 1 

and 13.5 % f o r  the whole structure. Those r e su l t s  compare favorably w i t h  those 
obtained by core analysis. 

Thus, it can be s ta ted tha t  s e t  # 1 is a good representative s e t  fo r  the 

structure as a whole. It is def in i te ly  be t te r  than se t  # 2 fo r  two reasons. 

First, set # 1, consists of 
four t e s t  samples. Second, 

# 1, are closer t o  those of the whole structure than those of s e t  rr" 2. 

ten t e s t  samples whereas se t  # 2 consists of only 
the average porosity and permeability values of s e t  

Hence it can be s ta ted that  s e t  # 1 is a g o d  representative sample of the 
structure as a whole and tha t  it covers the permeability and porosity ranges 

found i n  the reservoir(  13). 

' 

Relative permeability data  were developed from flooding o i l  f i l l e d  sandstone 

cores containing an irreducible brine phase. 

A summary of re la t ive  permeability data for  s e t  # 1 is presented in  Table (l), 

and the r e l a t ive  permeability curves are shown i n  Figs. (1) and (2). By 

comparing km at different values of Sw with the corresponding value of k, @ Sor 

which can be calculated from Table (l), a big discrepancy appears. The r e l a t ive  
permeability t o  water at the residual o i l  saturation (k, Q So,) should attain 
the highest value for  any t e s t  sample. This is  not, however, the case in  t h i s  
study. Thus, k, Q Sor and Kro Q Swe are not used as end points i n  the 

preceding normalization techniques. 

Discussion of Results 

Figure (4) represents the denormalized re la t ive  permeability curves for s e t  # 1 

. as obtained by the three preceding normalization techniques. It appears from 

- 10 - 
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the graph tha t  great differences exist  i n  the f ina l  denormalized curves 
fo r  the same s e t  of samples under study. That is, different normalization 
methods may lead t o  different results,  Thus the selection of improper 
normalization technique may lead t o  serious erroneous resu l t s  during 

application , 

Likewise, the same normalization technique may lead t o  different  resul ts  
(as shown by Fig. 4 for  the 2nd technique) depending upon the end values fed 

into the procedure. This means proper normalization requires the proper 
selection of end points and technique. Thus, it is very necessary t o  keep 
i n  mind tha t  normalization should not be considered as a routine work. 
Calculations may be performed by a machine, but the programming and the 

f i n a l  selection should be done with caution. The selection of the proper 
end points and technique are  of utmost importance i n  performance calculations. 

It is unlikely that different end points and different techniques w i l l  
yield the same results. It is very possible, though, that  none of them w i l l  J 
yield satisfactory results. 

It may be asked then what end points and what technique need t o  be used? It 
is a matter of judgement and then the trial of many combinations, For 
instance, i f  you have any doubt about some end points, ignore them (as wits 

done i n  t h i s  study), The number of trials can be reduced, however, by 
correlating the end points w i t h  some w e l l  accepted 

&re used very widely as correlating parameters for the characterist ic 

parameters. k and/or 

(or "endtt) points of re la t ive permeability curves measured on each sample, 

It is also believed that  is better than k as a correlation parameter E 
(10, 12). 

r 

It is well accepted 
behavior of multiph flow very strongly can be ut i l ized very 

effectively i n  explaining the influence of many factors; namely, relative 
dispersion of one phase i n  the other, wettability, and other surface effects 
on the general characterist ics of the relat ive permeability curve. Hence, it 

at the pore geometry of a r e s  ck affects the 

- 11 - 
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is believed that  the pore geometrical factor could serve as a correlation 
parameter and it may give a bet ter  correlation than E . This belief 
stems from the fact that a plot of E versus the pore geometrical factor 
gave a s t ra ight  l ine on a log-log scale (12). I n  addition the pore geometric 
factor is a dynamic parameter, whereas E is a parameter characterizing 
the pore s ize  distribution only. Thus, it is believed that  using the concept 
of pore geometrical factor m a y  help t o  insure the val idi ty  of laboratory 
relative permeability curves (12). The authors are investigating that 
possibility. 

In  t h i s  study, end points saturations and re la t ive  permeabilities were plotted 
versus 
respectively. It is  shown i n  Fig. (6) that  a l l  end point saturations used 

on regular coordinate paper as shown i n  Figs. (6) and (7), 

gave good correlations, It is  noted that a l l  end point o i l  saturations gave 
a single correlation, whereas the end point water saturations gave three 
correlations. Sw 

Swr (the irreducible end point) as expected. Corey's method gave an intermediate 
value . 

(the experimentally determined end point ) is higher than e 

Fig. 7 indicates that the first technique gave the best correlation for  the end 
points re la t ive permeabilities. As often observed (lo),  the correlation 
l ine is curved rather, than s t ra ight ,  and a trend of increasing kro with r+ and of decreasing k with increasing increasing 
is  probably an indication that  the set  i s  preferentially o i l  w e t .  This 

indication is just i f ied by the  high residual o i l  saturations and the low 
irreducible water saturations occuring i n  t h i s  set. 

This trend rw 

It is very important t o  note that the end points are not the only c r i t e r i a  
i n  characterizing relat ive permeability curves. Thus it is necessary t o  
consider the shapes of the curves, i.e. o i l  and water re la t ive permeabilities 
at  intermediate saturations between the end (terminal) values. The shape of 
the curves w i l l  ref lect  the general characterist ics of the reservoir under 
study. Those general characterist ics (and hence the shape) are governed by 
the pore geometry, fluid-rock wetting characteristics, and the direction 

of saturation change. Improper selection w i l l  make the denormalized curve not 
valid over a portion of the curve or over the whole range, except the 

- 1 2  - 
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terminal points, As mentioned before, the pore geometrical factor w i l l  
account for  both-the end points and the shape i n  between, 

Keeping i n  mind the preceding remarks about proper normalization and the 
importance of generating a denormalized re la t ive  permeability curve that 

re ta ins  the  physical characterist ics of the reservoir rock under study, 
the reservoir engineer can proceed i n  making the f ina l  selection, 

It is believed that the first technique gave the best denormalized curves 
for  the set under study, The 2nd technique gave denarmalized curves 
comparable i n  qual i ty  t o  that of the first technique, 

A s i m i l a r  procedure employed for se t  # 2 and the f ina l  selected denormalized 
curves are  shown i n  Fig, (8). No attempt was made t o  regenerate an average 

relat ive permeability curve for  the whole structure based on those two 
s e t s  of samples for the following reasons: 

1. The large discrepancy i n  the residual o i l  saturations obtained, L e .  

. 

J 

49.32 for set # 1 and 18.63 $ for  s e t  # 2, 

2. The two wells are  located very close t o  each other i n  the structure, 
and thus the appearing discrepancy may indicate l i thologic heterogeneity, 

CONCLUS IONS 

Normalization techniques, which allow the evaluation of average relat ive 
permeability curves ref lect ing actual reservoir conditions, were reviewed. 

Actual f i e ld  dzta were used fo r  i l l u s t r a t ive  purposes. 

It w a s  emphasized that the most important aspect t o  be considered i n  applying 

these techniques is the proper selection of end points. Different approaches 
were used i n  defining the end points of the sets of curves presented and 

consequently different  denormalized curves were obtained. It was suggested 
tha t  the pore geometrical factor  could serve as a correlation parameter 

- 13 - 
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k and/or E. It is believed tha t  t h i s  parameter w i l l  
the  val idi ty  of the denormalized relat ive permeability 

better than 

help insure 
curves. 

The following rules of thumb ought t o  be observed whenever possible: 
4 2  

1. Samples selected for  laboratory t e s t  should cover permeability and 
porosity ranges and rock types found i n  the  reservoir. 

2. The va l id i ty  of the  s e t  chosen t o  represent the reservoir rock 

should be established by core analysis, well logging, and any other 
means 

3. Normalization is not t o  be considered as a simple analytical process. 
It requires the taking of many decisions on the part of the  analyst 
with respect t o  the selection of end points and the f i n a l  selection 

of the curves. 

4. Ehd points may be chosen by correlating them with the pore geometricd 

factor, or  , or  k and i n  tha t  order. 

5. The f i n a l  curves t o  be selected should r e t a in  the same general 
character is t ics  of the reservoir under study. 

- 14 - 
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NOMEZ CLATURE 

r saturation, per cent pore space 

Swe 

swr 

= end point water saturation as obtained from experimentally determined 
relative permeability curve to water, per cent pore space 

= irreducible water Saturation, per cent pore space 

Sor 
Sgr 
krw 
kro 
k 

Sw 
So or  So 

= residual oil saturation,per cent pore space 
= residual gas saturation, per cent pore space 
= relative permeability to water, fraction 
= relative permeability to oil, fraction 
= relative permeability to gas, fraction 

= normalized or  dimensionless water saturation 
rg * 
* y9c 

* - normalized or dimensionless oil saturation 
= normalized or dimensionless relative permeability to the water phase 

= normalized or  dimensionless relative permeability to the oil phase 
KI-W 

K* ro 

0.25 
f:, ( s ) = <kro 
m = &ratification factor. 
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THE DETECTION OF WATER LEAKAa FROM DAMS USING 

STREAMING POTENTIALS 

by 
Brent M. Haines 

Queensland Ins t i t u t e  of Technology 
Brisbane, Australia. 

Lecturer - Dept. of Applied Geology, 

ABSTRACT 

Streaming potent ia ls  have long been recognised as  one of the group of electro- 
kinet ic  phenomena. Geophysically, these potent ia ls  are encountered as compon- 
ents  of down-hole S . P . ,  surface S . P . ,  and "noise" associated with D.C. surface 
e l ec t r i ca l  measurements. 

Quantitatively the magnitude of the streaming potent ia l  may be related t o  var- 
ious properties of the f lu id  and the rock matrix, and t o  the velocity of the 
fluid.  
described herein. 

An i n i t i a l  survey has been conducted over Gold Creek Reservoir, one of the 
water supply storages for  the c i ty  of Brisbane. T h i s  dam has exhibited leak- 
age through the wall for  several years. Field data collected using quite un- 
sophisticated equipment has indicated the efficacy of the method - there is  a 
streaming potent ia l  e f f ec t  which correlates readily w i t h  the known leakage 
zones. 

This work w i l l  be extended t o  test dams of much greater capacity, also w i t h  
known leakage problems. 
able technique w i l l  be developed t o  detect  and evaluate water losses from dams 
and other water-retaining structures.  

It is  this l a s t  relationship which is of primary in t e re s t  i n  the work 

K 

Ultimately it is envisaged t h a t  a routinely applic- 

INTRODUCTION 

Electrokinetics have been studied for  many years, by such researchers as 
Lorenz (1952) and St ree t  (19611, who recognise three d i s t inc t  phenomena belong- 
ing t o  the group:- 

Electro-osmosis : displacement produced by an applied e.m.f.,  of a 
l iquid with respect to  the surface of a sol id;  

Electrophoresis: the movement of suspended sol id  o r  l iquid par t ic les  i n  an 
e l e c t r i c  f ie ld ;  and 

Streaming potential:  
of a l iquid containing suspended so l id  o r  l iquid par t ic les .  

the production of an e l e c t r i c  f i e l d  by the movement 

The theoretical  basis for  the development of t h i s  streaming potent ia l  is 
found i n  the Helmholtz equation (Street ,  op.cit.1:- 

- 1 -  
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where E, i s  the streaming potential;  
P is the pressure drop; 

b 
is the double-layer thickness; 
is the surface charge density; 
is the conductivity of the l iquid; 

and 9 is the viscosity of the liquid. 

While t h i s  equation w a s  developed fo r  the case of flow i n  a capillary tube, 
several aspects of pract ical  import derive from it:- 
(a) 
l iquid conductivity. In the context of fresh water storages, t h i s  magnitude 
should be relat ively large. Such is borne out by the work of Abaza & Clyde, 
(1969) ; 
(b) there is a direct proportionality between ES and such parameters of the 
medium as charge density and double-layer thickness. 
ES w i l l  be smaller i n  f ine r  grained media, and w i l l  decrease i n  the presence 
of clay (see, fo r  example, Ghosh, Rakshit and Chattoraj, 1953); 
(c) 
ure drop. 
dent t h a t  ES w i l l  depend strongly on velocity. 
and Bogoslovsky (1969) and Schriever and B l e i l  (1957) frequently regard the 
r a t i o  E s / P  as a constant fo r  a par t icular  medium and fluid. A fur ther  relat- 
ionship obtaining from the work of these authors is tha t  the streaming potent- 
i a l  is  inversely dependent on grain s ize  - i n  accord with (b) above. 

the magnitude of the streaming potent ia l  is inversely proportional t o  the 

This would suggest t h a t  

other factors equal, streaming potent ia l  is d i rec t ly  dependent on press- 
Since t h i s  w i l l  a l so  determine the rate of f lu id  flow, it is evi- 

Workers such as Ogilvy, Ayed 

STREAMING POTENTIALS I N  EXPLORATION GEOPHYSICS 

There are three si tuation9 pertaining t o  different  f i e lds  of exploration geo- 
physics, where streaming potent ia ls  are encountered. 

(i) S.P. logging. The f a c t  t ha t  streaming potent ia ls  contribute t o  the S.P. 
curve, along with liquid-junction, membrane and electrode potentials,  has long 
been recognised. 
Wong (1972) . Such has been high-lighted by workers such as Pirson and 

In general the existence of t h i s  component of the S.P. curve has been e i the r  
assumed t o  be negligible, o r  ignored. 
understanding of the mechanism of streaming potent ia l  generation, o r  a lack of 
adequate basic data which would permit quantitative evaluation. 
cases where Rw is  low and reservoir pore-spaces are small, the magnitude of 
the streaming potent ia l  i s  probably insignificant. 
(ii) Surface S.P. surveys. In  these, geophysicists often recognise a "topo- 
graphic" e f fec t ,  t h a t  is, areas of higher a l t i tude  tend t o  be relat ively neg- 
ative compared to areas of lower al t i tude.  This e f f ec t  is  a combination of 
a t  least two factors: 
of s o i l  moisture i n  a typically clayey medium; 
i a l ,  s t i l l  essent ia l ly  related t o  the downslope motion of s o i l  moisture and 

Largely t h i s  has been due t o  a lack of 

In  those 

one a membrane potential ,  due t o  the downslope movement 
the other a streaming potent- 
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shallow groundwater. 
Poldini (1938-9) . 
(iii) Surface D.C, e l ec t r i ca l  methods. Here, it is imperative t o  use non- 
polarising electrodes, t o  overcome the serious problem of electrode potentials.  
Despite t h e i r  use, resor t  must s t i l l  be had t o  an "S.P. bucking" device, t o  re- 

An excellent treatment of t h i s  e f fec t  is provided by 

move further unwanted potent ia ls  present before current i s  applied. Such pot- 
en t i a l s  are probably the resultant of several effects ,  such as t e l lu r i c s ,  mem- 
brane and liquid-junction potentials,  evaporation potent ia l  and streaming 
potential .  

FIELD EQUIPMENT 

Equipment suitable for  gathering streaming potent ia l  data on water storages is 
quite unsophisticated, 
veys. Essentially there are  two facets: equipment for  collecting S.P.  data, 
and a position-fixing system. The former comprises non-polarising electrodes, 
cables, and a 10 Meg-ohm millivoltmeter. For the l a t t e r ,  a system of f loat ing 

rather  similar t o  tha t  employed in  surface S.P. sur- 

- 
polyethylene rope marked a t  ten  metre intervals  and located by s t e e l  posts on 
shore, i n  combination with a small albminium punt, has proven en t i re ly  sa t i s -  
factory. 

Development has been necessary only i n  the case of the electrodes. Non-polar- 
i s ing  s i lver / s i lver  chloride types were chosen because of t h e i r  s t a b i l i t y ,  and 
because they comprise only sol id ,  insoluble components. However, such elec- 
trodes are re la t ively f rag i le ,  and care had t o  be exercised t o  ensure they 
were adequately protected during f i e ld  usage. 

A cross-section through the mobile electrode is i l l u s t r a t ed  in  figure 1. 
following notes are pertinent:- 

(a) the two electrodes - mobile and fixed - are essent ia l ly  ident ical ,  the 
difference being i n  overall  length because of the greater lead mass used i n  
the mobile electrode so t ha t  it w i l l  s ink readily; 
(b) the s i l ve r  electrode i t s e l f  is composed of 26 square centimetres (about 
four,square inches) of pure s i l ve r  mesh, rolled in to  a cylinder and electro- 
deposited w i t h  so l id  s i l ve r  chloride. It is imperative t h a t  the surface area 
of such electrodes be a s  large as possible t o  minimise contact resistance. 
Even so, with these electrodes i n  fresh water, contact resistances of the 
order of 200,000 ohms are observed - hence it is  essent ia l  t h a t  the mill ivolt-  
meter in series has an input impedance of a t  l e a s t  10 Megohms; 
(c) apart from the s i lver / s i lver  chloride electrode i t s e l f ,  care was taken t o  
ensure t h a t  no metall ic components of the electrodes are exposed, t o  avoid 
spurious electrode polarisation e f fec ts ;  ' 

(d) the mobile electrode is  lowered to the bottom of the water storage by 
means of the winch from an S.I.E. T l O O  minilogger. 
of convenience, plus the u t i l i t y  of i depth-measuring odometer. 

The 

This is used for  reasons 

SURVEY METHOD 

The survey method consisted of f i r s t l y ,  laying the floating ropes across the 
ponded area a t  a convenient l i ne  spacing - as  shown i n  figure 2. 
point, the fixed electrode was emplaced a t  the water's edge. 
ance was checked by placing the mobile electrode in  close proximity t o  the 
fixed electrode, and confirming a zero reading on the millivoltmeter. 

At a chosen 
Electrode W a l -  
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FIGURE 1 
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FIGURE 2 
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Following this, a cable was laid through the water from the fixed electrode 
to  the commencement of the line to  be measured. Stations a t  ten  metre inter- 
vals along this line were occupied, with the mobile electrode lowered to  the 
water bottom by the winch. A t  each station, note was taken of position, water 
depth and measured potential. 

FIELD RESULTS: GOLD CREEK RESERVOIR 

Gold Creek Reservoir is a small water storage operated by the Brisbane C i t y  
Council as part of the water supply system for the city of Brisbane. 
rock is Bunya Phyllite, a low-grade Palaeozoic metamorphic, often heavily 
jointed. 
wall i tself  (Johnson, 19771, i n  two distinct areas:- 
(i) approximately in the centre of the wall, on the downstream side, a small 
collection system has indicated leakage i n  this central region a t  a maximum 
observed rate of about 5.7 l i t res  per minute; 
and (ii) on the southern end of the wall, a slump on the downstream side 
occurred several years ago. This slump was rectified using heavy earthmoving 
machinery, and ever since a moist zone has been evident i n  the vicinity. 
Possibly the seal between impervious core and country-rock has been impaired. 

Country 

This reservoir has exhibited leakage through the earth-filled dam 

Data were collected over a small portion of the ponded area i n  the region ad- 
jacent to  the wall. Surveys were conducted during October 1977, when the 
water level was high (about 0.7 metres below spillway) and during early 1978 
by which t i m e  the water level had fallen a further 5 metres or so due to  an 
unusually dry summer. 

Based on the work of Ogilvy, Ayed and Bogoslovsky (op.cit.1, an ini t ia l  attempt 
was made to recognise leakage zones on an areal basis - as illustrated i n  the 
contour plan of figure 2. Data contoured are raw S.P. values from the 1977 
survey, when the water level was relatively high. 

These contours indicate a broad region of large negative values extending 
across the southern portions of lines 1, 2 and 3, with a further similar 
region on the northern end of line 4. While such regions may indicate zones 
of leakage i n  a broad sense, it is the contention of the author that leakage 
zones are best examined in profile where data have been collected i n  two or 
mre separate periods where water levels (and hydrostatic pressures) have 
differed significantly. 

Consider the following hypothetical case:- 

streaming potential currents 

Base of storaae 7 f l  

permeable 
leakage 
zone 

/// /// /// /// /// 

impermeable 
bedrock 
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n 

+ 1 

I n  t h i s  figure, a permeable zone is  bounded by impermeable bedrock. When water 
levels are high, leakage through the permeable zone is  promoted by the in- 
creased hydrostatic pressure, and an S.P. profile such as (1) is measured 
(note the adjacent positive peaks). A t  a lower water level, as in profile (21, 
the amplitudes are reduced. When the water level has fallen to  zero, a zero 
profile is recorded (as i n  (3) 1 .  

Examining the Gold Creek Reservoir data i n  t h i s  fashion, results are most prom- 
ising, and are illustrated i n  figures 3 to  6 .  Data of line 1, closest t o  the 
dam wall, are plotted i n  figure 3. During the survey i n  October 1977, the 
water depth averaged about 4.7 metres. 
the water level  had fallen t o  such an extent that the l ine of survey a t  that 
stage was along the water’s edge. 

The following points may be made concerning figure 3:- 
(a) both sets of data are of readily measured magnitude. 
position for the 1978 data was located 28 metres along the line from the north- 
ern end, because of the changed position of the water’s edge a t  that t i m e ;  
(b) the 1977 data show no correlation w i t h  the water depth profile. It had 
been anticipated that there would be a correlation, since laboratory experi- 
ments had indicated the consistency of ES/P. There i s  however a marked grad- 
ient from north to  south (similar to  lines 2 and 3, and opposite to line 4)  
possibly due to  a telluric field; 
(c) spurious potentials are evident a t  the ends of the line - similar t o  that 
shown on other lines. These are ascribed to  a combination of biochemical pot- 
entials (dense water l i l l i e s  w i t h  stems often 5 metres long) and a steep water 
temperature gradient i n  the upper levels ( i n  October 1977, temperatursof 14OC 
a t  the bottom and 22OC a t  the top were reported by F. Johnson). 

For the second survey i n  February 1978, 

The fixed electrode 

However, on 
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this la t ter  topic, Abaza and Clyde (op.cit.1 have experimentally determined a 
small dependence of streaming potential on water temperature. 
(d) zones of leakage are clearly evident i n  those regions - shown hachured - 
where the deeper water 1977 data are negative with respect to the zero water 
depth 1978 data. 
and 150 metres, i n  excellent correlation with the positions of observed leak- 
age on the downstream face of the wall. 

Note that the ratio of potential variation to  water level change is about 3.6 
mV/m or about 2.5 mV/psi i n  the central zone, and about 2.6 mV/m or about 1.8 
mV/psi i n  the southern zone. This is possibly an indication of a greater rate 

'of water loss i n  the central zone. 
show that such ratios are quantifiable i n  terms of velocity of flow and/or 
rock permeability. 

Data of l i n e  2 are displayed i n  figure 4. Here again there is no correlation 
between measured potentials and water depth. 
i n  figure 3, are apparent i n  the data. However, given scope for experimental 
and instrumental errors, it is possible that a zone of leakage is present a t  
about 150 metres. 

The two zones are between 65 and 100 metres, and between 125 

Further field and experimental work may 

No zones of leakage as evidenced 

Figure 5 illustrates the data of line 3, Here, a leakage zone is  evident be- 
tween 120 and 135 metres, w i t h  a ratio of 2.2 mV change per metre of water 
depth change (i.e. about 1.6 mV/psi). Line 4 as depicted i n  figure 6 was not 
repeated during early 1978. Nonetheless, a potential leakage zone exists be- 
tween perhaps 20 and 50 metres, as suggested by the magnitude of the observed 
potentials. 

CONCLUSIONS 

Based on the limited nmiber of field data collected to  date, the method 
appears to offer a means for the investigation of water losses from water 
storage dams and other water retaining structures. 
tion of the data, it is  suggested that delineation of leakage zones is facil- 
itated by the comparison of two or more data sets, collected a t  times when 
w a t e r  levels are markedly different. Leakage zones appear as S.P .  troughs 
bounded by small  positive peaks, when high water level data are compared with 
lower water level data. I n  other words, zones of leakage w i l l  become more 
negative as water levels increase. Impervious zones w i l l  suffer l i t t l e  or no 
variation on the S.P. profile, with the exception of the appearance of relat- 
ively positive peaks adjacent to  leakage zones when leakage is  active. 

In tu i t i ve ly ,  it would appear that the ratio of S.P. variation to  water level 
change offers the prospect of quantifying these qualitative indications, i n  
terms of rate of flow and/or rock permeability. 
have potential for evaluating streaming potentials as a component of. the 
S.P. curve. 

Concerning the interpreta- 

Such an approach may also 
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I n s t i t u t e  of Technology, f o r  t h e i r  suppott. Final ly ,  g ra t i tude  is expressed 
t o  the  Brisbane City Council f o r  permission t o  collect da ta  on Gold Creek 
Reservoir. 
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ANALISIS DE REGISTROS GEOFISICOS 
EN ARENAS ARCILLOSAS 

METODO DE FERTL MODIFICADO 

Miguel Linares Flores 
Ramiro Garza de la Garza 
Petrcjleos Mexicanos 
Reynosa, Tams. Mexico. 

R E S U M E N  

Se presenta el mgtodo de analisis de Registros Geofi'sicos 

para arenas arcillosas, basado en  el traba jo publicado por Wal- 

ter H. Fertl, e n  el que se considera que las resistividades de - 
agua de formacidn (Rw) no son de alta salinidad como para des 

preciarlas con respecto a la resistividad de la arcilla disemina - 
da (Rc). Se incluyen ciertas modificaciones para la determina- 

cidn de la satu 6n  de agua (Sw) cuando no se conoce la cons- 

a n t e  a funcidn de la tortuosidad y el factor de cementacih - 11 * *  

"m". 

Tambien se incluye, la variacidn de la saturacidn de agua, 

a1 variar el exponente de saturaci6n de la zona lavada (n') cuan 

do se toma en-cuenta la resistividad del filtrado de lodo (Rmf) , 
permeabilidad (I() y salinidad de agua (P) y se considera varia- 

ble la resistividad de la arcilla diseminada. 

- 1 -  
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I N T R O D U C C I O N  

En la actualidad, las computadoras electrdnicas han -- 
venido a solucionar el problema de resolver modelos muy labo- 
riosos qJe con anterioridad se hacl'an manualmente y con la con - 
siguiente p6rdida de tiempo, debido a1 ndmero de ecuaciones que 

intervienen en el modelo y de las combinaciones que son necesa- 

rias efectuar. 

Con la ayuda de las computadoras ha sido posible some- 

ter a variaciones 10s partimetros petrofhicos que intervienen en 

las ecuaciones de 10s analisis de registros geofisims, de modo- 

que se observen comportamientos. Esto es debido a que 10s da- 
tos necesarios para resolver las ecuaciones estan relacionados- 
directamente con las propiedades de las rocas almacenadoras y 

de 10s fluidos que contienen, qge para conocerlos se necesi- 

tan muestras representativas, de las cuales por lo general no se 

dispone. 

El metodo se basa en trabajos presentados en la literatu - 
ra y requiere de la combinacih de un registro de resistividad y 
uno de porosidad, ademas de la presencia de una arena invadida 

de agua, aunque no se disponga de todos 10s datos para s u  apli- 

caci6n. 

i 
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C O N S I D E R A C I O N E S  TEORICAS 

Este estudio es un metodo de analisis de arenas arcillosas basado e n  
el artl'culo de Walter H. Fertl 

El artkulo original, toma como referencia el trabajo de Alger(') don - 
de presenta la ecuacidn de saturacidn de agua, basada e n  el modelo - 
de arcilla dispersa. 

(1) . 

))- ( 1 )  
(Rc+Rw) 

2Rc ' 
sw= 

1-q 
donde: 

Sw - Saturacidn de agua 
Fz - Factor de formacidn correspondiente a la porosidad total. 
Rw - Resistividad del agua de la formacidn 
R t  - Resistividad verdadera de la formacidn 

q - Fraccidn de la porosidad total ocupada por arcilla 
R c  - Resistividad de la arcilla dispersa 

En ese mismo trabajo, se propuso que la arcilla disgrsa,  debe ser consi 

derada como una mezcla dentro de 10s fluidos de la forinacidn y que la frac 

ci6n del volumen proso de arena ocupado pOr arcil 
- 

donde: 

fls y BD-  idad obtenida tros sdnico dad. 

En el trabajo de Fertl se hacen las siguientes consideraciones: 

Las respuestas de 10s registros de d 

invadidas de agua pueden ser expresadas como: 

 ID = ge + XI. Vsh ( 3 )  

gs =(ae + ~ 2 .  Vsh ( 4 )  
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donde: 
ae - Porosidad efectiva de la formacidn 
Vsh- Volumen de lutita, obtenida de algdn indicador de - 

lutita como resistividad, potencial espont5neo (SP), 
rayos gamma y porosidad neutr6n. 

xi = f'ma - esh - factor de correcci6n por lutita a la res 
puesta del registro de densidad, comz Pma - Pf 
una funcidn de la densidad de la matriz 
de la arena (Pma), de la densidad de - 
la lutita (Psh) y de la densidad del fi l-  
trado del lodo (Pf). 

x2 = n t s h  -Atma - factor de correccidn por lutita a la - ntf -Atma respuesta del registro sdnico, como - 
una funcidn del tiempo de trsnsito de la 
matriz de la arena(Atma), de la lutita- 
<ntsh) y del filtrado del lodo. atf) 

Restando la ecuacidn (3) de la (4) se obtiene: 

gs - g~ = a1 Vsh 

BS = f l ~  + a1 Vsh 

( 5 )  

( 6 )  y 
en  tonces 

p l ~ = p l ,  - a1 Vsh 
al = x 2  - x1 

(6A) siendo 

Donde x2 por lo general varlh entre 0.2 y 0.4, XI es comunmente muy- 

pequefio (0.05 a 0. lo)? a1 se na encontrado entre 0.15 y 0.36. En tres- 

pozos del D.F.N.E. x2 estuvo entre 0.26 y 0.42, x1 entre 0.06 y 0.12 

y al entre 0.19 y 0.29. 

Substituyendo las ecuaciones (5) y (6) e n  (2) se tiene: 

( 7 )  
ai. Vsh 

= BD+al .v  sh  

Esta ecuaci6n 

a l V s h  . R c + R w  ( 8 )  
- p m h  2 k 

sw = a1 Vsh 
m s h  

1 -  

- 4 -  
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r 

2 Kc 2 R c  
Fz Rw (BD + al V s h )  

\ 

En la actualidad, e n  10s pozos de desarrollo se cuenta con un juego li-- 
mitado de registros, e n  esos casos, la ecuacidn (8) puede ser aplicada 

tomando la forma correspondiente de acuerdo con 10s datos con que se 

cuente . 
1. RESISTIVIDAD - DENSIDAD 

Se tienen dos opciones: 

Cuando no se dispone de la constante "a" funcidn de la tor- 
tuosidad y del factor de cementacibn (m), la ecuacidn (8), se 

1.1 

ariimetros que intervienen e n  la ecu dn anterior, se- 
obtienen de: 

Fz - El factor de formacibn, se puede determinar de'su va- 
igiendo la saturacidn de agua en la zo - lor aparente 

na lavada &d), por hidrocarburos residuales: 

donde: 
- Lectura de resistividad de la z a lavada deter- 

minada del micro-registro, micro-laterolog o de 
la normal corta. 

Rrnf- Resistividad del filtrado de lodo. 

Sxo - Saturacih de agua en la zona lavada. 
n' - Exponente que es funci6n de la resistividad del - 

lidad y salinidad del - 

Sxo = 1- fhr (1-Swl) " .  
donde: 

- 5 -  
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fhr - factor de correccidn por hidrocarburos residuales, - 
que estadikticamente se toma igual a 0.5. 

(4) n' - E l  exponente de saturaci6n de la zona lavada , ha - 
sido definido por cualquiera de las siguientes tres ex - 
presiones, segh 10s ciatos COR que se cuente. 

n' = 0.904 - 0.515 log Rmfl  + 0.325 log K 

n' = 1.347 - 0.519 log Rmfl 

n' = 1,095 + 0.442 log P 

( 12) 

(13)  

(14)  

donde: 

Rmfi - 
K 
P 

Rw 

R t  

BD 

donde: 
f?b 

al 

Resistividad del filtrado del lodo a 24OC 

Permeabilidad de la formacidn 

Salinidad del agua de formacidn e n  10 ppm. de - 
cloruro de sodio. 

La salinidad del agua de formaci6n e n  el D.F.N. E. 
3 3 en arenas varl'a entre lox  30 y 60x 10 ppm. de - 

NaClcomo para considerar la resistividad de la mis - 
ma como despreciable y poder simplificar abn miis- 

la ecuaci6n (9), como sucede e n  otros trabajos. 
La resistividad verdadera de la formacidn, obtenida 

3 

del registro de inducci6n. 

La porosidad determinada de la lectura del registro 
de densidad de acuerdo con: 

Pma - Pb 
BD = ?ma - 

Densidad de la formaci6n. 
A1 coeficiente se le puede asignar el valor promedio 

de la estadl'stica de 10s E.E. U.U. e n  cas0 de no dis - 
poner de un valor fijo, por considerar a las forma-- 

ciones semejantes a las del D. F. N. E. 
c 

- 6 -  i 
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I 

Vsh - El valor de Vsh"), se determina de 10s indica - ' 
dores de arcilla siguientes: 

1 
1. Resistividad Vsh =J"." R t  (16) 

Rsh -Resistividad de la lutita vecina a la arena e n  - 
a d i s i s  , 

PSP 2 .  Potencial espontiheo. Vsh = LsSp 

PSP - Potencial espontsneo del punto analizado. 
SSP - Potencial espontsneo de una arena 100% invadida 

de agua. 
(18) GR - GR1 

GR2- GR1 
3, Rayos Gamma. Vsh = 

GR - Lectura de rayos gamma del punto en anglisis 
GR1- Lectura de rayos gamma en  arenas 1 

GR2 -Lectura de rayos gamma en las lutitas vecinas - 
a1 punto en  anglisis. 

BN - Porosidad del registro neutr6n de la arena en estudio 

f b h o  Porosidad del registro neutr6n e n  una lutita vecina - 
a la arena analizada. 

Rc - La resistividad de 1 rcilla dispersa en  10s espa-- 

cios pomsos de un yacimiento, se supone que es me - 
- nor que el de las lutitas adyacentes, para lo cual, se 

han reportado e n  la literatura 10s valores siguientes: 

R c  = 0.5 Rsh(6) (20) 

t t  t f  Cuando se tienen la constante. a funcidn de la tortuosidad y el 

factor de cementacih, se substituye el factor de formacih por: 

a Fz = - 
Ps a 

(23),  donde adem8s por la ecuacidn (6) queda : 

Fz = ( f l ~  S a l  Vsh)m (24 ) 

- 7 -  
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( 2 5 )  finalmente: 

Las ecuaciones (9) y (25) son las ecuaciones de saturaci6n de agua para 
la combinaci6n de registros Resistividad-Densidad. 

La ecuacidn (8), toma otras formas cuando se tiene la combinaci6n: 

2. RESISTIVIDAD - SONICO. 
Corn0 e n  el cas0 de la combinaci6n Resistividad-Densidad, aqur . tambien 

se tienen dos ecuaciones de saturacidn de agua. A1 substituir las ecua- 

ciones (6) y (6A) en  (9) queda: 

sw = J F Z R Y ~ ~ )  Rt + 2 R c  2 R c  

y substituyendo (6)  y (6A) en (25) d5: 

r l V s h ( R c - R ~ ) ] ~ ;  a l V s h  (Rc+Rw) 

( 2 6 )  8, - alVsh 

9s - alVsh 

en las que : 

- A t  a t m a  1 . fics. - --* cp 
en donde : 

h t - Tiempo de transit0 de el punto e n  anglisis. 

Cp - Factor de correccidn por falta de compactacidn. 

fhcs - Factor de correccidn por hidro~arburos(~) ,  0.7 p 

gas y 0.9 para aceite. 

ra 

SECUELA DE CALCULO 

Las ecuaciones (9) y (26) se resuelven por medio de ensaye y e r r o r  si-- 

guiendo la siguiente secuela: 

a) Se inicia por resolver la ecuaci6n ( l l ) ,  suponiendo un valor 

de Swl, el cual estar5 de acuerdo con la Sw media en  el Srci?. 
I 

- 8 -  
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Se resuelven las ecuaciones (12), (13) 6 (14), segdn 10s 
datos con que se cuente y se substituye el valor de Sxo 

e n  la ecuacidn (10). 

Se obtiene la Vsh con 10s indicadores de arcilla, eligien - 
dose el mi'nimo. Con este filtimo y 10s demdis factores, 
se calcula Sw. 

Se compara la Swl supuesta con  la Sw calculada, toman - 
do en  cuenta una tolerancia, en cas0 de que no se cum- 

pla, la Sw calculada se supone como la nueva Swl, re@ 
tiendo la secuela hasta satisfacer la tolerancia, la cual 
se toma igual a 0.001 en este caso. 

A1 concluir 10s c5lculos de Sw, el siguiente paso es de- 
terminar la constante a funci6n de tortuosidad y el fac - 
tor de cementaci6n "m". En la combinaci6n Resistivi-- 
dad-Densidad se tiene: 

T t  t l  

Los valores de las constantes A y B corresponden a la estadis - 
tics llevada a b  con datos de todo el ~is tema'~)  obtenigndo- 
se 10s siguientes datos: 

Arenas Carbonatos 
A 1.8 2.03 
B 1.29 0.9 

En cas0 de que se conozcan la constante a funcidn de la tor- t t  ( 1  

i 

- 9 -  
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tuosidad y el factor de cementacidn, la saturaci6n de agua se - 
puede calcular con las ecuaciones (25) y (27), de acuerdo con la 
combinacidn de registros geofi'sicos disponibles . Cuando solo - 
se conoce el exponente decementacidn, antes de determinar la - 
sw, se obtiene el valor de a con: 

- 
** f *  

A - m  
B a = 10 (33) 

donde A y €3, son las constantes mendonadas previamente. 

Despu6s de calcular la Sw, se puede determinar la porosidad -- 0 
efectiva Ve, se@n la combinaci6n de registros que se haya usa- 
do,con: 

Tambign se puede calcular el factor de formacidn con : 

a F =  
ge 

(23') 

Con base e n  lo anterior se puede calcular el  volumen de hidrocar 
bums movibles de acuerdo a : 

g) - 

Vhcmov. = fde (SXO - SW) (34) 

h) AdemBs, de acuerdo con las gr t i f i~as(~)  de F vs 
nes son: 

cuyos oxfge- 

B F 
Arenas 17.0 25 

Carbonatos 7. 8 182 
se puede localizar el cuadrante a1 cual corresponde el factor de - 
cemen taci6n "m" . 

- 10 " 
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E J E M P L O S :  

Se presenta como ejemplo,el ciilculo de la saturacidn de agua de la arena - 
P-12A en  el pozo Oasis No.9D, e n  la Fig. No. 5 se presenta la seccidn de 
10s registros donde aparece esta arena y 10s resultados en la Tabla No. 1. 

El fonnato de la Tabla No. 1 es el siguiente : 

Profundidad e n  metros Como consecuencia de usar la computadora, la - 
lectura de profundidad puede hacerse a intervalos 

tan pequeiios como se desee (0.20, 0.50 m. etc.). 

Porosidad efectiva(F1E) en fraccibn. En esta columna ademgs del valor de 

ae aparece el sl'mbolo S 6 D S e a n  se haya usa- 

do registro s6nico o densidad respectivamente. 

Factor de formacidn F. Como resultado de las constantes "a" y "m" y la 
porosidad efectiva. 

Exponente de cementaci6n (M). Este factor se calcula para cada una de 

las profundidades inclufdas. Cuando se d5 co- 
mo dato, aparece un solo valor. 

EL significado de esta columna es el de dar una 
idea de la situaci6n de M en la grsfica de F vs $3 
estando M como parzmetro, su  ubicaci6n nor- 
males NW 6 SE. 

Este valor tambign se calcula para cada una de 

las profundidades. En cas0 de darse como dato, 

Cuadrante de M. 

I 

Tortuosidad A 

se registra un solo valor. 
En esta columna aunado a1 valor de Vsh, se en- 
cuentra el s?mbolo de RT y GR lo que significa- 

Volumen de arcilla Vsh. 

que en ese punto el indicador de arcilla utilizado 

fu8 resistividad y rayos gamma. Tambih tiene- 

- 11 - 
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i la opci6n de poner N y SP en el cas0 de utilizar - 
registro neutr6n y potencial espntiineo. 

Saturacidn de agua (Sw) Corregida por el contenido y resistividad de la - 
arcilla. 

Volumen de hidrocarburos movibles. Refleja la fracci6n de 10s hidrocarbu 

ros totales que van a ser movibles. 

CONCLUSIONE S 

Por este metodo de Fertl modificado, se puede 
dete rmina r: 6 

El valor de la constante de tortuosidad "a" 
y el factor de cementaci6n "m" que inter- 

vienen e n  la evaluaci6n del Factor de For- 
maci6n. 

La porosidad efectiva se obtiene como con- 

secuencia de corregir la porosidad aparen- 

te por contenido de arcilla. 
La cantidad de hidrocarburos movibles. 

- 12  - 
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I 

c. 
Q) 

I 

PROFUNOIOA 0 
nrs. 

1483.0 
1483.5 
1484.0 
1484.5 
1485.0 
1485.5 
1486.0 
1486.5 
1487.0 
1487.5 
1488.0 
1488.5 
1489.0 
1489.5 
1490.0 
1490'5 

N' 

POROSIDAO 
F I E  

0.18 
0.21 
0.24 
0.23 
0.13 
0.22 
0.39 
0.42 
0.32 
0.21 
0.22 
0.17 
0.1s 
0.11 
0.18 
0.1 3 

74l BAA 
P E T R O L E  O S  M E X  I C A N O S  

0EPTO.DE I N G E N I E R I A  DE YACIMIENTOS 

A N A L I S I S  DE REGISTROS G E O f I S I C C i  PCR EL MET000 DE FERTL -MOOIFICADO- 

O I S T R I T O  FRONTERA N0RESTErZ.N. P O 2 0  CANTINA NO 1 

CPO. A i483.0 M 

D ' 2  

FACTOR OE EXPONENTE DE CUAORANTE TORTUOSIOAO 
FORYACIDNPF CEHENTACIOYIM DE M - A *  

22 e64 
13.85 
15.23 
15.45 
20.09 
16.29 
11.57 

e.15 
14.37 
14.95 
17.74 
24.06 
33.38 
24.32 

1.57 
1.23 
1.31 
1.48 
1.42 
1.44 
1.33 
1.23 
0 083 
1.41 
1.15 
1.62 
1 - 6 1  
1 .b8 

NU 
NW 
NH 
NW 
NU- 
Nu 
NW 
NW 
NU 
NU 
NU 
NU 
5E 
NU 

1.50 
2. 79 
2.15 
1-16 
1.31 
1.89 
2-50 
2.89 

1.89 
3.17 
1.37 
1.26 
3.60 

3.63 

22.43 1.42 NU 1 - 9 8  
4 1.60 1.75 i E  1.38 

E L  VALCR DE SI( NO EST4 EN L O S  L I M I T E S  INOo-SON. 

VOLUHEN DE 
ARC ILL  AP VSH 

0.69 S P  
0.38 S P  
0.46 SP 
0.42 S P  
0.46 S P  
0.46 SP 
0.31 S P  
0.00 SP 
0.23 SP 
0.42 S P  
0.46 SP 
0.69 0.62 S P  SP 

0.62 SP 
0.58 S P  
0.57 S P  

S I N  4Y?O M 

SATURICI  ON 
DE AGUA.SU 

0 -46 
0.5 3 
3.49 
3 -46 
9.50 
0.4C 
0.57 
0.56 
3.65 
0.45 
0.5 1 
0.4 1 
0.4 3 
3.57 
3.46 
3 042 
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MINERAL COMPOSITION, AN A I D  I N  CLASSICAL LOG ANALYSIS USED 
I N  JURASSIC SANDSTONES OF THE NORTHERN NORTH SEA. 

0. Nyberg P . A .  Lindberg  
K. L i e n  J . K .  Smis tad  

Den nor ske  s t a t s  o l j e s e l s k a p  a/s 
S t a  t o i l ,  , S t avange r  , Norway 

ABSTRACT 

The complex minera logy  o f  t h e  J u r a s s i c  s a n d s t o n e s  o f  t h e  
Nor thern  North Sea  have made t h e  p o r o s i t y  e v a l u a t i o n  from 
l o g s  d i f f i c u l t .  To i l l u s t r a t e  t h e  problems i n v o l v e d ,  t w o  
t y p i c a l  w e l l s  have been  used i n  t h i s  p a p e r .  

M i n e r a l o g i c a l  a n  chemica l  a n a l y s i s  w e r e  performed on 
15  samples  i n  w e l l  A ,  by t h i n  s e c t i o n  s t u d y  and x-ray f l o u r -  
e s c e n c e .  The samples  c o n t a i n  c o n s i d e r a b l e  amounts of p o t a s -  
sium f e l d s p a r ,  m i c a  and a v a r i a b l e  amount o f  s i d e r i t e .  The 
chemica l  composi t ion  shows a n - a p p r e c i a b l e  amount of K20 i n  
accordance  w i t h  t h e  c o n t e n t  of po ta s s ium f e l d s p a r  and mica. 

are s i g n i f i c a n t  c o n t r i b u t o r s  t o  t h e  r a d i o a c t i v e  measurements,  
t h e  q u a n t i f i e d  r e s u l t s  o f  t h e  m i n e r a l  s t u d y  g i v e  an  i m p o r t a n t  
c o n t r i b u t i o n  t o  t h e  p o r o s i t y  e v a l u a t i o n .  

aracter is t ics  of  t h e s e  minerals  a f f e c t  t h e  l o g s  and 

- T h e  d a t a  from t h e  m i n e r a l  a n a l y s i s  t o g e t h e r  w i t h  core and 
l o g s  w e r e  compiled i n t o  a computer ized  model for c a l c u l a t i o n  
of p o r o s i t y .  The c a l c u l a t e d  r e s u l t s  w e r e  t h e n  compared t o  
p r e v i o u s  e v a l u a t i o n s  based  on logs a l o n e .  
p o r o s i t y  show a s i g n i f i c a n t  d i f f e r e n c e  where t h e  " s h a l y  
sand  approach g i v e s  too l o w  a p o r o s i t y ,  even t o  t h e  e x t e n t  t h a t  
it n e g l e c t e d  p r o d u c t i v e  zones.  

The v a l u e s  of 

n be  s a i d  t h a t  by i n t r o -  

l u a t i o n ,  t h e  c o n f i d e n c e  l e v e l  o f  t h e  c a l c u l a t e d  v a l u e s  h a s  
i n c r e a s e d  i n  zones where t h e  s t a n d a r d  p e t r o p h y s i c a l  measure- 
ments do no measure t h e  rock  p r o p e r t i e s  i n  enough d e t a i l .  

a n t i f i e d  m i n e r a l  a n a l y s i s  t o  t h e  p o r o s i t y  eva- 
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INTRODUCTION 

The Nor thern  North Sea b a s i n  c o n s i s t s  o f  t h i c k  Mesozoic and 
T e r t i a r y  sed imen t s .  The o i l  f i e l d s  o f  t h e  b a s i n  are s i t u -  
a t e d  a l o n g  a no r th - sou th  r i f t  whose bounding f a u l t s  l i e  on 
e i t h e r  s i d e  o f  t h e  median l i n e  s e p a r a t i n g  t h e  B r i t i s h  and 
Norwegian p a r t  of t h e  c o n t i n e n t a l  s h e l f .  Many o f  the J u r -  
assic o i l  reservoirs are t r a p p e d  on the  crest  of f a u l t e d  
and t i l t e d  b l o c k s .  The main J u r a s s i c  reservoir w c u r  i n  
t h e  Middle J u r a s s i c  s t r a t i g r a p h i c  h o r i z o n s  and r e p r e s e n t  
p a r t s  o f  r e g r e s s i v e  c y c l e s  of complex del ta  sys tems b u i l t  
o u t  across t h e  n o r t h e r n  North Sea r e g i o n .  Phases  o f  tec- 
t o n i c  movement i n  t h e  J u r a s s i c  p e r i o d  r e s u l t e d  1-n e r o s i o n  
of Caledonian  basement b l o c k s .  The igneous  and  t h e  meta- 
morphic r o c k s  o f  t h e  basement are one of t h e  s o u r c e s  of 
t h e  sed imen t s  and y i e l d e d  m i n e r a l b g i c a l  immature a r k o s i c  
sands  w i t h  abundant  f e l d s p a r  and mica. These m i n e r a l s  are 
of g r e a t  s i g n i f i c a n c e  when c o n s i d e r i n g  t h e  e v a l u a t i o n  and  
development of t h e  r e s e r v o i r s .  

The zones s t u d i e d  are i n t e r p r e t e d  t o  r e p r e s e n t  t h e  prograd-  
i n g  marine par t  of a de l ta -envi ronment ,  and are found t o  be  
mainly of one  s i n g l e  upward f i n i n g  sequence .  The  beds con- 
s is t  o f  p l a n a r  c ross - lamina ted :  ve ry  f i n e  t o  f i n e  g r a i n e d  
and  w e l l  s o r t e d  s a n d s t o n e s .  The mica p e r c e n t a g e  f l u c t u a t e s  
b u t  t e n d  t o  i n c r e a s e  when t h e  g r a i n  s i z e  of t h e  s a n d s t o n e  de- 
creases. c a r b o n a t e  cemented s t r e a k s  and w e l l  d e f i n e d  car- 
bona te  h o r i z o n s  w i t h  no v i s i b l e  p o r o s i t y  are i r r e g u l a r l y  
d i s t r i b u t e d  w i t h i n  t h e  s a n d s t o n e s .  

The micaceous p a r t  o f  t h e  J u r a s s i c  s a n d s t o n e s  h a s  been a 
c h a l l e n g e  t o  t h e  l o g  a n a l y s t  for  t h e  l a s t  y e a r s .  S i n c e  t h e  
" m i c a "  h a s  been  so c l e a r l y  v i s i b l e  i n  t h e  core material, t h e  
problem h a s  t y p i c a l l y  enough been  c h a r a c t e r i z e d  as  t h e  " m i c a  
problem". To f u l l y  unde r s t and  t h e  e f f e c t  of t h e  m i c a  on p e t r o -  
p h y s i c a l  measuqements, s e v e r a l  approaches  have been  t r i e d ,  
a l though  none is  f u l l y  a c c e p t a b l e .  

T h i s  pape r  w i l l  i n d i c a t e  t h a t  n o t  o n l y  t h e  micaceous m i n e r a l s  
have t o  be  c o n s i d e r e d ,  b u t  t h a t  a l l  r a d i o a c t i v e  and heavy mine- 
ra ls  have t o  be  t a k e n  i n t o  a c c o u n t  i n  t h e  p o r o s i t y  c a l c u l a t i o n .  
T h i s  makes t h e  e v a l u a t i o n  r a t h e r  complex and c a n  cause  produc- 
t i v e  zones t o  be  ove r looked  by u s e  of o n l y  c lass ical  log i n t e r -  
p r e  t a  t i o n .  

The model c a l c u l a t e s  p o r o s i t y  v a l u e s  w e l l  w i t h i n  t h e  t o l e r a n c e s  
a g a i n s t  core p o r o s i t i e s  and i n  a d d i t i o n  g i v e s  a r e a s o n a b l e  
m i n e r a l  d i s t r i b u t i o n  compared t o  t h e  m i n e r a l o g i c a l  and geochemi- 
cal  r e s u l t s .  T h i s  o f  c o u r s e  g i v e s  a much h i g h e r  c o n f i d e n c e  
l e v e l  t o  t h e  t o t a l  r e s u l t s .  

From t h e  complex p r o c e d u r e s  a more s i m p l i f i e d  log i n t e r p r e -  
t a t i o n  w a s  deve loped  which a l so  seems t o  o f f e r  s a t i s f a c t o r y  
r e s u l t s .  

- 2 -  
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p a r t  of t h e  s t u d y  t h e  d i s c u s s i o n  w i l l  be 
and B which are t y p i c a l  examples from t h e  
c sands  tone" .  

Fo r  p l o t s  and f i g u r e s ,  see appendix.  

CONVENTIONAL LOG ANALYSIS 

The f o l l o w i n g  logs are used i n  t h e  e v a l u a t i o n :  

- Densi ty/Neutron - Gamma Ray 

- Induc t ion /Acous t i c  - Gamma Ray 

- Dual Laterolog 

- Shal low Focused R e s i s t i v i t y  Survey 

U n f o r t u n a t e l y  no Gamma Ray Spec t roscopy /Spec t r a log  is  a v a i l -  
a b l e ,  which c o u l d  improve t h e - f o t a l  s h a l e  and p o r o s i t y  eva- 
l u a t i o n .  

F o r  b o t h  w e l l  A and B, core material  w a s  a v a i l a b l e  w i t h  core 
p o r o s i t y ,  p e r m e a b i l i t y ,  and g r a i n  d e n s i t y .  A t  t h i s  stage t h e  
m i n e r a l o g i c a l  and  geochemical  a n a l y s i s  w a s  n o t  a v a i l a b l e .  

F i g u r e  1 and 2 i n  t h e  appendix  ( w e l l  A and B)  show t y p i c a l  log 
sequences  i n  t h e  lower p a r t  of t h e  J u r a s s i c  s a n d s t o n e  from t h e  
n o r t h e r n  North Sea .  The s h a r p  t r a n s i t i o n  between t h e  upper  
s a n d  and t h e  lower "mica" sand  is  c l e a r l y  d e f i n e a b l e .  T h i s  c a n  
e a s i l y  be  proven by comparison o f  t h e  core material w i t h  t h e  
log. The l o g s  also i n d i c a t e  a clear t r e n d  of i n c r e a s i n g  f i n e  

The change of g r a i n  s i z e  i s  also d e f i n e a b l e .  H o w e v e r ,  t h e  
c a l i p e r  i n  w e l l  A r e a d s  considerable mudcake t h i c k n e s s  i n  the  
bottom p a r t  of t h i s  zone, which i n d i c a t e s  p e r m e a b i l i t y  and v i r -  
t u a l l y  no c a l c u l a t e d  p o r o s i t y .  

materials towards t h e  massive s h a l e  a t  t h e  bottom of t h e  sand .  M 

W e l l  A i n t e r p r e t a t i o n  d i s c u s s i o n .  

A classical  log i n t e r p r e t a t i o n  of t h i s  sequence  i s  shown on  f i g .  
3 .  The gamma-ray c u r v e  h a s  been  used  as s h a l e  i n d i c a t o r  i n  
t h i s  example. The p o r o s i t y  is computed f r o m  t h e  d e n s i t y / n e u t r o n  
c r o s s p l o t ,  and t h e  water s a t u r a t i o n  is c a l c u l a t e d  from t h e  N i -  
geria e q u a t i o n  w i t h  s t a n d a r d  v a l u e s  for cemen ta t ion  and s a t u r -  
a t i o n  exponen t s .  The i n t e r p r e t a t i o n  g i v e s  a s h a l y  zone w i t h  
moderate porosity, see f i g u r e  3 .  

B e l o w  414 feet ,  t h e  model c a l c u l a t e s  r e l a t i v e  l o w  p o r o s i t i e s .  

A p e r f o r a t e d  i n t e r v a l  of 1 6 '  i n  t h i s  zone produced 2000 BOPD, 
which s u g g e s t  good r e s e r v o i r  c h a r c t e r i s t i c s .  

- 3 -  
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Figure  4 shows a similar i n t e r p r e t a t i o n  w i t h  t h e  d i f f e r e n c e  
t h a t  i n  t h i s  case s e v e r a l  s h a l e  i n d i c a t o r s  have been used.  
P o r o s i t y  and water s a t u r a t i o n  are computed a f t e r  t h e  same 
method as example 3 .  

The s h a l e  i n d i c a t o r s  which have been u t i l i z e d  are shown i n  
an ana log  form i n  f i g u r e  5.  VSHGR is  t h e  s h a l e  volume esti-  
mated f r o m  the gamma-ray curve .  VSHDN is  t h e  s h a l e  volume 
computed from t h e  Densi ty/Neutron c r o s s p l o t  i n  f i g u r e  6 .  
VSHRT i s  shale volume from t h e  Rt cu rve  (Deep l a t e r o l o g )  . 
VSHDS is  the  computed shale volume f r o m  t h e  Dens i ty /Sonic  
c r o s s p l o t  i n  f i g u r e  7.  

The f i n a l  volume s h a l e  is  e s t i m a t e d  as t h e  minimum value  o€ 
a l l  s h a l e  i n d i c a t o r s .  As can  be  s e e n  i n  f i g .  5,  VSHRT is  t h e  
i n d i c a t o r  which g i v e s  minimum v a l u e s  of  VSH o v e r  t h e  zone of 
i n t e r e s t .  VSHDN g i v e s  s l i g h t l y  lower v a l u e s  i n  some sma l l  
i n t e r v a l s  . 
This  i n t e r p r e t a t i o n  g i v e s  a c o n s i d e r a b l y  h i g h e r  p o r o s i t y  than  
t h e  first example and co r re sponds  w i t h  he l ium p o r o s i t y  (PORHE) 
measured on core p l u g s .  

One of  the problems encoun te red  by u s i n g  t h e  Rt-curve as shale 
ind ica tor  is t h a t  it is  v a l i d  o n l y  under  c o n d i t i o n s  where irre- 
d u c i b l e  w a t e r  s a t u r a t i o n  (Swi r r )  e x i s t s .  I t  can  t h e r e f o r e  n o t  
be a p p l i e d  i n  t r a n s i t i o n  zones and water zones .  W e l l  A and B 
are bo th  a t  " i n  s i t u "  i r r e d u c i b l e  w a t e r  s a t u r a t i o n  i n  t h e  
zones o f  i n t e r e s t .  

Comparison of log -de r ived  p o r o s i t y  t o  core p o r o s i t y .  

F i g u r e  8 shows a p l o t  o f  core p o r o s i t y  (PORHE) v e r s u s  l o g  
d e r i v e d  p o r o s i t y  from t h e  i n t e r p r e t a t i o n  done i n  t h e  example 
i n  f i g u r e  3 .  

The conc lus ion  is that  the log -de r ived  p o r o s i t y  i s  t o o  l o w ,  
c aused  by t o o  h igh  a shale volume c a l c u l a t i o n .  The d i f f e r e n c e  
between core p o r o s i t y  and log -de r ived  p o r o s i t y  is  i n  t h e  o r d e r  
of  7 - 1 0  p o r o s i t y  p e r c e n t .  T h i s  c l e a r l y  shows t h a t  i n  c l a s s i -  
cal  l o g  i n t e r p r e t a t i o n  t h e  gamma r a y  i s  n o t  u s a b l e  as a quan- 
t i t a t i v e  shale i n d i c a t o r  i n  t h i s  type  of fo rma t ion .  

F igu re  9 shows a s i m i l a r  p l o t  of  core p o r o s i t y  v e r s u s  l o g  de r -  
i v e d  p o r o s i t y  f o r  the example i n  f i g u r e  4 .  The c o r r e l a t i o n  
between core d a t a  and l o g  data is much b e t t e r  i n  t h i s  case. 
T h i s  example shows t h a t  t h e  volume of  s h a l e  e s t i m a t e d  from t h e  
Rt-curve cou ld  be v a l i d  under i r r educ ib l e  w a t e r  s a t u r a t i o n  con- 
d i  t i o n s  . 
Table  I shows a comparison of  l og -de r ived  p o r o s i t i e s  and c o r e  
p o r o s i t i e s  f o r  t h e  t w o  i n t e r p r e t a t i o n s .  

- 4 -  
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The approach u s i n g  VSHGR c o r r e l a t e s  p o o r l y  w i t h  c o r e  d a t a  be- 
c a u s e  t h e  s h a l e  volume e s t i m a t e s  are too h i g h .  Using VSHRT 
g i v e s  a good c o r r e l a t i o n  w i t h  average  core and l o g  d a t a .  
Cored i n t e r v a l  a t  202' - 240' g i v e s  a c o r r e c t i o n  f a c t o r  of 
0 , 9 9 0  on core p o r o s i t y ,  w h i l e  t h e  bot tom c o r e d  i n t e r v a l  g i v e s  
a c o r r e c t i o n  f a c t o r  o f  0,951. A c o r r e c t i o n  f a c t o r  f o r  core 
p o r o s i t i e s  less t h a n  u n i t y  might  be  e x p e c t e d  on North Sea  
J u r a s s i c  s a n d s t o n e s .  

MINERAL STUDY 

D e s c r i p t i o n  of p rocedures .  

A.  Thin s e c t i o n  p r e p a r a t i o n .  
The t h i n  s e c t i o n s  were p r e p a r e d  from samples  impregnated 
w i t h  epoxy. T h i s  w a s  done t o  p r e s e r v e  t h e  samples  dur-  
i n g  p r e p a r a t i o n .  

I n  o r d e r  t o  i d e n t i f y  t h e  f e l d s p a r s ,  t h e  t h i n  s e c t i o n  w e r e  
e t c h e d  by c o n c e n t r a t e d  h y d r o - f l u o r i c  acid, ( H F  ) f o r  a 
minute ,  washed, and  exposed t o  a c o n c e n t r a t e d  s o l u t i o n  o f  
sodium c o b a l t  n i t r i t e .  The p o t a s h  f e l d s p a r s  - o r t h o c l a s e ,  
p e r t h i t e s  and m i c r o c l i n e  - assume a ye l low color from t h e  
f o r m a t i o n  of po ta s s ium c o b a l t  n i t r i t e .  The q u a r t z  is un- 
a f f e c t e d  by t h e  HF, and on ly  minor e t c h i n g  of o t h e r  com-  
ponen t s  o c c u r s .  

B.  Thin  s e c t i o n  a n a l y s i s .  
The o p t i c a l  mic roscop ic  images o f  t h e  t h i n  s e c t i o n s  w e r e  
q u a n t i t a t i v e  examined by .use of t h e  Lietz-ASM image ana- 
l y s i s  sys tem.  The sys t em is  des igned  f o r  t h e  a n a l y s i s  of 
manual ly  drawn o u t l i n e s .  I n  measuring,  t h e  components of 
i n t e r e s t  are traced w i t h  a n  e l e c t r o n i c  pen. The measur ing  
and d a t a  p r o c e s s i n g  are t h e n  a u t o m a t i c a l l y  s o l v e d ,  and com- 
p u t a t i o n  o f  s t e r e o l o g i c a l  pa rame te r s  is  performed.  

The ye l low s t a ined  K-fe ldspar  and t h e  d i f f e r e n t  t y p e s  of 
mica w e r e  e a s i l y  r ecogn ized  and q u a n t i t a t i v e l y  de te rmined  
by tKs 'method. 

The major e l e m e n t s  S i ,  T i , A l ,  Fe , F e . ,  Mg,Ca 
were de te rmined  by X-ray f l u o r e s c e n c e  s p e c t r o g r a p h y  em- 
p l o y i n g  a P h i l l i p s  Sequence x-Ray s p e c t r o m e t e r  a t  t h e  
G e o l o g i c a l  I n s t i t u t e  of Bergen U n i v e r s i t y ,  Norway .O T o  
a c h i e v e  homogeneous samples ,  material d r i e d  a t  110  C w a s  
mixed w i t h  l i t h i u m - t e t r a b o r a t e  i n  t h  r a t i o  1:4 and m e l -  
t e d  i n t o  p e l l e t s .  The con ten t  of Fe was de te rmined  by 
a w e t  chemica l  t i t r a t i o n  method. The i g n i t i o n  loss  wag 
de termined  as  t h e  we igh t  loss o f  gater ia l  d r i e d  a t  1 1 0  C 
a f t e r  h e a t i n g  f o r  2 hours  a t  1050 C .  The r e s u l t s  are 
p r e s e n t e d  i n  t h e  appendix .  (Table  11). 

Chemical a n a l y s i s .  3+ 2+ 

5+ 

\ 
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D. X-ray d i f f r a c t i o n  a n a l y s i s  \ 

The s i l t  and c l a y  f r a c t i o n  ( ~ 3 2 ~ )  w a s  s t u d i e d .  
Q u a l i t a t i v e  d e t e r m i n a t i o n s  of  t h e  c l a y  mineralogy were 
performed by u s i n g  a Siemens d i f f r a c t o m e t e r  a t  Geologi- 
ca l  I n s t i t u t e  o f  O s l o .  The samples  s t u d i e d  were pre-  
p a r e d  by p i p e t t i n g  suspended material on t o  g l a s s  s l i d e s .  
The m i n e r a l  i d e n t i f i c a t i o n  c r i te r ia  w e r e  t a k e n  from "The 
X-ray i d e n t i f i c a t i o n  and c r y s t a l  s t r u c t u r e s  o f  c l a y  mine- 
rals" e d i t e d  by Brown ( 1 9 6 1 ) .  

\ 

Determina t ion  of c l a y  - and mafic m i n e r a l  component. , 

The main m i n e r a l  components were e s t i m a t e d  by a combined m e t -  
hod based  on t h e  r e s u l t  o f  t h e  chemica l  and t h e  t h i n  s e c t i o n  
a n a l y s i s .  The major components are: 
Q u a r t z ,  f e l d s p a r  ( m i c r o c l i n e ,  o r t h o c l a s e ,  a l b i t e ,  p e r t h i t e )  , 
heavies (muscovi te ,  b i o t i t e ,  p y r i t e ,  s i d e r i t e  and c las t ic  
Fe/Ti  - m i n e r a l s )  and  c l a y  m i n e r a l s . ( K a o l i n i t e  and i l l i t e  
de termined  by x-ray a n a l y s i s )  

A. Clay m i n e r a l  components. 
The amounts of A 1  0 and K 0 forming t h e  m i n e r a l s  is  cal- 
c u l a t e d .  
m i n e r a l  composi t ion  e x p r e s s e d  i n  volume p e r c e n t a g e s )  o f  
K-fe ldspar  and m i c a  and t h e  chemica l  composi t ion  of  t h e s e  
m i n e r a l s  i s  l i s t e d  i n  t h e  t a b l e .  The d i f f e r e n c e s  g i v e  t h e  
c o n t e n t  of A 1  0 and K 0 forming t h e  c l a y  components of 
t h e  samples .  2Ki?owing $he A 1  0 
( k a o l i n i t e  and i l l i t e )  and tZe?r chemica l  composi t ion  t h e  
c o n t e n t  of t h e s e  c l a y  m i n e r a l s  can  be  c a l c u l a t e d .  

Based 02 2he mod31 v a l u e s  i n  t a b l e  I11 ( a c t u a l  

and K 2 0  of t h e  c l a y  m i n e r a l s  

The c a l c u l a t i o n s  assume: 1) A l l  t h e  sodium is  bound up 
w i t h  t h e  Na- fe ldspa r .  

2 )  A l l  t h e  po ta s s ium is  p r e s e n t  i n  t h r e e  m i n e r a l s  o n l y :  
f e l d s p a r ,  muscovi te  and i l l i t e .  

3) The aluminum is  d i s t r i b u t e d  i n  t h e  f e l d s p a r ,  t h e  musco- 
v i t e ,  t h e  i l l i t e  and t h e  k a o l i n i t e  o n l y .  

The c a l c u l a t i o n s  de t e rmin ing  t h e  c l a y  m i n e r a l s ,  k a o l i n i t e  
and i l l i t e  are shown i n  t h e  appendix .  

B. Mafic (Ferromagnesian)  m i n e r a l s .  
I n  o r d e r  t o  g e t  s imple  c a l c u l a t i o n s  a l l  t h e  f e r r o u s  i r o n  is  
a s s i g n e d  t o  s i d e r i t e  and p y r i t e  i n  e q u a l  amounts.  The 
ferric i r o n  is  c a l c u l a t e d  as h a e m a t i t e  and t h e  T i 0  is  re- 
s e r v e d  for  r u t i l e .  
add ing  t h e  amounts of Fe20gr  T i 0 2  and FeOx1.64 g i v e n  by 
t h e  chemica l  a n a l y s i s .  

The sum o f  t h e s e  m i n e r a l s  is  o g t a i n e d  by 

Mw(FeS2+FeC03) x 0 .5- 

Mw (FeO) 
= 1 . 6 4  Mw = Molar Weight 
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Discuss ion  of a c c u r a c y .  

K-fe ldspar  i s  t h e  m o s t  a c c u r a t l y  de te rmined  component. The 
error i n  e s t i m a t i n g  K-fe ldspar  by t h e  use  of t h e  Leitz-ASM 
method is  p robab ly  less t h a n  by t h e  u s u a l  p o i n t  c o u n t i n g  
methods . 
The c o n t e n t  of mica i s  s l i g h t l y  unde res t ima ted  due t o  i t s  
p l a t e y  form and p a r a l l e l  o r i e n t a t i o n .  On t h e  other hand, 
t h e  c o n t e n t  of t h e  mafic m i n e r a l s  are c a l c u l a t e d  s l i g h t l y  
too h i g h  because  a l l  t h e  i r o n  and t i t a n i u m  are a s s i g n e d  t o  
t h e  mafics. 

By combining t h e  mafic and t h e  mica m i n e r a l s  i n t o  a heavy 
m i n e r a l  group,  t h e  s y s t e m a t i c  errors of each of them are 
more o r  less c a n c e l l e d  o u t .  

MODEL AND NTERPRETATION DESCRIPTION 

A g e n e r a l  model fo r  computer ized a p p l i c a t i o n s  w a s  c o n s t r u c t e d .  
The m i n e r a l  s t u d y  emphasized t h e  p re sence  of t h e  f o l l o w i n g  
r a d i o a c t i v e  and non- rad ioac t ive  m i n e r a l s :  

Rad ioac t ive :  
Muscovite 
K-fe ldspar  

Non-Radioactive : 
Q u a r t z  
S ider i t e  
Na-fe ldspar  
K a o l i n i t e  
P y r i t e  M 

S i d e r i t e  o c c u r s  i n  c o n s i d e r a b l e  amounts, and as this h a s  a 
v e r y  h i g h  g r a i n  d e n s i t y ,  it e f f e c t s  t h e  d e n s i t y  measuremen, 

The n o n - r a d i o a c t i v e  f e l d s p a r  is p r e s e n t  i n  s i g n i f i c a n t  amounts,  
b u t  i s  c o n s i d e r e d  t o  c a u s e  appsoximate ly  t h e  same l o g  r e s p o n s e s  
as q u a r t z .  

The k a o l i n i t e  a p p e a r s  i n  most cases as either I )  " g r a i n s "  i.e. 
p a r t  of t h e  m a t r i x  o r  2)  d i s p e r s e d  i n  t h e  p o r e  volume. Con- 
s e q u e n t l y ,  b o t h  t y p e s  ave  t o  be  t a k e n  i n t o  accoun t .  

Heavy m i n e r a l s  o t h e r  t h a n  muscovi te  and s i d e r i t e  p l a y  a less 
i m p o r t a n t  role from t h e  p o i n t  of view of l o g  p o r o s i t y  com- 
p u t a t i o n s ,  pe rhaps  w i t h  the e x c e p t i o n  of p y r i t e .  

y c a l c u l a t i o n s .  
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I n  many cases t h e  micaceous m i n e r a l s  are p a r t l y  s o l i d  and un- 
a l t e r e d ,  and p a r t l y  s p l i t  up and squeezed  o u t  i n t o  t h e  p o r e  I 
volume. These altered forms of t h e  m i n e r a l s  have c e r t a i n  \ 
o t h e r  p h y s i c a l  p r o p e r t i e s  t h a n  t h e  u n a l t e r e d  m i n e r a l .  These 
forms are o f t e n  t r ans fo rmed  i n t o  a d i s p e r s e d  t y p e  of k a o l i n i t e .  
T h i s  d i s p e r s e d  c l a y  w i l l  i n f l u e n c e  t h e  p o r o s i t y  c a l c u l a t i o n  
f r o m  w e l l  logs.  

Taking t h i s  m i n e r a l o g i c a l .  i n f o r m a t i o n  i n t o  a c c o u n t ,  a model for 
p o r o s i t y  c a l c u l a t i o n s  w a s ' e s t a b l i s h e d .  (See f i g u r e  10) . T h i s  
model c a n  be d i v i d e d  i n t o  m a t r i x ,  c l a y  and p o r o s i t y  where t h e  
problem of s e p a r a t e l y  q u a n t i f y i n g  t h e  m a t r i x  m i n e r a l s  and t h e  
c l a y  arises. 

The matr ix  components are: Q u a r t z ,  f e l d s p a r ,  ( m i c r o c l i n e ,  a l -  
b i t e ) ,  k a o l i n i t e  and muscovi te ,  s i d e r i t e  and o t h e r  heavy mine- 
ra ls  such  as p y r i t e .  The c l a y  i s  c o n s i d e r e d  t o  be of t h e  d i s -  
p e r s e d  type ,  composed main ly  of k a o l i n i t e  squeezed  o u t  i n t o  
the p o r e  volume, and minor amounts of o t h e r  c l a y  m i n e r a l s .  

For  l o g  i n t e r p r e t a t i o n  purposes  t h e  f o l l o w i n g  s i m p l i f i c a t i o n  
w a s  done: 

Ma t r ix  : "Quar tz"  ( a c t u a l  q u a r t z ,  Na- fe ldspa r ,  K a o l i n i t e  
g r a i n s )  
"Fe ldspa r "  (K-feldspar  ) 
"Heavy Mine ra l s "  (muscovi te ,  s i d e r i t e ,  o t h e r s )  

Clay : Dispe r sed  c l a y .  

K-fe ldspar  and mica are s e p a r a t e d  because  of t h e i r  d i f f e r e n t  
d e n s i t y  v a l u e s .  T h e i r  p r e s e n c e  as p a r t  of t h e  m a t r i x  and n o t  
as c l a y / s h a l e  i s  v e r y  i m p o r t a n t  f o r  t h e  p o r o s i t y  c a l c u l a t i o n s .  

T h i s  m i n e r a l  model w a s  se t  i n t o  a computer a p p l i c a t i o n  f o r  so- 
l u t i o n  of p o r o s i t y  and c o n t e n t s  of t h e  p r e s e n t  m i n e r a l s .  The 
computer a p p l i c a t i o n  assumes l i n e a r  too l  r e spones  t o  t h e  amount 
o f  m i n e r a l s  and p o r o s i t y .  I n  t h i s  case t h e  f o l l o w i n g  tools  w e r e  
t a k e n  i n t o  c o n s i d e r a t i o n :  Dens i ty ,  Neutron,  S o n i c  and t h e  
Gamma r a y .  

The basic l i n e a r  tool  e q u a t i o n s  used by t h e  computer model are 
as follows: 

n 

11 

A t =  A t f l  * 8, + A t c l  * vcl + t A t i  * Xi i=1 

* n 

i=l 

GR + 
+ GRcl * v c l L  + GRcl * v c l s  E - xi GR = GRCl * VclD 
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'b : Bulk Dens i ty  'fl : Densi ty  o f  f l u i d  
@N : Neutron P o r o s i t y  'NW : F l u i d  Neutron P o r o s i t y  
A t  : Son ic  T r a n s i t  t i m e  A t f l  : F l u i d  T r a n s i t  Time 

P i  * X i  : M a t r i x  Dens i ty  * V o l u m e  of Minera l  i 

' N i  * : M a t r i x  Neutron * Volume of Minera l  i 
: T r a n s i t  T i m e  * Volume of Minera l  i 'ti * X i  

: Clay  Volume 
: Volume o f  D i spe r sed  Clay 
: Volume of  Laminated Clay 

' c l D  

v c l L  
: V o l u m e  of S t r u c t u r a l  Clay 
: P o r o s i t y  

vcls 
0, 

The program a l so  makes c o r r e c t i o n s  for  hydrocarbons ,  and add i -  
t i o n a l  "material ba l ance"  c o n d i t i o n s  are c o n s i d e r e d  when t h e  
e q u a t i o n s  are s o l v e d .  

S e v e r a l  r u n s  w e r e  performed b e f o r e  an  a c c e p t a b l e  f i t  w a s  ob- 
t a i n e d  w i t h  t h e  q u a n t i f i e d  r e s u l t s  o f  t h e  m i n e r a l o g i c a l  
and geochemical s t u d y  . 
A second c r i te r ia  for t h e  computer a p p l i  t i o n  w a s  t o  gene- 
ra te  g r a i n  d e n s i t i e s  i n  agreement  w i t h  urements on core 
p l u g s  and c r u s h e d  samples. Table  V shows g r a i n  d e n s i t y  
resu l t s  from core p l u g s ,  c r u s h e d  samples  and t h e  computer 
a p p l i c a t i o n  f r o m  t h e  f i n a l  r u n  o f  W e l l  A .  T h i s  run  g i v e s  

The r u n  i s  p r e s e n t e d  i n  f i  e 11. The m a t r i x  pa rame te r s  
used  are l i s t e d  i n  t a b l e  V The computer a p p l i c a t i o n  assumes 
t h e  s i m p l i f i e d  model d i s c u s s e d  above. The q u a n t i f i e d  m i n e r a l -  
a n a l y s i s  and t h e  c 
1 2 .  

An a l t e r n a t i v e  c l a y  concep t  u s i n g  c l a y  p r o p e r t i e s  from t h e  
mass ive  s h a l e  below 430' w a s  t r i e d .  The r e s u l t  from t h i s  
r u n  i n  w e l l  A is p r e s e n t e d  i n  f i g u r e  13. The c l a y  c o n t e n t  
is much h i g h e r  and consequen t ly  t h e  p o r o s i t y  c o n s i d e r a b l y  
l o w e r .  I p  a d d i t i o n ,  t h e  m i n e r a l  c o n t e n t  from t h i s  r u n  does  
n o t  c o i n c i d e  w i t h  t h e  r e s u l t s  of  t h e  m i n e r a l  s t u d y .  

F i g u r e  14 shows t h e  computed p o r o s i t y  from t h e  d i s p e r s e d  c l a y  
model p l o t t e d  a g a i n s t  he l ium p o r o s i t y  from cores. The agree- 
ment is  f u l l y  a c c e p t a b l e .  The a p p l i e d  m a t r i x  pa rame te r s  used  
i n  t h e  computer a p p l i c a t i ' o n  l i s t e d  i n  t a b l e  V I  are r e a s o n a b l e .  
The h i g h  v a l u e  of ' t h e  s o n i c  i s  due  to  t h e  s o n i c  r e a d i n g  t h e  
c l a y  as water f i l l e d  p o r o s i t y .  The c l a y  e f f e c t s  on  t h e  den- 
s i t y  and t h e  n e u t r o n  are less pronounced. An ave rage  v a l u e  of 

- 9 -  
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t h e  m a t r i x  d e n s i t y  pa rame te r s  ( n o t  c o n s i d e r i n g  the c l a y )  is  
a b o u t  2 .67  - 2.68 gr/cc, and the  ave rage  s o n i c  m a t r i x  t r a n s i t  
t i m e  i s  a b o u t  58 - 60 p s e c / f t .  Both are  r e a s o n a b l e  r e s u l t s ,  
a l t h o u g h  t h e  s o n i c  m a t r i x  t r a v e l  t i m e  o f  t h e  heavy m i n e r a l s  
might  seem t o  be  h i g h .  
t r a n s i t  t i m e  f o r  Well A and B p l o t t e d  v e r s u s  p o r o s i t y  c a l c u -  
l a t e d  from t h e  d e n s i t y  log.  

The s o n i c  m a t r i x  t r a v e l  t i m e  from t h e s e  p l o t s  s e e m s  h i g h e r  t h a n  
60 psec/ft. However, c o n s i d e r i n g  a d i s p e r s e d  c l a y  volume of 
1 0  - 12%, which i s  i n  agreement  w i t h  t h e  computer r e s u l t ,  t h i s  
g i v e s  a m a t r i x  t rave l  t i m e  o f  around 60 p s e c / f t .  The v o l ~ m e  
of d i s p e r s e d  c l a y ,  e q u a l s  0, - 0,, where 8, is  t h e  s o n i c  
p o r o s i t y  and 0, 

A r a L l e r  complex computer a p p l i c a t i o n  i s  n o t  2rectical  f o r  s t a n -  
d a r d  log i n t e q r e t a t i o n s .  T h e r e f o r e ,  a s i m 2 l i f i e d  a?proximat ion  
w a s  g e n e r a t e d  f r o m  t h e  s y n t h e s i s  of m i n e r a l  s t u d i e s  and computer 
a p p l i c a t i o n s .  

F i g u r e  15  and f i g u r e  1 6  show s o n i c  

is  t t e  d e n s i t y  P o r o s i t y .  

- Cons ide r ing  t n e  a p p l i e d  m a t r i x  pa rame te r s  and t h e  g r a i n  d e n s i t y  
measurements, ave rage  v a l u e s  o f  2.68 g r / c c  and 58 - 60  p s e c / f t  
are r e a s o n a b l e .  

The s i m p l i f i e d  l o g  i n t e r p r e t a t i o n  w a s  based  on t h e  d e n s i t y  
log f o r  p o r o s i t y  c a l c u l a t i o n s ,  and a c l a y  volume d e r i v e d  
from V The agreement  i n  p o r o s i t y  and c l a y  
volumed&tween t h e  more complex computer a p p l i c a t i o n  and 
t h i s  s i m p l e  approach is  good. However, t h e  d i s p e r s e d  c l a y  
model unde r -e s t ima tes  t h e  c l a y  c o n t e n t  i n  t h e  lower p a r t  
o f  t h e  fo rma t ion .  The c l a y  o c c u p i e s  more t h a n  35-40% of  
t h e  p o r e  volume, and c a n  no l o n g e r  be  o f  t h e  d i s p e r s e d  
t y p e .  The d i s p e r s e d  c l a y  i s  c o n s i d e r e d  where t h e  " q - f a c t o r "  
w i t h  q = (0,-8,)/0 , i s  less t h a n  35-40%, and a l amina ted  
s h a l e  model i s  u s e 8  where t h e  c l a y  is  no l o n g e r  d i s p e r s e d .  

The r e s u l t  of t h i s  s i m p l i f i e d  approximat ion  i s  d i s p l a y e d  i n  
f i g u r e  1 7 .  The p l o t t i n g  o f  t h e  l o g  p o r o s i t y  v e r s u s  t h e  core 
p o r o s i t y  is  p r e s e n t e d  i n  f i g u r e  18 .  The method w a s  a lso 
a p p l i e d  i n  w e l l  B where  t h e  r e s u l t  is  p r e s e n t e d  i n  f i g u r e  1 9 .  
The p o r o s i t y  i s  c r o s s p l o t t e d  v e r s u s  core p o r o s i t y  i n  f i g u r e  2 0 .  

= 0, - 0,. 

The r e a s o n  fo r  t h e  good c o r r e l a t i o n  w i t h  core d a t a  is  t h a t  
t h e  d e n s i t y  tool r e c o g n i z e s  t h e  d i s p e r s e d  c l a y  as s o l i d  p a r -  
t icles.  T h i s  i n d i c a t e s  t h a t  t h e  d e n s i t y  - p o r o s i t y  r e l a t i o n  

approx i i i a t iok  - i n  cases - P f A  w ere p 
t h e  s o n i c  and t h e  n e u t r o n  woul8 be more d i f f i c u l t  t o  i n t e r -  
p r e t e  a l o n e .  

1 w i l l  be  v a l i d  as  a v e r y  good 
rJ pma. On t h e  o t h e r  hand 

8 = (P, 

SUMMARY 

The J u r a s s i c  sand  model o f  t h e  Nor thern  North Sea a p p l i e d  
i n  t h i s  paper  i n d i c a t e s  t h e  importance o f  r a d i o a c t i v e  f e l d -  
s p a r  as an c o n t r i b u t i n g  f a c t o r  t o  p o r o s i t y  and p e r m e a b i l i t y .  
Th i s  f ac t  changes t h e  problem from b e i n g  a "mica-problem" c 

- 10 - 
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t o  a more g e n e r a l  m i n e r a l  d e s c r i p t i o n  e x e r c i s e  where t h e  
main problems are: 1) t o  estimate t h e  types and amounts o f  
m i n e r a l s ,  r a d i o a c t i v e  o r  n o t ,  which are i m p o r t a n t  c o n t r i b u -  
to rs  t o  p o r o s i t y ,  and 2 )  t o  estimate t h e  a c t u a l  c l a y  con- 
t e n t .  

I n  t h i s  model a d i s p e r s e d  c l a y  approach has  been used based  
on a n a l y s i s  o f  t h i n  s e c t i o n s  and a t r i a l - a n d - e r r o r  computer 

' procedure .  However, a more d e t a i l e d  i n v e s t i g a t i o n  of t h e  c l a y  
m i n e r a l s  would p robab ly  o f f e r  a b e t t e r  unde r s t and ing  of  t h e  
c l a y  e f f e c t s  on l o g s .  

The mul t i -mine ra l  computer a p p l i c a t i o n  g i v e s  good r e s u l t s  for 
p o r o s i t i e s . a n d  c o r r e l a t e s  w e l l  w i t h  core d a t a .  I t  gene- 
rates m i n e r a l  p e r c e n t a g e s  i n  close agreement w i t h  t h e  mine ra l -  
o g i c a l  and geochemical  a n a l y s i s .  Average v a l u e s  of g r a i n  
d e n s i t y  are s i m i l a r  t o  those f.c,und from core a n a l y s i s  o f  p l u g s  
Qr c r u s h e d  samples .  

The d a t a  b a s i s  fo r  t h i s  s t u d y  is  somewhat l i m i t e d  t o  a l l o w  f o r  
g e n e r a l  c o n c l u s i o n s .  An i n c r e a s e d  q u a n t i f i e d  d e s c r i p t i o n  o f  
t h e  minera logy  would p o s s i b l y  improve t h e  model. Although 
t h e r e  is  s t i l l  work t o  be  done i n  t h i s  area, t h e  m i n e r a l  model 
used  i n  t h i s  pape r  h a s  proven t o  g i v e  good r e s u l t s  i n  poro- 
s i t y  computa t ions  from w e l l  l o g s .  

CONCLUSIONS. 

The c o n c l u s i o n s  t o  be  drawn from t h i s  example and s imilar  
e x p e r i e n c e s  i n  t h e  J u r a s s i c  s ands tone  i n  t h e  Nor thern  North 
Sea are: 

1 ) A good knowledge of the  m i n e r a l  composi t ion  g i v e s  a 
sound b a s e  for  improving t h e  p o r o s i t y  c a l c u l a t i o n .  
and i n c r e a s i n g  t h e  conf idence  l e v e l  i n  t h e  t o t a l  
e v a l u a t i o n .  

2 )  On n o t  c o n s i d e r i n g  t h e  m i n e r a l  compos i t ion  of t h e  f o r -  
mat ion t o  some degree ,  p r o d u c t i v e  zones c a n  e a s i l y  be 
ove r looked  because of l o g  r e s p o n s e s  from unknown mine- 
ra ls .  The o r d e r  o f  magnitude i n  t h i s  case is  5 - 1 0  
p o r o s i t y  p e r c e n t  d i f f e r e n c e  u s i n g  a c lass ica l  l o g  
i n t e r p r e t a t i o n  compared w i t h  t h e  approach p r e s e n t e d  i n  
t h i s  p a p e r .  

3 )  By r m i  t a i l e d  mine s t u d i e s  i n  some w e l l s ,  a 
s i m p l e  e v a l u a t i o n  p rocedure  can  be  a p p l i e d  for a c c u r a t e  
and less resource-demanding e v a l u a t i  

- 11 * 
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APPENDIX 

DETERMINATION OF CLAY CONTENT 

The A 1 2 0 3  m a t e r i a l  b a l a n c e - i s  g iven  by: 

I 

a = b + c + d + e  
where 

- 

a is t h e  we igh t  pe rcen tage  of  A 1 2 0 3  

b is  t h e  w e i g h t  pe rcen tage  of  A 1 2 0 3  

c is  t h e  w e i g h t  pe rcen tage  o f  A 1 2 0 3  

d is t h e  w e i g h t  pe rcen tage  of  A 1 2 0 3  

s p a r s  of  t h e  samples .  

s p a r s  of  t h e  samples .  

of  t h e  samples .  

o f  t h e  samples ,  t a b l e  I1 

forming t h e  K-feld- 

forming t h e  Na-feld- 

forming t h e  muscovi te  

e is  t h e  we igh t  pe rcen tage  of  A 1 2 0 3  forming t h e  c l a y  of  
t h e  samples .  

From table I V  

N a 2 0  

11 
( "2'3) a l b i t e  = 1.75 and (CaO) a l b i t e  = Na20+Ca0 

r e p l a c i n g  C a O  i n  Eq. I1 by i t s  v a l u e ,  w e  o b t a i n  

= 1.75 A1203 

p y ~  ) 
a l b i t e  

Rear ranging ,  w e  have 

(A1203)  a l b i t e  = 1 . 9 1  N a Z O  = c 

I V  

(A1203)K-feldspar  = fxg = c 

where f is t h e  mode o f  K-fe ldspar  i n  % by volume, t a b l e  I11 
g i s  t h e  w e i g h t  % A 1 2 0 3  i n  K- fe ldspa r ,  t a b l e  I V  

- 

100 

V 
h x i  - (A1203)  muscovi te  = - - 1 0 0  

where h i s  t h e  mode of  muscovi te  i n  % by volume, t a b l e  I11 
i is t h e  we igh t  % A 1 2 0 3  i n  muscovi te ,  t a b l e  I V  

- 

- 12 - 
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Replac ing  b, c and d i n  Eq. I by t h e i r  v a l u e s  i n  111, IV and 
V, w e  o b t a i n  ' 

f X 9 +  h x i + ,  a = 1 . 9 1  N a 2 0  + - 
100 100 

Rearranging ,  w e  have 

VI - 
1 . 9 1  N a 2 0  + fxg+hxi  

e = a -  

I n s e r t i n g  t h e  v a l u e s  o f  a,  f ,  g ,  h ,  i from t h e  t a b l e s  11, 111 and 
XTJ , g i v e s  e, t h e  amount o f  A1203 forming t h e  c l a y  components. 

The K 2 0  material b a l a n c e  i s  g i v e n  by: 

VI I 

100 

- 
j = k + 1 +.m 

where j = is w e i g h t  p e r c e n t a g e  of K 2 0  of t h e  samples ,  t a b l e  11 
k = is t h e  w e i g h t  p e r c e n t a g e  of K 2 0  forming t h e  K-feld- 

1 = is  t h e  w e i g h t  p e r c e n t a g e  o f  K 2 0  forming t h e  musco- 

m = is  t h e  we igh t  p e r c e n t a g e  o f  K 0 forming t h e  c l a y  o f  t h e  

s p a r s  of t h e  samples .  

v i t e  o f  t h e  samples .  

samples .  2 

VI11 
f xn ( K 2 0 )  f e l d s p a r  = k = - 100 

where n is  t h e  w e i g h t  % K 2 0  i n  K-fe ldspar ,  table  I V  

Rear ranging ,  w e  have 

- l O O j  - (fxn+hxp) 
100 m -  

. .  
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where m i s  t h e  amount o f  K 0 forming t h e  c l a y  components. 

The we igh t  % o f  i l l i t e ,  (il) i s  

(il) = - 

2 

m x 100 
r 

where r is  t h e  w e i g h t  % K20 i n  i l l i t e ,  table I V ,  

X I 1  

( i l l  = 

- 
l O O j  - ( fxn+hxp) 

r 

X I 1 1  

e = s + t  

where s is  t h e  c o n t e n t  of A 1 2 0 3  forming t h e  k a o l i n i t e  
where t is  t h e  c o n t e n t  of A 1 2 0 3  forming t h e  i l l i t e  

where u is  t h e  w e i g h t  % A 1 2 0 3  i n  i l l i t e ,  t a b l e  I V  

Replac ing  t i n  Eq. X I V  by i t s  v a l u e  i n  X I I I ,  w e  o b t a i n  

- s + (il) x u 
100 e -  

Rearranging,  w e  have 

100  e - (il) x u 
100 s =  

The we igh t  % of k a o l i n i t e ,  (ka )  

(ka )  = s x 100 
V 

where v is t h e  w e i g h t  % A 1  0 i n  k a o l i n i t e ,  table I V  
Replac ing  s by i t s  v a l u e  is 2 V ,  w e  o b t a i n  

XVI 

(ka)  = 

- 
100 e - ( i l l  x u 

V 
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FIGURE 10 
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FIGURE 11 
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FIGURE 12 
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FIGURE 19 
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FIGURE 20 
LOG POROSITY VERSUS CORE POROSITY 
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INTERVAL 
202'- 240' 
I INTERVAL 

338'- 384' INTERPRETATION EXAI*lPLE 

FIGURE 3 

FIGURE 4 

23,6 1 2280 

30,3 1 29,l 

202'- 240' INTERVAL I I I NTE RVAL 
338'- 384' 

VEPA-E CO E A RA CO E BoRosFntx! I P X E " S F f Y d  

30,6 30,6 

TABLE I 1  
CHEMICAL ANALYSIS, WEIGHT PERCENTAGES, S A R L E  NR. REFER TO DEPTH I N  FEET 

208 212 217 222 225 231 233 243 266 347 351 357 364 375 387 

SiOz 77.2 67.6 78.3 72.1 73.7 74.4 66.2 65.6 79.0 80.5 77.6 82.0 81.0 76.0 71.5 
TiOZ 1.9 0.7 0.6 0.7 0 . 8  0.6 0.7 0.6 1.3 1.3 0.8 0.7 0;9 0.9 0 .8  

AlZ03 11.6 11.7 10.5 12.7 12.1 12.2 15.0 14.3 9.4 6.0 7.0 8.2 7.0 10.4 13.3 

Fe203 1.0 2.7 1.1. 1.7 1.3 1.6 2.6 2.0 1.3 0.4 0.5- 0.2 0.8 1.5 1.1 
FeO 0.5 4.2 0 . 8  l,.9 1.6 1.1 2.9 3.2 1.1 1.1 4.5 1.4 2.1 1.6 2.1 

a MgO 0.7 0.9 0.7 1.9 0.7 0 . 8  1.1 1.4 0.6 0.4 0.8 0.7 0.9 0.9 1.4 
CaO 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.2 0.4 0.1 0.3 0.2 0.2 
N a p  1.1 1.1 0 . 8  0.7 0.9 1.2 0.8 0.7 1.R 1.2 1.4 1.3 1.4 1.4 1.3 

3.3 3.1 3.5 3.5 3.6 3.9 4.1 2.4 1.6 2.2 2.1 2.7 3.2 

r$2T 4.2 8.0 4.6 5.9 5.4 5.3 7.0 7.3 4.6 7.9 3.9 4.1 4.7 5.3 

Total 101.2 100.3 100.6 100.2 100.1 101.0 100.3 99.3 100.8 100.6 100.7 100.7 100.6 100.3 100.3 

TABLE 111. 
' MINERALOGICAL COMPOST10 VALUES), BASED ON T H I N  CTION STUDY, AND CHEMICAL ANALYSIS 

208 212 217 222 225 231 233 243 266 347 351 357 364 375 387 

Quartz 63.5 54.9 64.9 54.2 57.8 59.4 47.0 41.6 69.0 81.5 73.6 75.5 77.5 66.5 55.9 
Feldspar 14.5 13.7 16.8 19.0 20.6 16.1 17.9 15.9 10.9 8.5 10.0 9.7 10.5 11.5 12.9 
Clay 10.3 15.9 4.4 16.5 9.7 14.7 11.5 18.1 9.3 3.7 4.5 10.5 5.2 14.6 24.3 
Mica 8.0 5.2 10.9 4.7 7.1 5.7 15.5 10.5 6.3 2.7 3.2 1.9 1.7 2.3 1.6 
Mafic 3.7 10.3 3.0 5.6 4.8 4.1 8.1 7.9 4.5 3.6 8.7 2.4 5.1 5.1 5.3 

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

M 
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J RELATIONSHIP BETWEEN THE CONDUCTIVITIES OF TERTIARY 
WATER-BEARING SANDS AND NEARBY SHALES, OFFSHORE LOUISIANA 

BY 

H. J. Ritch 
sr 

E .  S. Pennebaker 

Shell Oil Company 
New Orleans, Louisiana 

SUMMARY 

A quantitative relationship between the conductivities of clean 
water-bearing sands and nearby shales has been established for the Tertiary 
formation of Offshore Louisiana. From this relationship, the connate water 
resistivity of the sands can be calculated using the conductivity of the 
nearby shales. The ability to independently calculate water resistivity is 
very important, especially where there are no clean water-bearing sands near 
or adjacent to hydrocarbon-bearing sands. 

Although empirical, industry-accepted clean and shaly sand petro- 
physical relationships help explain why this method yields acceptable values. 

An example is given for the South Marsh Island 130 Field where 
there is an unusually wide range of formation water resistivities over a 
depth interval of about 2000 feet (4000-6000 feet). 
statistically accurate for the prediction of sand water resistivities from 
the nearby shale conductivities. 

This relationship appears 

INTRODUCTION 

ate water resistivi s are needed in order to calculate 
correct hydrocarbon volumes. etimes in wildcat wells and the early stages 
of field development, it is difficult to find enough nearby water-bearing 
sands from which to calculate water resistivity. 
an independent means of determining water resistivity is desirable. 
studied the relationship between the resistivities, or conductivities, of 
clean water-bearing Pleistocene sands and nearby shales to ‘determine if shale 
resistivities could be used to accurately estimate sand wa 1 er resistivities. 

Therefore, in these cases 
We 

N 

In general, there appeared to be a correlation between conductivities 
of the clean water-bearing sands and nearby shales. 
decreased between 3000 feet and 4000 feet, so did the sand conductivity as 
shown in Figure 1, for example, for the normal pressured Pleistocene in the 
South Marsh Island 130 Field area. 

As the shale conductivity 
8 

Between 4000 feet and 6000 feet, the sand 
J 

- 1 -  
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, 

conductivity showed a marked increase except for a small section around 
5500 feet. However, the shale conductivity only slightly increased from 
4000 feet to 5000 feet and then remained essentially constant to 6500 feet. 
These changes in sand conductivity are caused by connate water resistivity 
changes since sand porosities only decrease slightly over this depth range. 
Therefore, we concluded that the changes in shale conductivity were also 
caused by changes in the shale water resistivity. Between 3000 feet and 
5000 feet, the shape of the shale conductivity curve compared with the shape 
of the sand conductivity curve supports this conclusion. 
the relationship of shale conductivity to sand conductivity is more subtle. 
However, as will be shown later, due to the higher compaction rate of the 
shales resulting in larger porosity changes, the shale conductivity would 
have shown a constant decrease in conductivity from 5000 feet to 6500 feet if 
the shale water resistivity had remained constant (after correcting for 
temperature differences). 
constant over this depth range, we viewed this as evidence that the shale 
water resistivities were also changing (increasing). 

Below 5000 feet, 

Since the shale conductivity remained essentially 

One question remained: how to quantitatively relate the sand and 
shale conductivities and predict sand water resistivities from the shale 
conductivities. 

METHOD 

In order to better understand Pleistocene sand-shale relationships, 
we plotted and cross-plotted data from a large number of wells over the 
entire Offshore Louisiana Pleistocene. 
plot resulting from this study is shown in Figure 2. 
4000 feet (Figure 2) there is a suggested relationship as shown by the "eyeball" 
average line. 
silty than the shales farther removed from the sands. 
data from clean sands and the nearby silty shales.) 
describe this relationship? As long as the sands are clean, the Archie 
Equation adequately fescribes the relationship between porosity and water 
resistivity. Waxman showed that the Waxman-Smits equations, normally applied 
to shaly sands, could be used to accurately describe salinity variations of 
shales if the shale porosity and cation exchange capacity were known. 
Archie and Waman-Smits equations are: 

The most meaningful type of cross- 
At an average depth of 

(We observed that the shales closest to the sands were more 
Therefore, we collected 

Are there equations to 

The 

1000 - E = 1000 COsd = Ro - 
Rw Gmm F Rw 

Where : 

Cosd = conductivity of 100% water-bearing clean sand, mmho/m 

Ro = resistivity of 100% water-bearing clean sand, SZ-m 

Equation 1 

- 2 -  
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F = formation resistivity factor of clean sand, dimensionless 

= porosity, ‘dimensionless, fraction 

m = lithological exponent, dimensionless 

Rw = formation (sand) water resistivity, Q-m 

WAXMAN-SMITS 

Where : 

Equation 2 

tivity of shale, mmho/m 

FSk = formation (shale) resistivity factor, dimensionless 

B = equivalent cationic conductivity of the clay counterions, 

Qv 
Rwsh = shale water resistivity, $2-m 

rnit = lithological exponent for shale, dimensionless 

ash = shale porosity, fraction 

Therefore, if all the variables are known in the above equation, 

= exchange capacity per unit pore volume, meq/ccPV 

then the w 
conductivity of both sand and shale can be calculated. 

data shown in Figure 2 are from t ormal pressured Pleistocene 
for which we have constructe 
sand and silty’shale as show 
Pleistocene cores, we found that the average cation exchange capacity (CEC) 
of silty shale was 15 meq/100 gms of dry shale. An average temperature for 
the Pleistocene can be calculated as a function of depth. 
variable is water resistivity since the B factor is dependent on the water 
resistivity and temperature. 
shale conductivities can be calculated. 

epresentative compaction curves for both clean 
n Figure 3.  Based on measurements from 

The only remaining 

Upon specifying water resistivity, the sand and 

e 4 are the calculated sand versus shale conductivities 
over t ater resistivities at 4000 feet (from fresh t o  

- 3 -  
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saturated salt water) for one case with the water resistivity in the shales 
equal to that of the sand. 
from the average line drawn through the data points from Figure 2, 
particular, the calculated shale conductivities are higher than the log 
observed values. 

Note that the calculated relationship is different 
In 

For the other case, we obtained reasonable agreement between observed 
sand-shale conductivities and calculated values using the Archie and Waxman- 
Smits equations when the water resistivity in the shales was about 2.86 times 
higher than the water resistivity in the sands (also shown in Figure 4 ) .  
difference in water resistivity represents a significantly lower salinity in 
the shales than the sands. 

This 

Is it reasonable to expect a 1 ge difference in salinity between 
the sands and shales if they are in chemical equilibrium? 
have studied this problem using Donnan equilibrium theory and have agreed 
that large salinity differences can exist. 
theory, a base exchanging clay (a shale) immersed in a salt solution will 
contain a lower internal salinity 5han the salinity of the solution surrounding 
the base exchanging clay. Hedberg concluded, while studying compositions of 
shale interstitial water to determine their original depositional environment, 
that the average pore-water chlorinities within a shale sequence range from 
40 to 50 percent of that of the underlying sand. 
Pliocene-Miocene well Off shore Louisiana, Russel 
of formation waters in sands is significantly higher than thosg in nearby 
shales - sometimes by as much as a factor of 10-12. 
interstitial waters from Paleozoic shales and sandstones in Oklahoma and 
found that the total dissolved solids in the shale waters was about 3 third 
of the dissolved solids in the associated sandstone waters. Schmidt found 
that shale pore waters in a Calcasieu Parish, Louisiana well had lower 
salinities than the waters in the adjacent normally pressu ed sandstones. 
Also, several investigators including Engelhardt and Gaida conclude that the 
ratio of shale water salinity to sand water salinity increases as compaction 
increases. Therefore, based on theory and considerable research, there can 
be large differences in water salinities between sands and shales. 

Many investigators 

According to Donnan equilibrium 

Based on cores from a 
concluded that the salinities 3 

Baharloui studied 

G 

7 According to Waxman , our Pleistocene data (Figure 2) does not 
follow simple Donn n e uilibrium or further, the Donnan compaction model 
described by Smith . This suggests that a non-equilibrium condition exists 
for the Pleistocene sand-shale system. Also this probably implies that the 
system is in a quasi steady-state condition caused by salt being introduced 
from domes by diffusion and/or the expulsion of water from the shales by 
compaction. 
in spite of increasing Qv (exchange capacity per unit pore volume) of the 
shales. Since the influence of nearby shale is less effective, this is 
further evidence that the simple Donnan equilibrium theory is not being 
obeyed ; 

8 9  

Furthermore, the ratio of RwSd/RwSh increases with depth (Figure 7) 

For sand water resistivity use, the "reasonable agreement" curve in 
Figure 4 can be replotted as shown in Figure 5 which is the shale conductivity 
versus sand water resistivity plot at 4000 feet for the normally pressured 
Pleistocene. 

- 4 -  
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As shown in Figure 2, there was a considerable data 
scatter about the data average. 
the silty shales having different porosities and CEC values than the average 
shale properties presented in Figure 3. A change of +20 percent in the CEC 
value (range from 12 to 18 meq/100 gms of dry shale) is reasonable based on 
our Pleistocene core data. Shown in Figure 6 is the range in the calculated 
shale conductivities due to this range of CEC values between 12 and 18. 
that this range in CEC encompasses most of the lower conductivity shale data 
points from Figure 2. 
due to even higher shale CEC values or maybe a different type shale. 

Much of this scatter can be accounted for by 

Note 

The ,higher conductivity shale data points are probably 

Using the technique outlined in Figures 2, 3 and 4, sand and shale 

Plots of shale 
conductivity data were fitted between depths 2000 feet*to 10,000 feet. 
composite reasonable agreement curves are shown in Figure 7 .  
conductivity versus sand water resistivity can then be made (similar to 
Figure 5) at every 1000 feet of depth or for the zone of interest. 

The 

APPLICATION 

The first few wells drilled in the South Marsh Island (SMI) 130 
Field penetrated several hydrocarbon pay sands from 4000 feet to 6000 feet. 
However, few wet sands were encountered from which to calculate water 
resistivity. Moreover, low resistivity mud systems and hydrocarbon effects 

nted accurate water resistivity estimations from the SP curve. 

We initially assumed the water salinity to remain essentially 
constant throughout this depth range, an assumption often made for the Offshore 
Louisiana area. However, after observing from shale resistivity pore pressure 
plots, such as the one shown in Figure 8, that the decrease in shale 
resistivity from 4000 feet to 6000 feet was not due to an increase in pore 
pressure, we assumed that the big change was due to shale water salinity 
differences. 
Therefore, we applied the technique of determining sand water resistivity 
from nearby shale conductivity. 

If so, the sand water salinities probably also varied greatly. 

N 
conductivity data or a thick, clean, wet 

sand from 2950 feet to 3100 feet from several wells were cross-plotted as 
shown in Figure 9. 
shale CEC = 18 meq/100 gms. 
3000 feet and 6000 feet were extrapolated based on Figure 7. 
trend lines are shown in Figure 10, Finally, the sand water resistivity was 
then calculated every 1000 feet by using calculated temperature and the sand 
formation resistivity fact given in Figure 3. 

The "best" fit trend line through the data was with using 
Additional trend lines every 1000 feet between 

These additional 

The first few wells drilled provided enough data from which 
production platforms were justified and subsequently installed in the SMI 130 
Field. 
water levels so that more conventionally derived water resistivities could be 
determined and compared to those computed by the nearby shale conductivity 
technique. 

Some 21 development wells in 16 sands have been drilled that penetrated 

Figure 11 shows a comparison of sand water resistivity obtained 

- 5 -  
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by conventional and shale conductivity methods for 16 wet sand penetrations. 
There is some scatter but values from the shale conductivity method are 
within 0.010 ohm-meters (one standard deviation) of conventionally derived 
values for water resistivity between 0.016 and 0.053 ohm-meters. The 
correlation is increased considerably by averaging the shale conductivity 
method estimates for individual sands, as shown in Figure 12. The average 
estimates are within 0.003 ohm-meters (one standard deviation) of the 
conventionally derived values. 
statistically, leaving no apparent anomalies between 0.016 and 0.050 ohm- 
meters. Above 0.060 ohm-meter, the shale conductivity method gives low 
estimates. These low estimate differences could probably be minimized if the 
"control sand" water resistivity had been in the high resistivity range 
rather than the low range (see Figures 9, 10 and 11). 

Note that the scatter of data "tightens up" 

By way of comparison, sand water resistivity estimates were made 
using the SP curve in these same 21 wells for 13 of the 16 previous sands. 
These SP derived water resistivity estimates, averaged by sand, are shown in 
Figure 13 compared to conventionally calculated values. Note that the SP 
derived values are considerably higher than the conventionally calculated 
water resistivities. 

' 

Up to now, all the data shown has been for normal pressured 
Pleistocene sediments. However, we have on occasion extended this technique 
to geopressured intervals on a well-by-well basis. Geopressures drastically 
affect the porosity compaction of shale and to some extent the sands. 
in turn governs the formation resistivity factor (see Figure 3). Therefore, 
no universal, or average, correlation curves can be constructed for geo- 
pressured intervals since hardly any two wells encounter the geopressure top 
at the same depth and have the same pressure profile below top of geopressures. 

Porosity 

CONCLUSIONS 

1. 

2. 

3. 

The conductivities of clean water-bearing sands and nearby silty shales 
have been empirically related for the normal pressured Pleistocene 
Offshore Louisiana. 

The sand connate water resistivity can be determined from nearby shale 
conductivity. 
resistivities for the interval 4000 feet to 6000 feet in the SpfI 130 
Field. 

This relationship can be extended to geopressured measures but only on 
an individual well basis. 

This relationship gave statistically accurate sand water 

- 6 -  
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DEPTH 
(FT.; 1000) 

CONDUCTIVITY VS. DEPTH ' 3 

0 SANDS 
0 SHALES 

FIGURE 1 - VARIATIONS IN SAND AND SHALE CONDUCTIVITIES, 
SOUTH MARSH ISLAND 130 FIELD AREA 
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CLEAN SAND WATER RESISTIVITY 
VS. SILTY SHALE CONDUCTIVITY FIGURE 5 
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CLEAN SAND CONDUCTIVITY, mmholm (i 1m) 
FIGURE 6 

CLEAN SAND CONDUCTIVITY, mmholm (+ 1OOO) 
FIGURE 7 
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A NEW APPROACH TO CARBONATE ANALYSIS 

by 

W. H. Nugent, Schlumberger Well Services, Abilene, Texas 

G. R. Coates, Schlumberger Well Services, Houston, Texas 

R. P. Peebler, Schlumberger Well Services, Corpus Christi, Texas 

ABSTRACT 

Water saturations from vuggy or oolic tic carbonates a r e  often 
over -optimistic. 
technique that permits confident evaluation of such formations. 
method makes use of the fact that sonic logs respond differently to vugs 
and oolicasts than do the nuclear poro 

Here we present an empirical but well-established 
This 

INTRODUCTION 

Log analysis in complex lithologies often depends upon the Formation 
Density (FDC*) and Neutron (CNL* or SNP*) logs to  provide determina- 
tions of porosity and lithology. The neutron-density porosity, QND, re- 
presents total liquid-filled porosity. If the pore space is entirely inter- 
granular, QND permits reliable Archie-type derivations of water sat- 

However, if  the porosity distribution is non-uniform, as in ration. 
ggy or oolicastic rocks, the relationship between porosity and forma- 

tion factor may change significantly. 
neutron-density porosities a re  likely to be wrong. 

In such cases, S 's based on 
W 

The sonic log has been a useful means for identifying the presence of 
vugs or oolicasts. 
ondary porosity'because the acoustic energy bypasses the relatively 
large cavities. 
as ~ N D  - Qsv. ) This speculation seems to be borne out when the 
cavities are" scattered and poor onnected; but in oolicastic or micrb- 
vuggy rocks the sonic pulses c longer follow direct paths through 
the matrix. Travel time and sonic porosity a re  increased, though &v 
never reaches equality with 
factor. 

It is speculated that the sonic is blind to such sec- 

(A "Secondary Porosity Index" (SPI) has been defined 

so long as secondary porosity is a ND 

* Mark of Schlumberger. 
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Interpretation 

The variati n in the formation factor/poro ity relationship eems to 
indicate that the porosity added by vugs does not contribute significantly 
to the formation conductivity. Consequently, the controlling factor for 
resistivity tools is the matrix porosity, which is analogous to a series 
resistor network. 
than of the neutron-density tools. 

Note that this behavior is more like that of the sonic 

From this, it would seem logical to use the resistivity and sonic 
logs together, and the density and neutron together. The problem con- 
sists of finding a way to do this that will provide reliable production 
forecasts in either intergranular, vuggy, or oolicastic porosity. . 

Technique 

The method described here is an adaptation of the water saturation/ 
porosity relationship of Morris and Biggs2, which is based on a know- 
ledge or assumption of the irreducible water saturation, hi. A hyper- 
bolic relationship is proposed on the S -4  crossplot, the equation being: 

W 

s = c / d  wi 

where C is a constant of the rock, and also, since C = Swi x d,  it rep- 
resents the bulk volume fraction of water in the rock a t  irreducible 
saturation. 

Our method proposes to assume irreducible water saturation in all 
formations, and compute an "apparent C" value from the log readings. 
To avoid confusion, we will call this value llPRI1l, for "Productivity 
Ratio Index", since its principal purpose is to predict the water-oil 
ratio to be expected. 

The success of the method depends on using the logs in compatible 
combinations. Thus we use the resistivity and sonic readings to find 
S and the neutron and density logs for 8. 

W' 

It is also necessary to know o r  assume the water/hydrocarbon ratio %.: 

values (S 
in the vugs. 
accuracy by the sonic-derived S 

Experience indicates that this is given with acceptable 

WSV)' W 

Thus we have: 

swsv PRI = d, 

- 2 -  
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where 

I -  R 

v %v L 

Note that this method requires  no manipulations of the Archie ex- 
ponents m and n in  the basic  saturation equation: S 
Both m and n a r e  taken to be 2 throughout. 

= l / dm x R /Rt. 
W W 

The significance of Eq. 1 is that, in  conditions of i r reducible  sat- 
uration, PRI thus computed is analogous to C, and is reasonably well 
known in m o s t  carbonates. 
s e rves  well in vuggy o r  oolicastic formations at i r reducible  water sat- 
uration. Hence, when PRI S 0.02, clean hydrocarbon production is in- 
dicated. As PRI inc reases  above 0.02, increasing watercut can be  ex- 
pected up to PRI x 0.04, a t  which point the production will reach  100 
percent  water. 

In our  experience, the value PRI = 0. 02 

It is important,  however, to discr iminate  between pr imary  ( inter-  
granular)  and secondary (vuggy, oolicastic) porosity. If the r e se rvo i r  
consis ts  of p r imary  porosity, PRI at i r reducib le  saturation will be  m o r e  
near ly  in the range of 0.04. F o r  this reason,  it is necessary  fo r  con- 
fident log analysis to have a l l  t h ree  basic  porosity logs, in addition to 
res is t ivi ty ,  whenever both pr imary  and secondary r e se rvo i r  porosity 
a r e  possibilities. 

Field Applications 

Though empir ical ,  this technique is well proved in W e s t  Texas and 
other carbonate-reservoir  a r e a s ,  under conditions which rendered other  
watercut-estimating methods unreliable. 
hydrocarbon and water  predictions by hand computations. 

Examples 1-4 i l lus t ra te  both 

The PRI method has  a l so  been adapted fo r  computer application, by 
a modification to the COFUBAND* processing technique.' Examples 5, 6 ,  
and 7 i l lus t ra te  the uses  of th i s  presentation. 

Example 1 (Garza County, Texas,  wildcat) 

These logs (Fig. 1)  indicate intergranular  porosity ( ~ N D  
the zone around 8,200 feet ,  with a PRI computed as follows: 

dsv) in 

* Mark  of Schlumberger. 

- 3 -  
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Fig. 1 I Fig. 2 

R = 0.04 

= 25 
W 

Rt 

Qsv = 9 P.U. 

2 
S = 1/0.09 x 0.04/25 = 0.20 

S = 0.04 

W 

W 

= 0.09 x 0.44 = 0.04 PRI = dND Swsv - 

Since 0.04 is a reasonable value for PRI in intergranular rocks, this 
formation should produce clean hydrocarbon. In fact, on a straddle- 
packer DST, it flowed oil at the rate of 1,400 B/D with no water. 

Example 2 (Kent County, Texas, Strawn Limestone, wildcat) 

This is another case of primary porosity ( d ~  dsv). The logs in 
Local experience Fig. 2 show several potentially productive zones. 

dictates limits of PRI between 0.03 and 0.05 for water-free production 
in intergranular porosity, as  we have here. 

- 4 -  
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The indicated zones were  perforated and acidized. Each zone satis- 
0. 03 S PRI 5 0.05. Well showed potential of 75 f ies  the PRI criterion: 

BOPD pumping, no water.  

Example 3 (Kent County, Texas,  Strawn Limestone, wildcat) 

Here  we have a vuggy formation, revealed by the separation between 
dsv and dmp" (Fig. 3). PRI should be between 0.01 and 0. 02 in this 
rock. 

Sw calculations indicate possible oi l  production, but the PRI calcu- 
la tes  as: 

PRI = dsNp x Swsv 

- - 0. l l x { =  1 7  
(0.07) 

= . 07  t 

which is we 1 above the 100-percen water value of 0.04. And in fact ,  
s t raddle-packer  t e s t  produced 560 feet  of mud-cut salt water,  with no 
show of o i l  o r  gas. 

i I Rerirtivity, ohm-m 1 
! IO 190 log0 
Porosity, pu. (R.= 0.04) 

0 

Fig. 3 

:: Mark of Schlumberger. 
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Example 4 (Borden County, Texas, S t r a w  Limestone, micro-vugs) 

Again the PRI condemns zones which appear productive by conventional 
log analysis. 

Fig. 4 shows the DIL* with RO overlays, and some results of log analy- 
sis. As you see, these zones must be considered potentially productive 
on the basis of these figures. However, vuggy porosity is indicated by 
the (Ro)N - (Ro)sv separation. And in the - best zone at A, PRI computes 
as: 

P R I = d  xswsv N 

= 0.07 x 0 .48  

= 0,0336 

which indicates over 50 percent water production. 

This zone recovered 1,600 cc water and 50 cc oil on a DST. 

Fig. 4 

Zone B shows PRI = 0.043, indicating 100 percent water production. 
The DST recovered 500 cc mud, 1,500 cc water, and no oil. 

Zone C is also condemned by PRI, with a value of 0.042. The DST 
results: 2.150 cc salt water. no oil. 
* Mark of Schlumberger, 
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Example 5 (Lea County, New Mexico) 

Fig. 5 is a CORIBAND output with the PRI ( ~ N D  x SWsv) values sub- 
stituted for the conventional Bulk Volume Water curve in Track 4, with 
the area under the curve shaded. 
also plotted, left-to-right, area coded clear. 
representing Sw from sonic F values is added to CORIBAND Swls (solid 
curve) in Track 2. 

Secondary Porosity Index (SPI) is 
In addition, a dotted curve 

The zone of interest is at 6,500 ft. From the Productivity Log we 
see that Sw from CORIBAND is about 35 percent (Track 2), and bulk 
volume of water from the above Sw and ~ N D  is 0.05 (Track 3). If the 
reservoir porosity is intergranular, this zone should be productive; 
but look at the SPI curve in Track 4. This says the zone has up to 5 
percent secondary porosity, meaning it is vuggy or  oolicastic. And the 
PRI curve reads above 0.06 (Track 4), which unequivocally condemns 
the zone. 

Fig. 5 

This zone was tested at  considerable length. The best test yielded 3 
BO and 225 BW ing in 24 hours. 

Example 6 (Tom Green County, Texas, wildcat) 

Again the CORIBAND looks good, but the SPI says it is vuggy, and 
the PRI condemns it. The zone at 5,310 (Fig. 6)  shows Sw W 30 percent. 
However, the SPI curve indicates up to 5 percent d2, while PRI is over 
a t  0.05 in most of the interval. 
water productive . Conclusion: vuggy or oolicastic rock, 

- 7 -  

0 



SPWLA NINETEENTH ANNUAL LOGGING SYMPOSIUM, JUNE 13-16,1978 

c 
A drillstem test across this interval was misleading, yielding 500 f t  

of gas, 112 f t  of slightly oil and gas-cut mud, and no water. However, 
the production tests after acidizing gave up only salt water with a trace 
of oil. 

Fig. 6 Fig. 7 

Example 7 (Runnels County, Texas, Gardner Limestone) 

This well illustrates the ability of the PRI technique to predict the 
approximate watercut to be expected. The zone at 4,370 feet doesn't look 
as good as those in Examples 5 and 6, but the PRI is only 0.022. 
this lies between our empirical limits, somewhat on the low side, we 
conclude that the zone will produce oil, but with a fairly low watercut. 
After acidizing and fracturing, the zone produced 100 BOPD pumping, 
plus 10 to 15 percent water. (Fig. 7) 

Since 
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Condition 

PRI 5 0.02 

0.04 > PRI > 0. 02 

SUMMARY 

Prediction 

Clean oil 

Water plus oil 

Experience shows that conventional log analysis is often erroneously 
optimistic in carbonate rocks, especially when the porosity distribution 
includes vugs or  casts. 

The addition of a sonic log to the usual suite of resistivity, neutron, 
and density logs offers a way to recognize these errors  and to predict 
reliable water-oil ratios before the well is completed. 

This technique consists of computing a Productivity Ratio Index (PRI) 
as follows: 

'ND PRI = Swsv 

PRI 5 0.04 Water, no-oil 

The sonic log will also verify the presence of rocks with ,itergranu- 
lar  porosity; in such cases Qsv w QND. 
interpretation methods can be used with confidence. 

When this happens, conventional 

0 
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SOME ASPECTS OF THE CALCULATION OF GYPSUM-FREE POROSITY 

Elton Frost, Jr. 
Dresser Atlas Division, Dresser Industries, Inc. 

Houston, Texas 

ABSTRACT 
The techniques of using log-derived data in complex lithologies to derive reasonable pictures .of 
the true lithologies are as numerous and varied as the possible combinations of the minerals 
encountered in the rock itself. This paper will review some of the methods available for 
identifying and coping with one of these minerals, gypsum, which is  sometimes present in a 
potentially productive reservoir. Some of the more frequently used methods will be discussed in 
the hope that new insight will be gained into their use in bulk volume mineral calculation. A new 
method of considering the percent gypsum content and porosity will also be presented..Examples 
of the usefulness of this new method will be given. 

INTRODUCTION 
Within the last few years, a considerable work and effort has gone into establishing methods of 
identifying complex lithologies as to mineral and shale content. By determining these parameters, 
the techniques are no& available to calculate a much more accurate value of formation porosity. 
These efforts have primarily dealt with the three most common reservoir minerals, along with 
shale and, in some cases, anhydrite. While these are all of primary concern, the presence of 
another mineral, gypsum, will a t  times present a problem to both manual and computer-pro- 
cessed interpretation of porosity, mineral type, and shale content in reservoir rocks. 

The primary purpose of this paper is  to discuss some of the methods now available for calculating 
the percent volumes of several minerals in a reservoir when gypsum i s  present. An eff6rt will also 
be made to examine a new technique in mineral identification which may possibly lead to a more 
accurate field determination of the true mineral content when gypsum is present. This technique 
will employ a modified version of the standard "Litho-Porosity Crossplot." 

SINGLE-POROSITY INTERPRETATION 
In order to evaluate the effect of gypsum on a single porosity device, a comparision of the normal 
responses of the acoustic, neutron, and density instruments to the three primary reservoir miner- 
als versus their response to the mineral gypsum should be made. 

The presence of gypsum will be manifested on a DensiIogB as a much lower bulk density than 
would occur i f  only the normal configuration of the possible combinations of sandstone, 
limestone, and dolomite were present. This is apparent since the normal matrix value contrast is 
from 2.65 gm/cm3 for sandstone to 2.87 gm/cm3 for dolomite versus a matrix value of 2.35 
gm/cm3 for gypsum. Gypsum is a basically low gamma ray value type of mineral and exhibits a 
very high apparent resistivity. With a Densilog-Gamma Ray Log combination, a formation where 
gypsum is present can easily be mistaken for a clean formation with an optimistic porosity and 
low water saturation value. This zone could then be considered a pay section without anyone 
being aware of the presence of gypsum within that zone. 

P 
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The variation in the Neutron Log response on a limestone porosity scale varies from about -3.5 
percent for sandstone to approximately +3.5 percent for dolomite, compared to an apparent 
Neutron Log response of approximately 49 percent for the mineral gypsum. It is apparent that 
the Neutron Log response will also show an optimistic porosity when gypsum is present. Here 
again, the presence of gypsum is not readily apparent when only one porosity device is  available. 
The calculation of such an optimistic neutron porosity due to the presence of gypsum in a zone 
of interest could very easily lead to the perforation of that zone where there is no possibility of 
hydrocarbon production. 

The AcoustilogC3 provides the only porosity measurement which is  not extensively affected by 
the presence of gypsum. Due to the fact that gypsum has a transit time of 52 psec, this value lies 
within the bounds of the three major reservoir minerak(55.5 psec for sandstone to 43.5 psec for 
dolomite). Even with the Acoustilog, gypsum could st i l l  cause a porosity error of from -3 percent 
to +6 percent in a zone, depending upon the actual reservoir matrix components and the amount 
of gypsum present. 

The use-of only one porosity device does not allow the calculation of the amount of gypsum 
present or even a positive determination that there is  gypsum present within a zone of interest. In 
considering any of the porosity measuring devices discussed, if only one device is available, any 
indication of the presence of gypsum will have to come from a comparison of drill cuttings or 
core studies of the interval of interest to the actual recorded log response. 

DUAL-POROSITY INTERPRETATION 
The use of two porosity measuring devices means that a two-mineral reservoir model can be 
assumed for solving for the bulk volume percentages of each mineral and the porosity. This is  
usually done by solving the following system of equations: 

A t  = 4At f  + V,Atma, + V2Atma 
2 

1.0 = @ + v, + v, (4) 

where @ = fractional porosity 
Vk, k = 1,2 = bulk volume fraction of the total matrix 

Each of equations (1 ) through (3) represents the actual separation of the total logging instrument 
response into i t s  respective fluid and matrix components. 

Only two of the equations (11, (21, or (3) are required in addition to equation (4) to solve this 
system. Note that the solution of this system is based upon the assumption that the response of 
each porosity measuring device to the porosity and varying lithology is  a linear function. Due to 
the non-linearity of the Neutron Log response in a dolomite, it is  necessary to construct a set of 
linear straighthe functions for the neutron device when dolomite is involved in order to be able 
to use the foregoing equations. The graphical solution of this set of equations is  illustrated in 

- 2 -  
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(ma ,) 

FIGURE 1 FIGURE 2 

Figure 1. A solution is also possible for the bulk volume fraction of the matrix rock (neglecting 
porosity) as seen in Figure 2. In this case, the previous equations can st i l l  be used i f  it i s  
considered that 

Now consider the three possible co inations of two:porosity measuring devices when gypsum is 
the formation. With two-porosity devices, a much more accurate determination of the 

presence and quantity of gypsum is possible. In order to understand the gypsum effect more 
clearly, consider the dual-porosity crossplots.* t 3  

The gypsum point is prominent and isolated from the three primary matrix-to-fluid-point lines on 
,the Densilog63 vs. Acoustilog@ crossplot (see Figure 3). This plot will show the presence of 
gypsum as a distinct shift of data points to the northwest in a clean formation. Also, note that 
shale causes a shift of the data points toward the east. Depending upon the shale and gypsum 
concentration, there is a possibility that the two will cancel out each other's effect and mask the 

. presence of both shale and gypsum. Gas shifts the points toward the north-northwest in the same 
general direction as the gypsum matrix point. In a possible gas tone, gypsum will look like gas 
and gas will look like gypsum, i f  the formation contains gypsum. Secondary porosity can have 

P 
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DENSILOGB VS. ACOUSTILOG" PLOT 

2.1 

POROSITY AND LITHOLOGY DETERMINATION 
USING THE DENSILOG' AND ACOUSTILOG' 

40 50 60 70 80 90 100 
SPECIFIC ACOUSTILOG TIME, A t  ( Irsec/ft) 

FIGURE 3 

.. 

40 50 60 70 80 90 100 110 
SPECIFIC ACOUSTILOG TIME. At ( psec/ft) 

FIGURE 4 

the same effect, since it causes a westerly shift into the gypsum area. Thus, if the zone is clean 
and non-gas-bearing, the presence of gypsum may be seen on the Densilog vs. Acoustilog 
crossplot. In fact, i f  an assumption is  made that the reservoir is  composed of only one mineral 
besides gypsum, the crossplot can be scaled in terms of porosity and the percentage of gypsum 
(see Figure 4). 

In Figure 4, the assumption was made that only gypsum and dolomite were present in the 
reservoir. Note that the scaling in Figure 4 is a combination of the scaling techniques used in 
Figures 1 and 2. This i s  done in order to calculate both the porosity and the amount of gypsum 
versus the amount of dolomite in the formation. This technique can be used for any two miqeral 
pairs, but no more than two minerals a t  a time can be considered, since only two porosity 
measuring devices were involved. If the actual primary reservoir rock i s  different from that which 
was assumed, there is the possibility that a large error can occur in the porosity value and gypsum 
content calculation. 

The porosity uncertainty has always been inherent in the Densilog vs. Acoustilog crossplot due to 
the close proximity of the three primary matrix-to-fluid-point lines and the large relative 
displacements of the zero porosity matrix points of these lines. A small miscalculation as to the 
primary mineral present in  the reservoir will cause a very large error in the porosity value 
determined from this crossplot. Since each of the matrix-to-fluid-point lines is unique for each of 
the primary minerals, an incorrect primary mineral choice will result in an incorrect lithology 
triangle being assumed, and hence, an error in the gypsum content calculated from this triangle. 

- 4 -  
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POROSITY AND LITHOLOGY DETERMINATION USING 
THE EPITHERMAL NEUTRON vs. DENSILOG~ 

/ I  

4 -1.0 gmtcma 

2.9 '"t 
3.01p, 
-5 0 5 1 0 1 5 M 2 5 5 0 3 5 4 0  

EPITHERMAL NEUTRON APPARENT LIMESTONE POROSITY, 4 (%) 

FIGURE 6 

The Densilog vs. Neutron crossplot (Figure 5) is another two-porosity combination that must be 
considered. This is probably the most frequently used crossplot available today. The matrix 
porosity lines are well defined. A miscalculation in lithology will cause less than a two percent 
error in the calculated porosity value when the reservoir is composed of some combination of 
sandstone, limestone, and/or dolomite. Shale has the effect of pushing the data points in a 
primarily east-northeast direction. The presence of gas will cause a northwesterly shift of the data 
points. Since both the Neutron Log and the Densilog respond to the total porosity, secondary 
porosity does not present a problem. I f  the location of the gypsum matrix point is considered, 
it can be seen that it lies in a north-northeasterly direction from the matrix points of the sand- 
stone, limestone, and dolomite porosity lines. Thus, in order to use this plot to determine gypsum 
content, only clean or shale-corrected zones must be considered. The presence of shale forces 
the data points out away from the main porosity lines in the same manner as would the gypsum. 
The presence of gas has an opposing influence when compared to the effect of gypsum; hence, 
gas and gypsum together will cancel out each other and mask each other's presence. Thus, in order 
to determine the true gypsum content, it is  necessary to have a non-gas-bearing formation which 
is either clean, or is one in which the porosity values have been shale corrected. In this case a 
dual-mineral model of gypsum and one other mineral was assumed in setting up a triangle scaled 
to calculate gypsum content and porosity (Figure 6). 

J 

P 
This scaling works satisfactorily for the sandstone limestone lines. However, the dolomite 
porosity line is a non-linear function due to the Neutron Log response to the dolomite. This can 
be compensated for, as in Figure 7, by assuming a straight-line relationship between the fluid 
point and a pseudo dolomite ix point. In Figure 7, the calculated porosities greater than 5.5 
percent will be accurate, while those below 5.5 percent will not be as accurate. Two other 
pseudo-matrix points may be assumed to handle the range of porosities less than 5.5 percent. 
This process is acceptable i f  the actual matrix density of the mineral other than gypsum is 
known. I f  this matrix density is not correct, a large error in the calculated gypsum content and 
the calculated porosity value can occur. This can be readily seen by studying an overlay of 
Figures 6 and 7 as shown in Figure 8. 
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The remaining dual porosity crossplot combination i s  the Neutron Log vs. Acoustilog crossplot 
(see Figure 9). The gypsum matrix point is a prominent point on this crossplot and lies in a 
northwesterly direction from the sandstone, limestone, and dolomite lines. Shale affects both the 
neutron porosity and acoustic time values, and thus causes the points to move in a primarily 
northeasterly direction. The presence of gas moves the points toward the south, and secondary 
porosity causes a westerly movement of the data points. As in the previous two cases, the 
presence of both gas and gypsum have a canceling effect. The presence of both shale and gypsum 
have combined responses which can cause a point to plot as a clean point with optimistic 
porosity. Thus, in order to see the true presence of gypsum, the formation must be clean and 
non-gas-bearing. 

I f  this is the case, the crossplot can be scaled in terms of the gypsum content and the percent 
porosity by assuming a single matrix-to-fluid-point line and a gypsum-to-fluid-point line in the 

choice, along with the problem of non-linearity of the dolomite-neutron response, are s t i l l  
present. The problem of secondary porosity also enters into the calculation. Since the 
Acoustilog sees very l i t t le 6f the secondary porosity, this causes a westward shift of the points 
away from the primary matrix-to-fluid-point line. Jf the plot has been scaled as mentioned, the 
westward shift will cause the calculated gypsum-free porosities to be too low. This can be 
compensated for by changing the fluid point to pivot the porosity line through these points. 
However, all of the points are not normally considered to have secondary porosity, much less 
secondary porosity which has a linear decrease in the total amount with decreasing total porosity. 
The same argument is also applicable to changing the matrix point to compensate for the 
secondary porosity which may be present while leaving the fluid point constant. 

same manner as was used for the other dual-porosity crossplots. The same problems of matrix P 

~ 
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It becomes very apparent from the foregoing statements that there are some stringent 
requirements which must be met in order to calculate the gypsum content and the porosity from 
any of the three dual-porosity crossplots. The data points must be clean or have had a shale 
correction applied, and the matrix density of the mineral other than gypsum which was assumed 
must be accurate. Secondary porosity must be accounted for whenever an Acoustilog63 is 
considered. These requirements manifest themselves for two reasons. The three primary mineral 
lines for the crossplots are either too far apart or they are close but the zero porosity matrix 
points are shifted a long distance relative to each other (as in the Densilog63 vs. Acoustilog 
crossplot). The other problem is that the gypsum points are not far enough from the porosity 
lines, so that a change in the choice of the assumed matrix porosity line causes a fairly large 
change in the gypsum content calculation. Also, the presence of gas tends to mask the presence 
of gypsum. 

TRI-POROSITY INTERPRETATION 
The maximum number of porosity devices run in a logging operation on a single well is generally 
three. The three devices are usually composed of some form of the acoustic, density, and neutron 
devices. The availability of a l l  three porosity devices makes al l  three of the dual-porosity 
crossplots available for use in the interpretation of the well. 

M vs. N Crossplot 
The " Litho-Porosity Crossplot" technique can be employed i f  data from the three porosity 
devices are available. This technique calculates the slope of each of the matrix-to-fluid-point lines 
on the Densilog vs. Neutron Log and the Densilog vs. Acoustilog crossplots with the 
assumption that each matrix-to-fluid-point line is  to be a linear straight-line function (see Figure 
10). 

DENSlLOGm VS. ACOUSTlLOG@ PLOT 

FIGURE 10 . 

By definition, 

M =  Atf - x .01,and 
Plog - Pf 

t , where the neutron response is in apparent 
limestone porosity units. 

(@N)f - (@'N)log 

Plog - Pf 
N =  

- 8 -  
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The M values are the slopes of the porosity lines in the Densilo&s. Acoustilopcrossplot. The N 
values are the slopes of the porosity lines in the Densilog vs. Neutron Log crossplot. These slopes 
are independent of the porosity value and dependent only on the fluid and matrix 
characteristics as long as a linear straight-line response between the matrix and fluid points is  
assumed. The non-linear neutron response is  compensated for by assuming more than one 
matrix-to-fluid-point straight-line relation. Thus, each mineral has a unique set of M and N values 
(see Figure 11). The three points established for dolomite are to compensate for the non-linearity 
of the neutron response. The two points established for sandstone are due to the fact that the 

atrix travel times of sandstone varies from 51.2 psec/ft to 55.5 psec/ft. 

The presence of gypsum will be very prominent on this plot. The gypsum point is  of sufficient 
distance from the three primary matrix points to allow for an easy isolation of zones with 
gypsum content. Secondary porosity and gypsum content can mask each other's presence even in 
this crossplot. This can be seen from the north-northwest trend of gypsum and the northerly 
trend of points which contain secondary porosity. The presence of gas and the presence of 
gypsum show up as obvious differences in direction of movement, since points containing gas 
plot to the northeast and points containing gypsum have a trend to the north-northwest. The 
presence of shale pushes points to the south-southwest so that when both gypsum and shale are 
present, it is  possible to see a point which has both shale and gypsum plot within the area where 
the clean minerals sandstone, limestone, and dolomite lie. 

LITHO-POROSITY PLOT 
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Even with these problems, the gypsum point remains fairly prominent. Normally, this makes it 
possible to see those zones which contain gypsum even though secondary porosity or shale may 
be present in small quantities. This plot can be scaled into tri-mineral triangles rather than into 
dual mineral-fluid point triangles as was the case for thte dual-porosity crossplots (see Figure 12). 
Points which lie within a particular triangle are assumed to be composed of the three minerals 
which comprise the vertices of the enclosing triangle. The use of these enclosing triangles with 
three mineral points as the vertices is not as simple as it appears. Scaling the tri-rnineral triangles 
in terms of the percent content of each mineral cannot be done as easily as with the dual-mineral 
crossplots. This is due to the fact that the M .and N slope values are the tangents of the 
matrix-to-fluid-point lines. This is well illustrated in Figure 13 by the points plotted between the 
matrix points. The points designated by X are where one would assume that a 25-75, 50-50, and 
75-25 mixture of each two-mineral pair would lie. The points designated by ( 0 )  are where these 
ioints actually lie. The difference in the assumed and actual location of these points is easily 
illustrated by calculating the M and N values for a 50-50 mixture of any two minerals, and 
comparing this value to the value of the M and N coordinates of the midpoint of the line on the 
M-N plot which connects these two minerals. Thus, if one properly scales the triangles, then the 
percent volumes of the three minerals involved can be derived and a corrected porosity value can 
be arrived a t  by solving the system of equations: 

- 

- 

- 

- 

APPROXIMATE 
SHALE REGION 

I 

where Q = fractional porosity 

vk, k=1,2,3 = bulk volume fraction of the matrix, neglecting porosity, 
and1 = V, + V, + V, 

NOTE: vk, k=1,2,3 are the values determined from the M vs. N crossplot. 
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Thus, this tri-porosity crossplot is  very useful in gypsum delineation i f  used properly. An accurate 
choice of the two minerals to be used with gypsum in the tri-mineral triangle will allow the 
determjnation of an accurate value of the true gypsum content and porosity value. 

K vs. A' Crossplot 
M and N are not the only functions of slope which may be considered. Another tri-porosity 
crossplot technique which employs the use of the matrix-to-fluid-point slopes will now be 
examined. 

Consider the following: 

SPWLA NINETEENTH ANNUAL LOGGING SYMPOSIUM, JUNE 13-16,1978 

K =  Atf - x .01, where the neutron response is  in 
(@N)f - (@'N)log apparent I imestone porosity units. 

The A values are obtained by considering each of the slopes of the matrix-to-fluid-point lines on 
the Neutron Log vs. Densilog@ plot (see Figure 14A). The K values are obtained from the slopes 
of the matrix-to-fluid-point lines on the Neutron Log vs. AcoustiIog@ crossplot (see Figure 14B). 
Now consider the fact that 

'NEUTRON VS. DENSlLOG@ PLOT NEUTRON VS. ACOUSTlLOG@ PLOT 

F 

5 
Y 

P 
0 e 
a 
(0 

NEUTRON POROSITY (LIMESTONE UNITS) NEUTRON POROSITY (LIMESTONE UNITS) 

FIGURE 14A FIGURE 148 

Since M and N are constant and independent of porosity effects, then K and A are also porosity 
independent due to equations (5) and (6). Thus, there are two values, A and K, which, like M and 
N, seem to be dependent only on the fluid and ma x characterisfics and are not dependent upon 
the effect of changes in porosity. The values of M and N and, consequently, for A and K, are true 
strictly for a linear log response. The non-linearity of the neutron-dolomite response will once 
more be compensated for by making more than one choice of matrix-to-fluid-point lines, and 
thus, by the choice of more than one set of A and K values. 

- 11 - 
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A plot of the values of K and A for each of the major reservoir minerals is shown in Figure 15. 
Construction of possible tri-mineral triangles produces Figure 16. On Figure 16, gypsum shows 
up as a point far to the northeast of the sandstone, limestone, and dolomite points. This is a 
larger relative displacement of the gypsum point from these three primary minerals when 
considered in relation to the relative size of the sandstone, limestone, dolomite triangle than that 
encountered on the M vs. N crossplot. This allows for much easier detection and calcutation of 
the gypsum content if scaling of the tri-mineral triangles is again considered. The K vs. A 
crossplot must be scaled in the same manner as the M vs. N crossplot, since a plot of slope vs. 
slope is  st i l l  being dealt with (see Figure 17). 
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The presence of shale and gas present an opposing effect to the trend of the gypsum-bearing 
points. Also, secondary porosity and gypsum cannot be distinguished separately when both are 
present. It should be noted that an error in the selection of the two other minerals besides 
gypsum in a tri-mineral triangle does not necessarily mean that a large error will occur in 
calculation of the amount of gypsum. This is  due to the relatively close spacing of the sandstone, 
limestone, and dolomite points when compared to their distance from the gypsum point. 

Once the percent content of each mineral is  determined from the K vs. A crossplot, the porosity 
can be determined by solving the following system of equations: 

A t  = @ A t f  + (1  - @) platma 1 + V,At ma2 + V3Atma3] 

@N = @(@N)f+ (1  - 4 )  [v1 (@N)ma, + v2 (@N)ma2 + v3(@N)ma3] 

1 = @ + ( 1  - @ I  [vl +v2  +v3] 
where @ = fractional porosity 

vk, k=l, 2,3 = bulk volume fraction of the matrix, neglecting porosity, 
where 1 = V, + V2 + V, 

NOTE: 

In order to evaluate some of the other factors which make this plot useful, study the plot 
assuming that only two porosity tools are run. 

This is of interest since in the majority of the cases where gypsum is present, either a 
Densilog@-Neutron Log combination or an Acoustilog@-Neutron Log combination is  run. If A 
and K are considered, note that A involves the Densilog-Neutron Log combination, while K 
involves an Acoustilog-Neutron Log combination. This is not the case with the "Litho-Porosity 
Crossplot." I f  it is assumed that there is only a primary mineral and gypsum present, then there i s  
no longer a triangle, i.e., there is  a straight line from the gypsum point to a matrix point which 
can be accessed with either an A or K value to obtain a percent gypsum value (see Figure 18). 

vk, k=l,  2,3 is determined from the K vs. A plot. 
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Then consider: 
= VIAtma, + V2Atma 

A tmacorr 2 

P macorr = V I  Pma, + VzPma, 

1 = v, + v, where the neutron response is in 
apparent limestone units. 

Thus, a corrected total matrix value results, and for clean formations: 

macorr 
Atlog - A t  

= 
@'Orr A t f - A t  

macorr 

PmacOrr - P log 

Thus, there is  a method to calculate both gypsum content and porosity from a single straight-line 
relationship. The vertex-to-vertex line has again been scaled in the actual terms of percent of 
mineral content. This plot possibly could prove useful in field interpretation where both ease and 
speed of use are necessities in order 6 r  a method to prove itself a t  the wellsite. An effort should 
always be made to use three porosity measuring instruments; however, with either two or three 
instruments, the described methods lends itself to the needs of a simple and quick method of 
wellsite interpretation. 

EXAMPLES 
Example wells A through D are shown in the Appendix in order to illustate some of the advan- 
tages and limitations of each of the crossplot techniques covered in this paper. 

CONC LUSlON 
It quickly becomes apparent from this discussion that any single crossplot technique cannot give 
all the required answers. Secondary porosity, shale, and gas a l l  present problems relative to the 
calculation of gypsum content. It should be mentioned that the Gamma Ray, Caliper, 
Spontaneous Potential, and Resistivity Logs are al l  valuable in the determination of the presence 
and percent content of gypsum. In a l l  cases, a l l  available information should be utilized in order 
to provide the best answer available. All possible methods which have been discussed should be 
considered, and all those which are applicable in each situation should be used. 
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The K vs. A plot shows this reservoir is composed primarily of dolomite, anhydrite, quartz, and 
gypsum. This conclusion is supported by core data from this interval. Note the distinct trend of 
data points toward the gypsum point and the lack of secondary porosity. 
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This plot shows the trend of data points toward the gypsum point. Although the lithology is well 
defined by this plot, the gypsum trend is not as pronounced as on the K vs. A plot. 
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From this plot, it is clear that there is  
anhydrite and dolomite, but the amount of 
gypsum present is not as obvious. ' 

This plot shows a distinct trend of data points 
toward the gypsum point. Note the trend 
toward the sandstone line as the quartz 
percentage i n creases. 

The presence of both anhydrite and dolomite 
is obvious from this plot. The amoun 
gypsum present, however, is not quite as clear. 

j z:;; SNP VS. DEN . . . . . . .  . . . . . . .  
0 . )  , *Fe  

*.)I . 

: e w m  I SNP VS. AC . . . . . . . . . . . . . . . .  
10,  , I C ! =  ....... 

1, h.1 - 
....... 

a 4 r u  

.I... ............................................................................................. .......... I 0 . m  ..... 9. .. .,,,,...n. W . I m  .......... M e * *  

; ~ y : ;  DEN VS. AC . . . . . . . . . . . . . . . .  *, 1. lCyII  

a 4 r u  

................ .... ~" ............ ........... ,.,. ......... ..I. 

P 

17 - 



SPWLA NINETEENTH ANNUAL LOGGING SYMPOSIUM, JUNE 13-16,1978 

R.S¶  

7 . w  

1.11 

In this plot, secondary porosity is evident, along with the presence of gypsum. It is not possible 
to determine the quantity of gypsum, however, since the secondary porosity and gypsum trend 
are in the same general direction. 
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This plot shows the gypsum and secondary porosity trend in the same general direction. 
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In this plot, the presence of gypsum is 
detectable, but one must make an assumption 
as t o  the dolomite-limestone mixture in order 
to calculate the amount of gypsum present. 

Here, also, the presence of gypsum is shown. 
The same problem with the limestone-dolo- 
mite mixture is  encountered. The difference 
in the presence of secondary porosity and 
gypsum is  not obvious. 

The presence of anhydrite is  shown more 
readily in this plot than is the presence of 
gypsum. It is hard to differentiate the secon- 
dary porosity and gypsum. 
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/ 

Core data on this interval show it to be of a vugular nature with small amounts of gypsum pre- 
sent. It is impossible to distinguish the difference in secondary porosity and gypsum within this 
plot. However, the presence of one or the other is  shown on the plot. Notice the possibility of 
;mall amounts of shale also being in this zone. 
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This plot shows the gypsum and secondary porosity along with some shale. It is impossible to 
distinguish the difference between the secondary porosity and gypsum. 
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This plot shows only a limestone-dolomite 
mixture. There is no indication of gypsum or 
shale content. 

Neither the presence of gypsum nor of secon- 
dary porosity is apparent in thisplot. 

Secondary porosity and gypsum look alike in 
this plot. The lithology as to dolomite, sand- 
Stone, and limestone is also not obvious. . 

. ll-l c muwo SNP VS. DEN . . . . . . . . . . . . . .  
2 1  11- 

I . I D  . 

.a- 

........... 
I8.0. 

.......................... .*.n n.1. ... 1. 

:=: SNPVSAC . . . . . . . . . . . . . . . .  
p ,  1 1 m  ....... 

....... 

....... 
A e .  ...... 

...... 

...... ..... ... " .. 
a * . - ;  ...... 4 .awn- 

...I. ............................................................................................. . 11.1 ............... I.... .......... H... 

i LYE: DEN VS. AC . . . . . . . . . . . . . . . .  
I # (  I l . I M  

110.10 - 
....... 
,,*..e - 

.................................................................................................. 
,.a0 *.n I.*, I... *.'I-..* .... ..m *.I. ..I. 

- 2 1  - 

P 



SPWLA NlNETEENTH ANNUAL LOGGING SYMPOSIUM, JUNE 1316,1978 
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In this zone, the presence of shale is evident. Whether there is a secondary porosity or gypsum 
present is not obvious. 
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Shale is prominent here. The secondary porosity and gypsum are indistinguishable. 
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This plot shows a primarily clean mixture of 
limestone, dolomite, and anhydrite. 

The shale makes this plot look as if there is 
some sandstone content in the interval. Gyp- 
sum is not seen a t  a l l  in this case. 

The presence of both anhydrite and shale can 
be seen in this plot. The presence of gypsum 
and secondary porosity is indistinguishable. 
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LOGGING TESTS I N  POROUS MEDIA TO EVALUATE 

THE INFLUENCE OF THEIR PERMEABILITY ON 

ACOUSTIC WAVEFORMS 
I 

F. LEBRETON, I n s t i t u t  FranCais du Pstrole 
J.P. SARDA, I n s t i t u t  J?ran~ais du P6trole 

F. "ROCQUEME, Societe Nationale Elf-Aquitaine (Production) 
P. MORLIER, Laboratoire de M6canique des Roches de 1'Ecole Polytechnique * 

ABSTRACT 

A new acoustic parameter i s  proposed i n  view of building a 
permeability log. 

F i r s t  results of actuals tr ials performed i n  wells, are  reported. 
Then methods and results of experiments i n  a r t i f i c i a l  porous 

This new acoustic parameter seems t o  be useful fo r  evaluating 
.media are  described. 

rock permeability. 

I - INTRODUCTION 

I n  a well, the f lu ids  saturating reservoir rocks a re  more eas i ly  
detected and produced when the rock permeability value i s  known over the 
en t i re  depth of the  borehole. However, as of nowsonly porosity and water 
saturation can ,be logged continuous 

Although d i rec t  and conti evaluation of rock permeability i n  
e'permeability indications may be obtained 

e s i s t i v i t y  logs, with f i l -  
trate invasion diameter estimation. 

rock permeability measurements can always be made, : 
size cores under restored 

- from pressure tests over i ve . 

Q 

I 
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Unfortunately both cored and tested intervals always have quite 
limited thickness. 

The permeability evaluation of drilled rocks therefore seems to 
be an objective that must be attained as soon as possible. 

I.2 - Previous Attempts in That Direction 
During the 1960s, analysts tried to detect permeability from 

nuclear magnetic resonance, but specially- from acoustical methods. 

Each of these acoustic methods was based on interpreting the 
pseudo-sinewave impulse (12 to 30 kHz) already chosen by logging companies 
for measuring compressional wave velocity over short intervals. 

The principal attempts were the following : 

a) - Amplitude measurements (Morlet-Schwaet zer ) 
From actually recorded signals, these authors found 

between amplitude and lithology, between pore saturating fluid, "matrix' 
continuity", and permeability ; but they were more interested in studying 
the influence of transducer shape on various signal amplitudes. 

relationships 

b) - Attenuation lo@; (Morlet-Schwaetzer) 
The above mentioned work led its authors to propose a tool consis- 

ting of a transmitter and two receivers, together with special recording 
equipment. 

when both receivers are situated in similar acoustic impedance media. 
Attenuation, but not permeability, can be derived from such a log 

c )  - Absolute amplitude interpretation (Morris et al. ) 
According to these investigators, fractures encountered by the 

path of an elastic wave weaken its amplitude. The influence of fracture orien- 
tation on amplitude seems to be defined, at least in the laboratory. 

d) - Measurement of the first pseudo-period of the compressional 
wave and total energy of the acoustic signal, are linked by 

Fons (7) to the permeability value and to open fracturing in porous media. 
Indeed, empirical applications of these measurements have sometimes been 
useful. 

e) - Continuous recording of the signal, known as "variable density 
display" (Christensen (8) and Walker ( g ) ) ,  suggests that the "Chevrons" on 
that display correspond to fractured intervals, whether or not these fractu- 
res are open. 

- 2 -  
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f )  - The "MICROSONIC" (Schlumberger (10)) was used t o  give a 
shear-wave (t 300,000 Hz) amplitude log. This wave amplitude w a s  normally 
weakened af'ter passing through fissured or  fractured media. 
l'MICROSOMIC" would not always se lec t  the shear-wave properly. 

But the  

S g )  - The - r a t i o  of shear-wave maximum amplitude (s) t o  a compres- 
s ional  wave- amplituEe ( c )  having circulated i n  a rock volume w a s  proposed 
by Zemanek (11) as a permability index of tha t  volume. However, it does not 
discriminate between s h e ,  impervious and clean permeable intervals .  

wave first amplitude i n  the received s igna l  (Thurber (12) and Grosmangin (13) 
makes up the "Cement Bond Log". Also the  "Variable density dispaly" m a y  indi- 
cate  the cement bond t o  casing (Brown, Grijava, Raymer (14) .  But the special  
configuration of the medium is not then representative of normal open-hole 
conditions. 

h )  - I n  cemented-cased wells, measurement of the compressional 

i) - Last but not l e a s t ,  i n  s t r i c t l y  intergranular porosit ies,  a 
permeability estimate may be derived from a combination of logs (Coates, 
Dumanoir (15) and RGga-Clemenceau (16) ) . But fissures , fractures and/or 
clay content disturb tbe qual i ty  of these estimates. 

0 

0 0 

The abovereferenceslead t o  the  conclusion tha t ,  after an acoustic 
signal has circulated in to  a rock o r  any porous medium, i t s  shape and ampli-  
tude are normally affected. The s igna l  therefore represents a kind of "signa- 
ture", implying cer ta in  physical properties of the porous medium.  

and rock porosity (blyllie, 1955)has been firmly established. 
However, up t o  now, only the relationship between wave velocity 

I1 - 
s t i c  parameters, logging 

companies have recorded a great number of signals i n  w e l l s ,  and the choice 
of our new parameter came from an examination of these sign 
t i o n  strengthened by : 

, an examina- 

a) - the model we had of saturated porous media i n  a t ransi tory 

b) - the comparison of thisparameter With d i rec t  permeability 
vibrating state, 

measurements made on these media. 

As a word of caution, we must remind the reader t h a t  emitted si- 
gnal chara te r i s t ics  were then unkown t o  us. We knew only that the emission 
type was constant,andtherefore the shape and amplitude had t o  be constant. 
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11.1 - Definition of the New Parameter 

Commercial t o o l  transmitter-receiver spacings are currently between 
three and s i x  feet. Signals are recorded at the rate of one per foot or  per 
two feet. 

Figure (1) shows the shape of a s ignal  as usually received, i n  t h a t  
it comes on the scope while the sonde i s  going up the  borehole. 

The first cycles cer ta inly belong t o  a compresional wave, followed 
by a wave whose velocity is  tha t  of a shear-wave having passed through i n  the 
same medium. 

Several s ignal  examinations show an interference later than compres- 
sional-wave ar r iva l ,  but earlier than normal shear-wave a r r i v a l  t i m e .  

The parameter chosen i n  the compressional wave is  : 

V2 and V3, being the amplitudes of the first three half-cycles 
of that compressional wave. On signals recorded i n  several  wells, we noticed 
that t h i s  parameter ranges from about 1.5 t o  about 20. 

V 1  , 

This var ia t ion range was later defined when we were able t o  study 
the  emitted signal,  transmitter and receiver character is t ics  from our own 
sonde ; these same character is t ics  being unavailable fo r  commercial sondes. 

11.2 - physical Meaning of IC 

As a working hypothesis, we can today consider t h i s  parameter, re- 
presentative of the shape of the wave, as a measurement of the attenuation 
influence Of a f r i t t e r i n g  medium on a constant impulse (17) 

Here the f r i t t e r i n g  medium i s  a saturated porous medium, and the impulse 
is  an acoustic one. 

The presumed source of loss  i s  the r e l a t ive  solid-fluid motion, 
because i n  consolidated porous media, energy dissipation due t o  solid-solid 
f r i c t i o n  or liquid-liquid f r i c t i o n  is  always smaller than tha t  due t o  so l id  
f l u i d  f r ic t ion .  

v2 + v3 
V l  

I C  = 

We think tha t  energy dissipation w i l l  a l ter  the  shape of a t ransi-  
to ry  s ignal  : we propose t o  show t h i s  a l te ra t ion  by the IC index. 

In  a medium of given porosity and saturation, energy dissipation 
w i l l  increase with permeability. A relationship between these factors  and 
the IC index could then be expected. 

t 

- 4 -  
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This relationship,  as we sha l l  see, appears t o  be single-valued, 
and opposite a given well in te rva l  the IC index and permeability value in- 
deed seem t o  vary i n  the same direction. 

I11 - EARLY TRIALS IN 37 WELLS 

Based on the conclusions of the above study and thanks t o  the help 
of ARTEP* and the kindness of logging companies, between 1963 and 1968 we 
studied acoustic signals recorded w i t h  indus t r ia l  sondes, such as the "Sonic", 
fo r  measuring wave velocit ies.  

These signals came from open-hole intervals  surveyed i n  37 w e l l s  
d r i l l ed  in to  different  o i l  provinces.Ic index logs were then compiled f o r  
these 37 wells, and we t r i e d  t o  compare the i r  variations w i t h  those of permea- 
b i l i t y  measurements evaluated d i rec t ly  on the d r i l l ed  rocks. 

111.1 - Direct Permeability Data i n  These Wells 

Due t o  the scarci ty  of such measurements, we collected information 
on rock permeability from ev possible source. 

This information was of unequal value. 

I n  a decreasing order of r e l i a b i l i t y  we f 

- f l o w  measurement on whole cores, - flow measurement on sampled plugs, - flowmeter logs, 
- tes t  resu l t s ,  but unfortunately without having available any re- 

~ 

corded curves of built-up pressures. 

111.2 - Comparison of "IC" vs . Direct Permeability : "K" 
This comparison is  summed up i n  the following tab le  made out i n  

cooperation w i t h  the  o i l  companies involved. 

* 
AEtTEP : A French Association fo r  research i n  o i l  production techniques ; 

IF'P, SNEA (P) , CF'P and GDF are i t s  present members. 

Q 
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IC .vs .K 
agreement * 

I 
Number and origin of direct 
permeability data 

IC .vs .K 
disagreement 

8 (whole cores) 

12 (sampled plugs) 

14 ( f lowmet ers ) 

16 (tests) 

10 

TABLE I 

4 

8. 0 

9 

12 4 

a) - A n  examination of this table shows that IcvsK disagreements 
never occur when K was estimated on whole cores whose volumes may be consi- 
dered really representative of the acoustically investigated volume. 

\ 

b) - Divergences between flowmeter and test results on the one hand, 
and IC indications on the other hand show that the new parameter IC, the way 
it was then taken, may be blind to certain permeable intervals. However, it 
should be noted that the disagreements noted here were always obtained oppo- 
site gas reservoirs which were tested only after the casing had been set, 
cemented and perforated, whereas, of course, acoustic signals had been re- 
corded in the open-hole. 

111.3 - Function Linking IC and Permeability 
In the only wells where rock permeability was known on whole cores, 

flow measurements were always made along the core axis. Under theseconditions 
the following relationship is suggested : 

Kv 
IC = a1og - + p 

CL' 
with Kv = vertical permeability 

= rock wetting fluid viscosity 
a,@ = constants for a given equipment and a given well. 

* There is agreement between IC vs K : 
either : when a correlation coefficient higher than 0.5 is found between 
both parameter series. 
or : when every high IC index interval corresponds to a productive interval, 
and every low IC index interval corresponds to a 100 shale interval. 

- 6 -  
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111.4 - Repeatability of IC Measurement in a Given Well 

ing to information given by logging companies a reasonably 
constant emitted signal could be expected. On the other hand,sonde excen- 
tering has a serious effect on the successive amplitudes of the signal re- 
ceived, and good centering is not easily obtained if only because the bore- 
hole section is not always circular. 

Figure (2) explains how eccentering o the hole and/or to the 
sonde may generate out-of-phase components between various acoustic paths 
into the rock around the borehole. This eccentering particularly affects 
mplitudesV2 and V3 and therefore E 3  . 

Morlet (ref. 3) must be borne in mind, because the transducer's cylindrical 
shape can not be equated with that of a single point. 

v1 
To these eccentering problems, disturbances already reported by 

111.5 - In spite of some encouraging results, we could not go on with this 
type of experiment because they all had to be made with equipment which we 
were not able to control or modify, inside wells where rock permeability 
was known over intervals 
limited. 

ose cumulative thickness was, and would always be, 

IV - EXPERIMENTS IN ARTIFICIAL POROUS MEDIA 

Therefore we chose to start a new study in a large, specially built 
model where every geometric parameter could be controlled : 

- transducer positions, - sonde stand-off in the hole, - mud-cake thickness, - log investigation radius, 
and, of course, 

- direct porosity and permeability measurements. 
In addition it was now possible to know transducer characteristics 

precisely, as well as the transfer function of the receiver and transmission 
cable. 

V.l - Objective 
* This new type of experiment was aimed at comp g the new acoustic 0 
index IC with direct permeability measurements made on the porous model, 
whose petrophysical properties were verifiable at all times and at every 
point. 

- 7 -  
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Indeed, along t h i s  model, we wanted permeability t o  be the 
only variable parameter : so i ts  range of values' had t o  be l&ge, fo r  ins- 
tance 1 t o  1000. O f  course t h i s  ta rge t  cannot be reached when every other 
factor  such as : 

- porosity, - density, - specif ic  surface area, - st ructure ,  etc.... 

remains constant, since a l l  these petrophysical parameters are  linked 
together ; but s l i gh t  simultaneous al terat ions of these factors  made it 
possible t o  modify the permeability level.  

a cylindrical  
borehole of usual s ize ,  t h i s  model first had t o  ac t  as an i n f i n i t e  medium 
fo r  acoustic logging ; it had a lso  t o  be sui table  fo r  every type of measu- 
r ing and sampling. 

In  order t o  simulate saturated porous rocks ar 

IV.2 - Building the Model 

These conditions were respected by building the model from mortars 
(cement, sand, water, additive).  These mortars were placed i n  a rectangular 
p i t ,  buried i n  and f lush w i t h ,  the  ground. Its dimensions were : 

1.4 x 1.4 x 12 m i.e. 5' x 5' x 40' 

The p i t  w a l l s  were made out of an impervious concrete without any 
iron. The p i t  ends were extended by troughs useful for  d i l l i ng  and emptying 
the p i t .  

Three different  permeable media were placed i n  t h i s  p i t .  The least 
permeable was sandwhiched between the two more permeable ones. 

The w e l l  was simulated by a semi-cylindrical hollow volume (Figure 
3)  extending across the three media of the model. This arrangement gave good 
access t o  any papt of the w e l l  and of the sonde. 

IV.3 - Petrophysical measurements 

a) - Measurements made on samples taken from the mortars while 
casting them. 

The model is made up of three different  mortars (sand of given 

grain s ize ,  cement, water, additive, i n  given proportions) poured in to  the 
put simultaneously. 

Their permeability and porosity data, as measured on the check- 
samples,are i n  agreement with the  expected trends : see following table 11. t 

- 8 -  
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TABU I1 

11. intermediate Intermediate 

In view of the way these mortars were made, there was no reason to 
believe that their structure should be anisotropic ; however they might have 
been heterogeneous and measurements on check-samples are not sufficient to 
represent them. 
in the very volume where the acoustic 
the simulated well. 

The permeability of the s therefore had to be evaluated 
e actually travelling, all along 

b) - Core Data of the Model North Side 
After completion of all the acoustic logging,thirteen vertical cy- 

linders (d = 10 cm, h = 30 cm) were cored 4 cm from the well surface all along 
the plodel's North si 

The distance between cores was about 80 cm. 

The core sampling of the model's North side amounted to only 10 5 
of its t o t a l  length.However, vertical and horizontal permeability data ob- 
tained on these cores were found to be scaled as expected (Figure 5 ) .  

ility of the mortars left 

lumes left empty after 
ed the timing of the 

water build-up inside the voids. The results are noted in Figure 6. Once 
again permeabilities are scaled as expected. 

model's North side permeability, since they cover 90 % of the model's North 
side. 

. The data in Figure 6 are'considered the most representative of the 

- 9 -  
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i d) - Direct Permeability Measurement on the Model's South Side 
On this side we decided to measure the mortar permeability by 

injecting a water flow, i.e. by a non-destructive and repeatable method. 

A piezometric tube (Figure 7 ) was attached to the flat vertical 
surface of the well and through it water was injected under low pressure 
(2 psi). The injection points were as near as possible to each other , i .e. 
every .25 m and .25 m below the water level in the model. 

The results w e  reported on Figure 8. Water-flow data are propor- 
tional to the absolute values of permeability all along the model's South 
Side. . -  

- 

e) - Porosity Loa Data 
Relative porosity measurements of the mortars were made by running 

a gamma-gamma density log and a velocity ("Sonic") log all along the well 
in the model. Absolute porosity could be derived from both these logs if 
proper porosity calibrations had been made on similar mortars. 

According to check-sample data, these mortar porosities range from 
20 % to 24 %. This represents a slight relative variation for the model as 
a whole. 

Thanks to these density and velocity logs, it is confirmed that, 
placed in the middle of the model, the most impervious mortar has a porosity 
of at least 15 % and an average porosity of more than 20 %. 

As supplementary information Figure 9 gives the velocity log. The 
specific transit time ranges from 75 to 105 psec/ft, and this suggests a 
porosity range of about 15 % to 35 %. 

f) - Acoustic Data 
The acoustic equipment used in our present experiments was initially 

made up of industrial tools that we progressively modified. 

We tried above all to make a transmitter and a receiver in such a 
way that they would behaveas if they were geometric points.. 

Eventually all the necessary prerequisites were merged into the 
design and manufacture of an experimental sonde whose performances Will now 
be described. 

With that sonde, we evaluated : 

a) - Effect on the IC index of a mud-cake deposited on the 
well bottom surface, 

- 10 - 
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b) - Determination of the investigation volume of the IC acoustic 
index. 

c )  - Determination of IC index over a 0.8 m spacing and t h i s ,  every 
0.2 m along the well. 

I V .  4 - Mud-cake Effect on Various Acoustic Measurements 

e deposited over any section of the path of a 
-(the compressional wave i n  the present case)- should attenuate i t s  amplitudes. 

In  an actual w e l l ,  cake is  made up of clay, cutt ings,  mud, and addi- 
t ives  ; cake thickness may range up t o  3 cm. 

I n  the present experiment pure sand, then bentonitic cakes of con- 
t ro l l ed  and varied thicknesses were deposited along the  w e l l  bottom, and we 
noted t h e i r  e f fec ts  on acoustic signals emitted by our sonde. 

Each of the first three amplitudes, V 1 ,  V2 and V3 was  measured f o r  
each cake thickness. 

Results are  displayed i n  Figure 10. They show a strong amplitude 
reduction proportional t o  increase i n  cake thickness. 

For example, when cake thickness increases from zeroto 3 cm, w e  note 
an amplitude reduction by a factor  of 9 ,  while the  IC index remains constant 
at  2 20 % and pa r t ,  of t h i s  lat ter variation may be due t o  mistaken readings 
on V1, V2 and V3. 

ments may be performed i n  a model-well f i l l e d  w i t h  clear-water. 
This data leads t o  the conclusion that all fur ther  IC-index measure- 

On the contrary, amplitude measurements, i f  any, should take cake- 
thickness and sonde stand-off i n to  account. Conversely, attenuation data might  
provide information about cake character is t ics .  

I V *  5 

In  order tha t  the petrophysical measurements made on the model may 
be compared w i t h  IC values, we must define the shape of the zone investigated 
by the  acoustic parameter. 

In  any medium and f o r  an acoustic measurement, the depth of the in- 
vestigated zone i s  , i n  par t icu l  

- Signal frequency, - Wave propagation ve - transmitter-to- receiver spacing, 
- transducer geometry. 

- 11 - 
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Normally the investigated zone will increase with the wavelength, 
i.e. when the frequency is low and the medium is "fast". 

Taking for granted that our sonde reading level is at approxima- 
tely the spacing dd-point, and in view of the present signal pseudo-fre- 
quency (about 15,000 Hz), we worked out an experiment for evaluating the 
sonde investigation radius at this mid-point and for this frequency. 

Sixty centimeter and seventy-centimeter spacings were tested. 

Two-centimeter wide cylindrical grooves were successively drilled 
into the mortar, starting from the pit-wall, then going nearer and nearer 
the central well. 

Between each new groove drilling, acoustic measurements were per- 
formed and we noted an increase from 9 to 27 for the IC-index when the groove 
discontinuity is situated between 3 cm and 16 cm from the well surface. 

Discontinuities beyond 16 cm have no effect what-never on the IC 
index, cf. figure (11). 

From another experiment described later on in this paper, we knew 
that a core removed 8 cm from the well surface provokes in the model a ais- 
continuity which increases the IC index taken with an acoustic sonde of the 
same spacing. 

Hence we conclude that in this case the average investigation 
depth measured from the well surface was about 12 cm. Since the compressio- 
nal wavelength in this particular mortar is about 26 cm, the investigation 
depth seems to be equivalent to half a wavelength, which agrees with pre- 
viously reported experiments. 

1v.6 - Interpretation of IC Index vs Permeability K 
For the three porous media of the model, we found it convenient 

to distinguish between the North and the South sectors, i.e. the two sides 
of the horizontal well. Indeed the first acoustic logs run had shown diffe- 
rences between the mortars in the two sectors : the North side was more he- 
terogeneous,and the South side more homogeneous. 

IC reference logs vs. K were therefore taken on each side. 

North Side 

IC index : the log will be found in Figure 12. 
Permeability K : The log of water-build up in core-holes will 

N.B. : After the thirteen cores had been taken from the North 
be found in Figure 7. 

side mortar, a new IC log was built, which Will be found 
in the same Figure 12. 

- 12 - 
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South Side 

IC index : the log Will be found in Figure 14. 
Permeability K : the injected flow log Will be found in Figure 8 

and 8 ,b, 

IV.7 - -  IC vs.K : North Side 
~~ 

Each of-the IC values found before coring was plotted versus the 
water height linearly interpolated between the two nearest values actually 
found . 

.!€his permeability. evaluation encompasses a volume greater than 
does the acoust’ic reading; Therefore the above-mentioned plot does not yield 
a calibration of IC as a function of K. However, true to forecasts, the IC 
index increases qualitatively with permeability. 

Af’ter the cores were removed, the model’s North Side simulated 
highly broken rock with large open cavities. The change undergone by IC is 
better displayed by superimposing both logs before and after coring (Figure 
13) 

When the compressional wave investigated zone includes one of the 
voids left by the cores, the IC index should normally increase, and indeed 
it does. 

On the contrary, when the compressional wave investigated zone in- 
cludes no voids, the IC index should keep its previous value, and in fact it 
does 

Examination of Figure 13 shows how advantageous it’trould be to re- 
sume these experiments in natural media whose permeability is partially gene- 
rated by fractures. 

IV.8 - Ic.vs.K, South Side 
First let us remember that on this side the mortal is reasonably 

, homogenous. 

Moreover, along the well, permeability K (every .25 m)and the IC 
index (every .20 m) were evaluated with good accuracy over equivalent volumes 
and with the precautions listed in IV.5. 

The corresponding IC vs.K semi-logarithmic plot is therefore the 
most representative of all our experiments. 

Figure 16 shows that South Side permeability is evaluated by the 
IC index idth an error smaller than half a decade. 

- 13  - 
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V - CONCLUSION 
With the objective of logging rock permeability i n  wells, and 

following observations made on industr ia l ly  recorded acoustic waves, w e  
s ta r ted  studying an index some of whose properties are reviewed here. 

Then th i s  index was compared with permeability over rock inter- 
vals i n  a number of w e l l s .  The outcome warranted fur ther  study 6f t h i s  
index i n  a large-size model simulating an actual  d r i l l ed  well, and in wnick 
permeability was the only petrophysical parameter showing large variationc. 

A l l  the  resu l t s ,  and most especially those obtained whith t h i s  
model and with our own sonde, lead us t o  propose the  logging of t h i s  index 
i n  order t o  evaluate in-situ rock permeability alongside the w e l l  bore. 

0 

0 0 

This work was perf~,rxx3 with -L1;2 help of ASSGCiA'I 'ION DE I-:Ei_ i.ERCEE 
DES TECHNIQUES DE FORAGE ET PRODUCTIOM (ARTEP) . 
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THE LATEROLOG GRONINGEN PHANTOM 

CAN COST YOU MONEY 

R. Woodhouse : The B r i t i s h  Petroleum Company Limited,  
London, England. 

ABSTRACT 

Early Laterolog t o o l s  had erroneously high readings below high resis- 
t i v i t y  beds - t h i s  became known as the  'Delaware Effect'. S h i f t i n g  the 
measure cu r ren t  r e tu rn  electrode t o  surface s i g n i f i c a n t l y  reduced the 
problem. 

The new generation of deep reading Laterolog t o o l s  is shown i n  t h i s  
paper t o  be affected by the 'GRONINGEN PHANTOM' - a new manifestation of 
t he  old Delaware Effect. The Phantom has been observed t o  a maximum 
dis tance of 272 feet (83 metres) below high r e s i s t i v i t y  beds. The 
erroneously high r e s i s t i v i t y  reading of the Phantom is greatest when Rt is 
low. Log readings of three times the co r rec t  deep Laterolog reading are 
common. 

Examples of the Phantom i n  shale beds, water and hydrocarbon bearing 
sandstones are presented together wi th  observations i n  eleven wells. 

The GRONINGEN PHANTOM c o s t s  you money when it  leads t o  un jus t i f i ed  
optimism - t he  s e t t i n g  of a l i n e r  and the flow t e s t i n g  of 'Phantom 
Hydrocarbon' . It is equally important that a c t u a l  hydrocarbon bearing 
zones are not dismissed as Phantoms. Careful consideration must be given 
t o  a l l  t h e  evidence i n  a well and t i c u l a r l y  the LLS, micro-resis t ivi ty  
and neutron/density logs. 

GENERAL INTRODUCTION 

Older configurations of the l a t e r o l o g  r e s i s t i v i t y  t o o l  showed some 
The Guard, LL3 and seven unusual responses below high r e s i s t i v i t y  beds. 

e l ec t rode  systems with t h e  measure cu r ren t  r e t u r n  e l ec t rode  i n  the  
showed the Delaware Effect (Suau et a l ,  1972). Log r e s i s t i v i t i e s  
times the  normally expected values were observed f o r  70 feet below 

measure cu r ren t  r e t u r n  e l ec t rode  t o  surface reduced t h e  
problem. Se lec t ion  of a reduced measure cu r ren t  frequency f o r  t h e  simul- 
taneous nine electrode a r r ay  was reported t o  have solved the Delaware 
Effect. The Anti-Delaware Effect, a reduced r e s i s t i v i t y  f o r  about 15 feet 
below a high r e s i s t i v i t y  bed, was reported by Suau, 1972, t o  be solved by 
the  nine t r  01 

R 
It has become clear t h a t  these modern t o o l s  still exh ib i t  imperfect 

measurements i n  the same areas as the old Delaware Effect. It is 
understood t h a t  t h e  problem was first recognised i n  the  Groningen gas f i e l d  
i n  t h e  Netherlands - hence the name the 'Groningen Phantom'. A l l  deep 
reading l a t e ro logs  with a measure cu r ren t  r e tu rn  a t  surface exh ib i t  the 
'Groningen Phantom' t o  some extent .  

- 1 -  
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OBSERVATIONS OF THE 'PHANTOM 

Well G (Figure 1) 

The lithology is halite (salt) above 1995m with shale below. The 
The shale below 2040m has a 

here the micro SFL and the LLD are equal, 
Starting at about 2034m the 

The LLS and MSFL 

halite has practically infinite resistivity. 
resistivity of about 2/5 0hm.m; 
and the LLS is a little greater at 3.0 0hm.m. 
LLD gradually increases until at 2002m it reads 6 0hm.m. 
continue to read'the same as previously. 

Since the formation is shale and the hole is not badly caved the 
separation between the resistivities is not caused by hydrocarbon. 

Well B (Figure 2) 

Above 1774m the formation is anhydrite; below 1774m it is shale. 
Below 1850m the LLD shale is about 0.7 and the LLS is about 0.6 0hm.m. 
Above about 18331 the LLD and LLS diverge gradually until at 1805m the LLD 
is about 1.5 when the LLS remains at 0.6 0hm.m. Above 1799m there is a 
sudden jump in the LLD to about 4 0hm.m. 

As with Well G this separation is not caused by hydrocarbon, caving, 
change in shale resistivity or operator error. 

Well A (Figure 3) 

The lithology above 1600m is halite followed by shale to 1610m and 
then a sandstone with interbeds of shale. Below 164Om the LLD and LLS are 
equal at about-0.4. The MSFL read 0.6 0hm.m (not shown on Figure 3). 

Above 164Om the LLD and LLS diverge until at 1626111 the LLS (and MSFL) 
are unchanged whereas the LLD reaches 0.55 0hm.m. This might be caused by 
hydrocarbon except that the LLS (and MSFL) both continue to indicate 100% 
water saturation values. Note also that the LLD in the shale reads higher 
than the LLS. 

Patterns begin to emerge from these three examples. A further eight 
examples were investigated. 

Data from Eleven Observations 

Table 1 shows relevant data from eleven wells where there are modern 
nine electrode laterolog measurements below high resistivity beds. The 
code letters for the wells correspond with those of the example log suites. 

DEDUCTIONS FROM THE OBSERVATIONS 

Two parameters usefully describe the Phantom - the resistivity error 
and the Phantom height. 

Resistivity Error 

Figure 4 shows the values of actual log readings versus an estimate of 
the true log reading (taken usually from the LLS). 

- 2 -  
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The maximum observed resistivity error is at low resistivity. A log 
reading of 1.5 0hm.m can occur in a formation of 0.5 ohm& The error 
decreases with increasing resistivity until above 30 0hm.m there is 
practically zero error. 

If a water bearing sand res stivity is close to 0.5 0hm.m the Sw would 
be calculated'at about (0.5/1.5) 1 or 55% and the zones would appear rather 
optimistic. 

The two data points (B and G) with larger errors may have some other 
problem besides the Phantom so this data has not been used to estimate the 
maximum Phantom resistivity error. (These two responses are reminiscent of 
the Delaware Effect). The bold line drawn on Figure 4 is the MAXIMUM 
OBSERVED Phantom. There are many observations with a lower resistivity 
error. It would therefore appear that the chart is difficult to apply. In 
practice the Phantom would be diagnosed from the logs in an individual well 
and the chart would add confidence from'previous observations. 

Phantom Height 

Figure 5 shows a plot of casing distance versus the height of the 
observed Phantom. The average resistivity of the formation with the 
Phantom is shown by each data point. In the examples, the casing is always 
shallower than the base of the high resistivi 

The maximum observed Phantom height is 83 (272 feet) and occurs 
when the casing is close to the base of the high resistivity bed. No 
Phantom is observed at high formation resistivity. There is a general 
trend of decreasing Phantom height with increasing formation resistivity 
and with distance to the casing shoe. It is understood that the Phantom 
exists even when the casing penetrates below the high resistivity bed. 

It is again emphasised that the line on the plot is the MAXIMUM 
OBSERVED height. As,with the resistivity error discussed above, the chart 
should be used to add confidence to a diagnosis arrived at using the 
individual well data. 

EXPLANATION FOR THE PHANTOM 

ormation the measu current flow spreads out over a 
very large volume of formation after the current leaves the focused current 
sheet. Therefore a potential very close to that of B, the measure current 
return electrode, will be created at the reference potential electrode N. 
The current spread over a large volume is a pre-condition to the use of N as 

Figure 6 shows schematically what happens to the LLD measure currents 
an infinite resistivity bed is interposed between the tool and the 

surface. Since low frequency alternating current is used for the tool 
there is a finite skinodepth* bf about 85 metres for a one 0hm.m formation. 
The measure current "sees" the return path via the borehole mud and casing 
as a lower resistance path than the high resistivity bed. The current 

lus trated 
R 

7% loss. 1-1 = permeability of 
freespace. 

u =  conductivity of 
medium (ohm/m) 

f = frequency in cps. 

- 3 -  
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Although the r e s i s t i v i t x  of the a c t u a l  formation remains unchanged, 
the concentration of t he  current  l i n e s  increases  the  resistance presented 
by the formation and more po ten t i a l  is l o s t  than i n  the  homogeneous case 
before they reach the reference electrode N. A s  far as the electrode a r r a y  
and e l ec t ron ic s  are concerned the measured r e s i s t i v i t y  is higher than it 
would have been i n  the absence of measure current  flow-line concentration. 

The f a c t o r s  influencing t h e  magnitude of t h e  Groningen Phantom can now 
be analysed. The Phantom is greater when there is a greater preference f o r  
the measure current  t o  flow i n t o  t h e  borehole. It w i l l  therefore  increase 
i n  magnitude with increasing: 

High r e s i s t i v i t y  bed r e s i s t i v i t y .  
High r e s i s t i v i t y  bed thickness.  
High r e s i s t i v i t y  bed areal extent.  
Proximity of the casing shoe. 
Mud conductivity (and hole diameter?). 
Frequency of measure current .  
Formation conductivity. 
Distance of f a u l t s  and o the r  casing s t r i n g s  
through the high r e s i s t i v i t y  bed. 

Presence of  fur ther  high r e s i s t i v i t y  beds 
up-hole. 

I 

The Phantom has now been observed and explained i n  simple terms. The 
explanation i n  terms of electromagnetic theory we  leave t o  others.  

HOW DOES THE PHANTOM COST YOU MONEY? 

Well H (Figure 7) 

Well H shows an LLD with a long r e s i s t i v i t y  gradient.  The i n t e r v a l  
2622-263% shows a subs t an t i a l  separat ion between the LLD and the LLS (1.8 
and 0.6 ohm.m, respect ively) .  The LLD suggests an Sw of 50-60%. 

Optimism grows. 

I n  the i n t e r v a l  2585-2605111 the hole is badly caved but the GR and the  
sonic  ind ica t e  a changed l i t ho logy  with a porosi ty  of about 8%. The salt 
sa tu ra t ed  formation water has an Rw of about 0.02 0hm.m so the 100% water 
bearing formation would have a r e s i s t i v i t y  of 3 0hm.m. The LLD reads more 
than th i s .  

Optimism grows again and leads t o  a DST. 

Closer inspect ion of t he  LLS shows that i t  remains close t o  R 

The DST produced water and 
not the expected hydrocarbon. 

throughout. If hydrocarbon is present it can reasonably be expected that 
the LLS would be influenced by a t  least r e s idua l  hydrocarbon sa tu ra t ion .  
I n  this p a r t i c u l a r  area t h i s  formation is a gas prospect and if gas were 
present i t  should be seen as a separat ion on t h e  neutron/density combi- 
nation. 

i 
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Previous observations summarised on Figure 4 and 5 show t h a t  i n  Well 
H, where the  casing is only 12 metres above the base of a 165111 th i ck  high 
r e s i s t i v i t y  bed, a long (60-9Om) Phantom can be expected. The LLD and LLS 
a c t u a l l y  begin t o  separate a t  2660m, 83 metres below the high r e s i s t i v i t y  
bed. A t  2630111 the LLD reads 1.8 0hm.m. Figure 4 i nd ica t e s  a m a x i m u m  
co r rec t ion  down t o  about 0.6 0hm.m. A t  2600m the LLD reads 7 0hm.m and the 
corrected value is about 4 0hm.m. Both these corrected r e s i s t i v i t y  values 
are almost equal t o  the LLS readings. 

The "Phantom Hydrocarbon" disappears. Careful inspection of the  
individual  well data and the previous observations i n  Figures 4 and 5 w i l l  
lead t o  less op t imis t i c  evaluations and money can be saved by not t e s t i n g  
t h e  "Phantom Hydrocarbon". 

WHAT HAPPENS m N  HYDROCARBON IS PRESENT? 

Well F (Figure 8) shows an LLD which can be expected t o  exh ib i t  the  
Phantom because t h e  r e se rvo i r  l ies  under 442 metres of evapori tes  and the 
casing is 1150 metres above. The beginnings of a possible  Phantom occur a t  
about 6116 feet where the LLD and LLS separate. 

However, the LLS and the neutron/density c l e a r l y  ind ica t e  the 
The well was tested over the i n t e r v a l  

\ 

presence of gas above 6090 feet. 
6017-6089 feet and produced 21 MMSCFD gas and water. 

Closer inspect ion of the t r a n s i t i o n  zone shows no gas indicat ions on 
the LLS and neutron/density below 6090 feet. The LLS has the water bearing 
formation r e s i s t i v i t y  and t h e  neutron/density separat ion is t h e  same as i n  
the water bearing sandstone below. The hydrocarbon suggested by the LLD 
below 6090 is "Phantom Hydrocarbon". 

Because of the Phantom, the  corrected LLD reads less than the log  LLD 
i n  t h e  whole of the gas bearing sect ion.  Invasion correct ions would again 
boost Rt t o  some unknown higher value but t h i s ,  of course, is an e n t i r e l y  
sepa ra t e  problem t o  the Groningen Phantom. 

I n  t h i s  case t h e  raised 
LLD might e a s i l y  have been dismissed as a Phantom. The o the r  l ogs  such as 
an Induction, LLS o r  micro-resis t ivi ty  t o o l  be c a r e f u l l y  inspected. 
Indeed they become the PRIMARY r e s i s t i v i t y  logging too l s .  

A quick look a t  the LLD alone is dangerous. 

EXPERIMENTS TO OVERCOME THE PHANTOM 

It is understood that  the r e s i s t i v i t y  bedding and current  flow 
a l t e r a t i o n  have been successful ly  modelled. The appearance of the Phantom 
can be predicted.  T h i s  gives  some reason t o  hope that a so lu t ion  can 
eventual ly  be found. However, as far as the author  is aware, no new t o o l  
has a c t u a l l y  been designed - indeed such a t o o l  may be too c o s t l y  f o r  the 
industry t o  j u s t i f y  new hardware. The present  LLS and induction t o o l s  may I 

1 be cheaper t o  run. 
1 
I 

i 

R 
The Phantom can be detected now by repeat ing the LLD wi th  a d i f f e r e n t  

This  changes the formation impedance and therefore  the  magni- frequency. 
tude of the Phantom. 

I 
i 
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1. 

2. 

3. 

4, 

5. 

6 .  

CONCLUSIONS 

On first inspect ion of any deep reading l a t e r o l o g  with measure 
cu r ren t  r e tu rn  a t  t h e  surface,  t he  readings below high r e s i s t i v i t y  
beds should be reviewed. Long r e s i s t i v i t y  g rad ien t s  t h a t  look l i k e  
t r a n s i t i o n  zones should be suspected as a "Groningen Phantom". The 
Phantom is not l imited t o  the Groningen gas f i e ld ,  nor the  European 
Permian Sandstones. It occurs anywhere - even on your logs! The high 
r e s i s t i v i t y  bed need not be of low porosi ty  - the Phantom can occur 
below a hydrocarbon accumulation. 

The Phantom has become more obvious s i n c e  the introduct ion of the 
latest generation of l a t e ro log  t o o l s  because of the simultaneous 
recording of an unaffected shallower l a t e ro log .  The Phantom was 
always there but now it  is  easier t o  iden t i fy .  

The magnitude of the Phantom i s  increased when the formation 
r e s i s t i v i t y  is low and the casing is near. 

Two charts are presented which show observations of the Phantom. 
The m a x i m u m  observed magnitudes are shown. Local conditions f o r  an 
individual  w e l l  may produce a lower (even a zero) Phantam. 

Thorough examination of o the r  r e s i s t i v i t y  logs w i l l  enable 
hydrocarbons t o  be properly i d e n t i f i e d  even when t h e  Groningen 
Phantom is present on the LLD. Indeed the  o the r  r e s i s t i v i t y  logs  
(e.g. t h e  LLS) become the primary r e s i s t i v i t y  measurements. 

Use of t he  p r inc ip l e s  described i n  t h i s  work can save money on 
unwarranted testing of water bearing formations which appear t o  
contain "Phantom Hydrocarbon". 

RECOMMENDATION 

The logging contractors  should, i n  the  near fu tu re ,  add any f u r t h e r  
u se fu l  knowledge t h a t  they possess on t h e  "Groningen Phantom". 
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THE COMPU-LOG CONCEPT AND PRACTICE 

By: R. Kinkade, 3. West, J. Ha 

ABSTRACT 

The Compu-Log system is a computer 
system handles and transmits a1 1 information 
mation is recorded in raw form and processed 

lenburg 

based mineral logging system. The 
digitally at all times. The infor- 
by the computer on site. The 

result is a greater speeded-up logging system of vastly improved accuracy, flex- 
ibility, and versitility. 
1 ocat i on. 

logging system using the trade name Compu-Log' by Century Geophysical Corporation. 

CONCEPT 

The basic concept of the Compu-Log system is to allow a digital com- 
puter in the truck to handle all logging information, record keeping, rigorous 
analysis, housekeeping, and the operational chores of mineral logging. With a 
computer based system, the routine duties of logging, as well as more sophisti- 
cated tasks, are precisely and consistantly performed under program control. 
Data are collected and processed digitally instead of as analog signals and 
qual ity is continually monitored. Data is automatically recorded together 
with correct depth and identification information. The computer keeps the 
operator informed of its progress and status and proceeds according to his in- 
structions, prompting him where necessary in order to assure that he does not 
omit steps or perform them in the wrong order. 

Raw data and processed data are available at the 

The Version 3 Compu-Log is the 3rd generation of a computer-centered 

Complete log data is per- 
ecorded in digital rm and is available for r ocessing at any 

HI STORY 1 

The original concept o f  se the computer t~ plot 
a log. This system was a digital adaptio g system using the computer 
primarily as a substitute for analog inst prototype unit was field 
tested in October to December o f  1975. I rea7 time" and 

unit performed well, was relatively trouble free, and thus indicated the feasi- 
bility of a commercial digital logging system. 

paper tape containing the logge increments . Thi s 

It was immediately apparent, howev 

The Version 2 Compu-Log recorded a ly, in raw form, on 
magnetic tape. These data were then processed from the tape-to present a log 
o f  the hole with all curves, scales and scale changes, and identification i 
mation listed. The gamma ray data were then examined for uranium mineral 
(grade) values above a specified cutoff and an AEC GAMLOG program modified for 
this environment was used to calculate and plot the mineral grade at the 
bottom of the log 

S 
The deviation information (logged going downhole using 50 

. 
P 
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\ 

foot stations) was plotted, and the vertical depths of anomalies were printed 
alongside cable depths on the mineral grade, plot. 

analog tools used by the analog systems. 
randomized in an accumulative register to reduce the cable effect upon the 
dead time (or coincidence problems) and sent uphole for collection and record- 
ing by the computer. 

Thus the Version 2 Compu-Log retained all the advantages the 8000 
series equipment has over conventional analog systems and added the advantages 
and flexibility of computer processing and control. It allowed a permanent 
magnetic tape record of raw data for repeated or later processing, gave routine 
analysis on site, and eliminated many of the human errors. 

tape drives and auxiliary power plants which were soon corrected. 
the introduction o f  the V2 Compu-Log was accompanied by fewer problems than 
is usual in the start-up of most new systems. The V2 units are now almost 
phased out, but did yield about 22 unit-years of experience. The success of 
the V2 systems demonstrated the value of a well designed digital logging 
system, and inunediately encouraged investigation o f  further improvements in 
data quality, and ease and consistancy of operation which could be gained 
through taking fuller, advantage of digital technology. 
Version 3 System. 

I 

The Version 2 Compu-Log used the same Century 8000 series downhole 
In these tools the signals are de- 

This system operated well. There were initially some problems with 
In general, 

This resulted in the 

The Version 3 Compu-Log was introduced in May 1977. It retains many 
of the Version 2 features, but takes fuller advantage of the presence of the 
computer. All signals are recorded by the probe continuously while traveling 
uphole and are digitally encoded in the probe for transmission directly to 
the computer. This results in less signal distortion, greater apparent band- 
width, and higher possible logging speed as well as virtual independence from 
cable effects on signals. 

Century now has about 75 V3 Compu-Log units in routine operation and 
has accumulated about 25 unit-years of experience with this system. With 
these systems, the time on location and in the hole has been greatly reduced 
and they have performed with fewer maintenance problems. The quality of infor- 
mation has risen rapidly while costs have remained level or dropped slightly. 
The amount of usable data has increased greatly. Moreover, all information 
and analysis are available on site as well as being permanently recorded for 
future reprocessing. 

The Compu-Log system was initially applied to uranium logging because 
of Century's greater experience in that field and the large amount of infor- 
mation available. 
where less experience and literature exist. The initial techniques and formats 
appear to be applicable to most mineral exploration, and they can be modified 
by reprogramming as new and better techniques are discovered. 

OPERATION 

garnnia detector (7/8" x 4" crystal scintillation detector) , spontaneous 

It now is being applied for coal logging and other minerals 

The Version 3 Compu-Log system for uranium collects data from a natural 

- 2 -  
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po ten t ia l  system, s ing le  po in t  resistance system (2 3/8" x 1 3/8" electrode), 
17" neutron-neutron poros i ty  system, a sol  id -s ta te  hole dev iat ion device and 
a temperature sensor. A l l  data r e f l e c t i n g  counting rates are stored i n  
cumulative reg is ters ,  and the accumulated values are read out  each tenth o f  
a second. These data together w i t h  the s ignals from the other sensors are en- 
coded and t ransmi t ted t o  the surface by a time shared mul t ip lex ing  system. 
The e f f e c t i v e  dynamic range o f  each channel i s  655,350 counts per second. The 
d i g i t a l  data stream from downhole consists o f  9 8 - b i t  bytes each ten th  o f  a 
second. 

The Version 3 Compu-Log System f o r  coal co l l ec ts  data from a natura l  
gamma ray  detector (1.125" x 4.5" c rys ta l  ) , an 8.5" gamma-gamma densi ty system, 
a single-arm hole ca l i pe r  and a focussed r e s i s t i v i t y  device. The d i g i t a l  data 
stream f o r  coal i s  s im i l a  t o  t h a t  for  uranium but  w i t h  a d i f ferent  length 
r e f l e c t i n g  the f a c t  t h a t  there are fewer sensors. 

For a l l  o f  the appl icat ions,  the operation o f  the system wh 
cording from the probe i s  s im i la r .  A t  the surface the computer sor ts  
decodes the data, compares the values w i t h  the previous values, notes 
differences, performs any necessary data conversions, averages values 
f o o t  increments. 

l e  re-  
and 
the 
i n  ten th  

The recordings on tape are averages o f  the tenth second readings 
accumulated f o r  each ten th  o f  a foot. The gamma ray, density, and neutron 
readings are i n  counts per second, the S. P. i s  i n  m i l l i v o l t s ,  the res i tance 
i s  i n  ohms, the r e s i s t i v i t y  i s  i n  ohmeters, and the ca l iper ,  temperature, and 
5 components o f  dev iat ion are i n  proport ional  vo l ts .  

Included on the magnetic tape i s  a header record. 
the i d e n t i f i c a t i o n  and other necessary informat ion f o r  use o f  the log. I n -  
cluded are the actual  K-factor, t ime and loca t ion  data, t oo l  type, and too l  
s e r i a l  number. Any deviat ions from norms are ca l l ed  t o  the a t ten t i on  o f  the 
operator before being recorded. These include things such as an improper t o o l  
operation o r  type o r  f a u l t y  constants o r  missing data. 

i s  done d i r e c t l y  from .input data. 

PROCESS ' 

It includes a l l  o f  

All processing and p l o t t i n g  are done from the magnetic tape. None 

The logg in  ess s t a r t s  w i t h  pu t t i ng  the probe on the cable and 
br ing ing the system by loading the logging program i n t o  the computer. 

he Compu-Log system does n o t  r e t a i n  i t s  programs i n  memory longer 
than needed f o r  1 log. Each program i s  entered as i t  i s  needed. 
are no storage problems and no degradation when the program i s  no t  used f o r  
several days. The downhole t o o l  type determines the program t o  be used. Thus 
the funct ion o f  the complete t ruck  system depends only  upon the programs and 
too l  type. The func t ion  may be changed, t o  any extent, merely by changing too l  
type and/or the programs. 

When the program tape has been read, the computer w i l l  request choices 
from two options: 

Thus, there 

S 
~ 
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1. 
2. 

Is this a plot from a tape or is a hole to be logged? 
Is this a new client (stored header information will be erased) or can 
a portion of the previously entered header information be reused? 

The computer will then check the probe to determine the type and 
serial number. If at this time or any time during the logging phase the wrong 
probe is attached or if there is inconsistent information from the probe, the 
computer will inform the operator. Calibrations are made automatically either 
before the probe is removed from the tool rack, or before the probe can be 
put in the hole. The calibration information is used during plotting to 
normal ize data to primary cal i brations. 

A master list of options will then be displayed, along with data 
form the sensors (such as depth, gama counts per second, etc.) . 

Many of the options such as the recording track on the tape, the 
starting depth (usually zero), header data, and the hole number must be entered 
before the logging can begin. 

the hole) and the computer keeps track of the depth. At the bottom, the operator 
informs the computer that he i s  at the bottom and he is then supplied infor- 
mation about the highest and lowest values o f  the S. P. for later plot scale 
selection. The data from the probe is displayed on the operators monitor at 
this time and while logging and can be printed out. The log can be aborted 
at this point if desired and the process restarted. 

Logging speed is normally 60 feet per minute (3600 feet per hour). 
This is set by the sampling and averaging intervals of 1/10 second and 1/10 
foot. However, in the event the information is not interesting, as, if the 
hole has already been logged or if there is a long uniform zone, the logging 
speed can be increased to as much as 180 feet per minute (10,800 feet per hour) 
with some sacrifice in statistical accuracy. In this case the computer will 
average the record data every two or three tenths of a foot, depending upon 
the logging speed. The present Version 3 programs plot the log from the tape 
after the hole is logged. Future ones may plot the log as the tool comes out 
of the hole with a lag of a foot or two. 

The probe is then lowered to the log bottom depth (usually bottom of 

i 

As the hole is being logged, data are sent up every tenth of a second 
for all curves except the S. P , temperature, and deviation. The S. P. is sent 
every two tenths of a second. Temperature and five components of deviation are 
sent up sequentially, alternat ng with the S. P., so that complete information 
is received at the surface for deviation and temperature every 1.3 seconds. 
These data are recorded on the tape in blocks representing 5 feet of hole on 
tape with an identifier and a depth figure beginning each block. 

depth to be sure that the probe is stopped at the surface. A 15 second warning 
will sound as the sonde approaches the surface. 

SENSORS 

Near the top of the hole the computer monitors logging speed and 

The increased apparent bandwidth, mu1 tiplexing, and digital handling 
allow for greater flexibility in number, variety, and linearity of sensors 
than with an analog system. The following descriptions of the 9000 Series 
sensors illustrate this. 
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GAMMA RAY 

2 sed transmis deadtime of a 
we l l  designed d i g i t a l  logging system al low a la rger  gamma ray detector 
c rys ta l  t o  be used. The 9000 Series Compu-Log System i s  capable o f  handling 
the equivalent o f  1 t o  655,350 counts per second per channel. Therefore, a 
0.875 inch diameter by 4 inches long c rys ta l  f o r  uranium and a 1.125" x 4.5" 
long c rys ta l '  f o r  coal have been incogporated. The uranium conversion f a c t o r  
o f  the detector (9055) i s  5.58 x 10- f o r  h a l f  f o o t  i n te rva l s  and the  system 
deadtime i s  about 1 microsecond. These values, which are e possible w i t h  
a d i g i t a l  system, have several impl icat ions:  

For uranium grades below 0.56% the counting r a t e  ( <48,000 cps) i s  low 

Thus, the counting r 

For most gamma ray  logging, the counting r a t e  i s  high enough because o f  
the c r y s t a l  s ize  and transmission system t h a t  the s t a t i s t i c a l  sample i s  
large. The probable e r r o r  i n  a l l  cases i n  uranium logging i s  0.48 x t h a t  
f o r  a 3/4" x 1" c rys ta l  (a usual analog s ize) .  This means a more r e l i a b l e  
reading i n  low grade deposits and an.easier curve t o  use i n  sands, shales, 
and other l i t h o l o g y  determi I n  coals the probable e r r o r  i s  0.38 x 
t h a t  o f  a 3/4" x 1" 

Linear urani  urn grade 
UP t o  0.60% eU308. 

The equi Val ent-grade 
i s  never any danger o f  saturat ion from too high a counting rate.  

because o f  a rea l  1 microsecond deadtime, less than +5% 
s are s t a t i s t i c a l l y  

2. 

ions. 

be read d i r e c t l y  from the gama ray  curve 

e system i s  high en gh (22%) t h a t  there 

With a d i g i t a l  system equipped w i t h  a p r i n te r ,  p r in tou ts  o f  raw 
data are ava i lab le  on s i t e .  The Version 3 system f o r  uranium provides a 
f in ished p r i n t o u t  which includes a mineral grade analysis f o r  3 c u t o f f  grades 
and ind icates the best i n t e  

SPONTANEOUS POTENTIAL 

The S. P. signals are read with a high impedance input, s tab le  ampli- 
f i e r  which i s  referenced t o  a surface electrode. The impedance o f  t h i s  c i r c u i t  
i s  h igh enough (> 1000 megohms) t h a t  any e f fec ts  due t o  c i r c u i t  current  are 

S . 
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negligible. Care has been exercised to insure that bimetallism and formation 
shorting are not problems. This is done by insulating the probe and breaking 
metallic paths in the tool. 

Because of the need for a surface reference for the S. P. one cable 
wire has been used exclusively for that circuit. This is inconvenient since 
with a multiplexed digital system it is the only real reason for requiriqg a 
multiconductor cable. The sensitivity and resolution of this circuit are 0.1 
millivolt. A printout of data is available on site. 

RESISTANCE AND RESISTIVITY 

I 

i 

The uranium system (9050/9055) uses a single point resistance circuit. 
This circuit was retained because, at present, the primary use+of this curve in 
the mineral industry is for correlation. The single point system is ideal for 
this. This will be converted to resistivity later through the use of the 
computer. 

ohmeter circuit measuring the grounding resistance of the electrode. The 
response is linear with resistance. The signals are digitized and encoded 
downhole and used directly by the computer. The presence of the computer 
appears to make it feasible to correct for borehole effects and plot resistivity 
as long as the resistivity contrast of the formation to the mud is not too high. 

The coal system demands a much more sophisticated resistivity method 
because of the wider range (1 to several thousand ohmeters). Therefore, this 
system incorporates a guard electrode resistivity system. Electrode monitoring 
and control are done-in an analog manner. The resistivity signal is digitized 
and encoded downhol e. 

. The single point circuit is a straight-forward, constant current, 

A printout of raw data is available on site. 

HOLE DEVIATION 

In the mineral industry hole deviation is an important measurement 
to determine mineral body location and because of the critical nature of mineral 
thickness determination. Also, poor directional control and the use of "pull- 
downs" instead of drill collars are common in mineral drilling. 

The need for a second run in the holes, the long turn-around time, 
and the large chance for errors in operation and calculation ruled out the use 
of the conventional photographic system in the design of the Compu-Log System. 
The existing surface readout systems are delicate and have severe maintenance 
and interpretation problems. Therefore, Century elected to develop its own 
continuous deviation system. 

the 9030 coal system reads 3 components o f  the earth's magnetic field and 2 
components of probe position with respect to the gravitational field. The 
system has no delicate moving parts. The raw data from these sensors are 
stored on tape and later calculated in 5 foot increments. 
the log the Deviometer information is processed by the computer to plot 
a plan view of the hole and correct the depths of the anomalies to vertical depths. 

The Deviometer used on the 9055 uranium system and (eventually) on 

During plotting of 

I 
i 
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All peripheral information is also plotted. The processing and plotting of 
this type of raw data is made possible by the presence of a digital computer 
supporting routine scientific computation. A printout of data is also avail- 
able. 

errors inherent in long station plotting. 

TEMPERATURE 

The 5 foot recording interval for deviation data eliminates the 

Temperature readings are taken at 5 foot intervals. These are not 
Then they are plotted with the line printer only. plotted except on request. 

GENERAL 

After considering the performance improvement made possible by a 
digital system in the data gathering phase, the fact that the raw data from 
the hole is recorded and is permanently available on magnetic tape allows 
several further advantages: 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

There is a minimum o f  possibility for permanent distortion of the data 
before recording. 

Display of data on the monitor screen and the ability to plot a log 
evidence of a valid recording of data. 

Processing may be done at any time. 
1 ogging. 

The raw data can be reformatted to a form which is directly readable by 
another computing system. This allows the user to store the log data in 
an information retrieval system and to reprocess the data using his own 
programs at his leisure. 
service yielding a standard 9 track computer tape (Century format A Data 
Interchange Tape) with options a1 lowing compatabi 1 i ty with a1 1 standard 
computing systems. 

New processing techniques may be employed as they are developed. 

A large degree of c bility is available for salvaging or correcting 
faulty recordings or for retrieving usable information when it is not 
possible to relog the hole. 

Information storage is very compact and information is easily retrievable. 

Experimental or routing processing y be done conveniently and accurately 
using complete logs of original data if desired. 
digitizing, or other laborous or error prone techniques need be employed. 

It is not limited to the time while 

Centu'ry currently provides a reformatting 

No hand editing, 

S 

- 7 -  



SPWLA NINETEENTH ANNUAL LOGGING SYMPOSIUM, JUNE 1316,1978 

ABOUT THE AUTHORS 

KINKADE WEST HALLENBURG 

Robert R. Kinkade received his M.S. Degree in Mathematics from 
Oklahoma State University in 1958 and has done additional graduate study at 
Oklahoma State and at the University o f  Kansas. 

He was a member of the Mathematics faculty of the University of 
Tulsa from 1960 to 1969. 
Research Scientist in Geophysical Research before joining Century Geophysical 
Corporation in 1976. 

He then worked for Amoco Production Company as a 

He is currently a Project Engineer in charge of Data Processing, 
which includes software development for Century's Compu-Log Systems. 

Jerry B. West has worked for Radio Station KBEC in Waxahachie, 
Texas as Chief Engineer. 

For three years he was with Collins Radio Company in Richardson, 
Texas, R and D facility. 
equipment for the Navy A3J Line Support. 

He worked on the development of automated test 

At Danemil ler-Smi th, Incorporated, he was Equipment Applications 
Engineer. Then he founded Systems Development, Incorporated. He obtained 
extensive experience with the development of Gamma Ray measuring equipment and 
telemetry techniques of G a m a  Ray detector outputs for well logging applica- 
tions. 
Geiger detectors and down hole stabilizers for sodium iodide detectors 
involved in spectral measurements. 

He developed improved coupling techniques for reducing dead time of 

He is now Vice President of Engineering with Century Geophysical 
Corporation. 

- 8 -  t 



SPWLA NINETEENTH ANNUAL LOGGING SYMPOSIUM, JUNE 13-16,1978 

Jim Hallenburg graduated from Northwestern Un ivers i ty  w i t h  a B.S. 
i n  Physics a f t e r  having spent 3 years i n  the A i r  Force as a bomber p i l o t  and 
ins t ruc to r .  He jo ined Schl umberger We1 1 Surveying Corporation (Schl umberger 
Well Services) i n  1947 i n  the Research Department. He was l a t e r  t ransferred 
t o  the Engineering Department. 

modeling, mult ip lexing, explosives, photographic, induct ion log, and focussed 
l o g  problems. He was Project  Engineer on the West Texas system, the se lec t ive  
S. P., the Micro Log, the Formation Density Log, the 1-11/16" Gamma Ray Neutron, 
the High Temperature Gama Ray Neutron, and the Ca l ib ra t ion  Pi ts .  

charge o f  logging operations. 

L ine D iv i s ion  o f  the Western Company before he formed Data Line Logging Company 
i n  Casper Wyoming. 
and Hallenburg stayed as Geophysical Manager u n t i l  1975. 
Century Geophysical Corporation as Manager o f  the Casper Region. 
was transferred t o  Tulsa i n  Applications Engineering where he i s  Manager. 

A t  Schlumberger,Hallenburger worked on dipmeters, S. P. problems, 

Hallenburg l e f t  Schlumberger t o  go t o  the Mohole Project  and was i n  

A t  the close o f  the Mohole Project  he was Chief Engineer o f  the Wire 

Data Line was bought by Teton Exploration (United Nuclear) 
I n  1975 he jo ined 

I n  1976 he 

S 

- 9 -  



SPWLA NINETEENTH ANNUAL LOGGING SYMPOSIUM, JUNE 13-16,1978 

IUM ORE BODY ANALYSIS USING THE 

DFN TECHNIQUE 

By: 3. West, and J. Hallenburg 

ABSTRACT 

The theory o f  the Delayed Fission Neutron (DFN) and Prompt F iss ion 
Neutron (PFN) uranium logging systems i s  reviewed, The use o f  the DFN i n  the 
f i e l d  i s  described. The problems encountered i n  ca l ib ra t ion ,  in te rpre ta t ion ,  
and comparison w i t h  other techniques are covered. The resu l t s  o f  the tech- 

accessed and i l l u s t r a t e d  and the costs are reviewed. 

/ 
The Delayed F iss ion Neutron DFN system i s  a borehole geophysical 

system which measures t h e  amount of i n  s i t u  uranium d i rec t l y .  I t  does not  have 
m w i t h  d i s e q u i l i b r  

The DFN techniqu perience i n  commer- 
c i a l  use. 

DFN TECHNOLOGY 

o r i g i n a l l y  described by Givens, Caldwell , and M i l l s  
go a f i s s i o n  react ion when i t  is exposed t o  therm 
f i s s i o n  can be induced i n  uranium 238 by bombardm 
react ions r e s u l t  i n  addi t ional  neutrons and f i s s i o n  fragments being emitted. 
The f i s s i o n  fragments, themselves are f i s s i l e  and decay w i t h  the emission o f  
neutrons. The anomalous population o f  neutrons a f te r  bonbardment o f  uranium 
by neutrons can be in te rpre ted  quan t i t a t i ve l y  as i n  ng the presence of 

The Delayed F iss ion Neutron (DFN) system kes use of a system 
Uranium 235 w i l l  under- 

fast  neutrons. These 
utrons. I n  addi t ion,  

i l e  mater ia l ,  such as uranium. 

The DFN system has been described b 

a1 react ions which 
such as U235 i s  exposed t o  therma 

f issures,  neutrons and f i s s i o n  fragments r e  
neutrons r e s u l t  i n  an anomalous population 

populat ion o f  prompt 
This i s  t he  prompt f 

pu la t ion  i s  a func t ion  of the 
f i s s i l e  mater ia l  present. A 

i g i n a l  neutron f l u x  and the concentration 
chnique makes use o f  t h i s  by examining the 

utrons when they have moderated t o  epithermal energies. 
i o n  neutron (PFN) system developed by Sandia Lab- 

en described by Bivens r contract  t o  the DOE. 

average ha1 f 1 i 
econds. They decay, emi t t ing  more neutrons t o  add t o  the neutron 

population. These neutrons, also, are a funct ion o f  the f i s s i l e  mater ia l  
concentration and the neutron f l u x  density. The technique detect ing t h i s  
population are the delayed f i s s i o n  neutron systems. 

T 
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There are two delayed f i s s i o n  neutron systems i n  use a t  t h i s  time. 
One system, dexeloped by IRT under contract  t o  ERDA (DOE) and described by 
D. K. Steinman uses a Cal i fornium 252 source. 
f i s s i o n  neutron population by a combination of source pos i t i on  manipulation, 
timing, and spasing. The other system, developed by Mobil Research Corp. 
(Givens, e t  a l )  and commercially operated under l icense by Century Geo- 
physical Corporation uses a pulsed neutron generator. This l a t t e r  i s  the 
system which we w i l l  discuss. 

I t  measures the delayed 

The Century DFN service was started, on a l i m i t e d  basis, i n  November 
1976. The o r i g i n a l  i n te rp re ta t i on  technique used and the system i t s e l f  were 
essent ia l l y  the same as Mobile had evolved. The c a l i b r a t i o n  and operating 
techniques were s im i la r  t o  Mobil's, 

The f i r s t  Century DFN probe was 2.75 inches diameter and 9 fee t  
long. The generator assembly was contained i n  the midsection. The neutron 
detector was about 12 inches below the generator and a gamma ray  detector 
was about 12 inches below the neutron detector. 

the deuterium gas w i t h i n  the i on  source. These deuterons are then accelerated 
by a 125KV po ten t i a l  onto the t r i t i u m  target.  The f i e l d  gradient i s  about 62KV 
per centimeter. 
r e s u l t i n g  reac t ion  i s :  

The neutron detector i s  pulsed w i t h  a 5 k i l o v o l t  pulse t o  ion ize  

The deuterons impinge upon the t r i t i u m  ta rge t  and the 

The t iming sequenfe i s  a pulse o f  neutrons 8 t o  10 microseconds long 
and containing about 5 x 10 neutrons. This i s  followed by a 10 t o  13 m i l l i -  
second hold o f f  t o  a l low the prompt react ions t o  take place. The neutron 
detectors are then gated on f o r  37 t o  480 mi l l iseconds depending upon the 
device. The epithermal and thermal neutron population i s  measured. The 
o r i g i n a l  2 per second r e p e t i t i o n  r a t e  was l a t e r  changed t o  3 per second f o r  
the 3.75 inch probe and810 per second f o r  the 2.5 inch probe t o  maintain the 
neutron f l u x  r a t e  a t  10 per second. 

Since the higher r e p e t i t i o n  rates use the same pulse durat ion and 
wa i t  time, the higher ra tes r e s u l t  i n  a lower effeciency. A t  10 pps the 
smaller DFN (2.5") probe has about 90% o f  the effeciency o f  the 3.5" probes 
w i t h  high output generators. 

product neutrons are being moderated subs tan t ia l l y  by the hydrogen content o f  
the formation, the DFN system i s  poros i ty  and borehole sensi t ive.  To circum- 
vent t h i s  roblem, a neutron-thermal neutron poros i ty  l o g  (AmBe source) 
(9055 t o o l  P i s  used t o  normalize DFN ASSAY readings. That i s ,  the uranium 
grade i s  taken as a funct ion o f  both the DFN count and o f  the neutron-neutron 
system reading. The n-n l o g  i s  made f i r s t  i n  a standard l o g  s u i t e  (GR, SP, 
R, N-N, Deviation) a t  60 f e e t  per minute over the e n t i r e  hole. A DFN reading 
i s  then taken f o r  3 minutes-at each o f  a number o f  preselected points.  

ment, the DFN system makes a continuous log, ca l l ed  the SCAN mode log. 

Since the neutrons used f o r  f i ss ion ing  the uranium 235 as we l l  as tlle 

I n  add i t ion  t o  the ASSAY reading, which i s  a po in t  by po in t  measure- 
Even 

i 
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a t  4 f e e t  per minute logging speed the s t a t i s t i c a l  sample i s  small, fo rc ing  
the use o f  the SCAN mode qua l i t a t i ve l y ,  only. 

the medium term va r ia t i on  (seconds t o  minutes) i s  small. The long term 
va r ia t i on  i s  progressive and negative. Therefore, the short  term va r ia t i on  
may usual ly  be averaged out, bu t  the long term va r ia t i on  must be taken i n t o  
account. 

It has been found that ,  whi le  the pulse t o  pulse neutron f l u x  varies, 

One source o f  the long term va r ia t i on  o r  degrad n of the generator 
inc lus ion  o f  deuterium i n t o  the t h i n  layer  of the ta rge t  mater ia l  by 

The degradation o f  the neutron generator i s  compensated f o r  by 

bombardment. 

applying a correct ion factor t o  the DFN ASSAY count. The correct ion fac to r  
i s  determined by i r r a d i a t i n g  a t e f l o n  r i n g  by the generator neutrons f o r  3 
minutes The raqqation r e s u l t i n g  from the ac t i va t i on  products (Predominately 
t h e p  decay o f  
before each log. 

F) i s  read w i t h  a ca re fu l l y  ca l ib ra ted  gamma ray well-counter 

A c a l i b r a t i o n  procedure (continuous) has been suggested 
2 (Givens, e t  a l )  using the ac t i va t i on  of I 7 O  t o  I 7 N  t o  l60, w i t h  emission 

o f  decay gammas, by h igh energy neutrons. lthough our ea r l y  systems in- 
corporated t h i s  method, we fee l  the natura va r ia t i on  of formation and bore- 
hole oxygen content i s  too great f o r  a desireable ca l ib ra t ion .  

Uranium 238 and other  elements i n  formation are f i s s i l e  besides 

w i t h  fas t  neutrons. However, since the r a t i o  o f  

7 t o  99.2, t h i s  react ion aids the 

Thorium 232 and 1 1  also reac t  w i t h  f a s t  neutrons. The 

determination o f  uranium content. 

238Th content w i l l  cause anomalous uranium readings, s ince i t  i s  d i f f i c u l t ,  
a t  t h i s  time, t o  seperate the uranium and thorium readings. 
thorium content o f  most'sedimentary deposits o f  uranium seem t o  be low. 
Oxygen 17 readings can be used t o  determine the barren in te rcept  o f  the 
eval uat ion c 

traversed by a borehole i s :  

However, the 

determined t h a t  t content, P, o f  a formation 

per cubic foot ,  

Where D i s  the 
generator, N i s  the Neutron-Neut ate, and C i s  the 
normal l iz ing fac to r  f o r  the 9055 neutron curve. ~ The value o f  P can be !on- 
verted t o  perc t U308 by weight w i t h  the fo l low ing  re la t i on :  

c t i o n  fac to r  f o r  
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1.602P , % U308 = 

The' value of db may be determined from cores, a density 

db 
where db is the wet,bulk density (or in situ bulk density) of the uranium 
bearing formation. 
run in a similar, barren formation, or a determination from an acoustic 
velosicy log' or another porosity log. 

The logging procedure now, is: 

Run the (9055 system) natural gamma ray, single point resistance, 
S. P. , neutron-neutron, deviation and temperature. (The data are 
all stored on tape). 

The DFN probe is calibrated. 

Then a recording is made in the SCAN mode. 

The SCAN intervals are picked from the 9055 gamma ray curve. 

Suitable.intervals are then picked from the SCAN log for the ASSAY 
nasurements. 

The probe is lowered to the bottom of the ASSAY interval and the 
computer takes 3 minute ASSAY readings, moving the probe so as 
to obtain one-half foot between each reading without buildup 
effects. 

1. 

2. 

3. 

4. 

5. 

6. 

7. These readings are stored on tape. 

At the conclusion of the ASSAY interval the computer combines the 
DFN ASSAY data with the proper level 9055 neutron-neutron data, calculates 
the uranium mineral amount in pounds per cubic foot of formation, calculates 
the uranium mineral grade in percent by weight (if the bulk density value is 
available), prints the values as a function of depth, and plots a mineral 
grade bar graph at the bottom of the DFN SCAN log. 

This DFN system can be run on the standard Compu-Log unit with the 
addition of a power supply. 
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USE OF THE SPONTANEOUS POTENTIAL CURVE 
I N  A MINERAL MAPPING TECHNIQUE 

By: James K. Hallenburg 

The spontaneous po ten t ia l  curve i s  a record o f  several components. 
The use o f  the di f fusion-absorpt ion component t o  determine formation water 
r e s i s t i v i t y  i s  we l l  known. A technique i s  proposed which appears t o  r e f l e c t  
changes o f  the redox components. A mapping technique i s  proposed which may 
be useful  i n  loca t ing  sedimentary mineral trends. A hypothesis i s  advanced 
which may p a r t i a l l y  expla in  several observed phenomena. 

IMTRODUCT ION 

depend upon knowing the s ta te  o f  the host formation w i t h  respect t o  a l te ra t ion ,  
oxidat ion,  and general chemistry. These are determined i n  various ways bu t  few 
o f  them r igorous ly .  These three factors are important w i t h  respect t o  the t ran- 
sport, deposition, and loca t ion  o f  minerals and hydrocarbons. Mapping o f  the 
i r o n  redox in ter face,  i n  the form o f  examining cu t t ings  from hematite s ta in ing  
i s  a v iab le  technique used t o  estimate the loca t ion  o f  the mineral ized t rend o r  
geochemical c e l l  i n  uranium explor 
and has a long t u r  

Since the spontaneous po ten t ia l  s ignal  i s  known t o  be composed o f  a 
redox component among other  th ings (5, 6, l o ) ,  the informat ion t o  map a redox 
in ter face appears t o  be contained i n  the S.P. curve. It appears t o  be extrac- 
t ab le  and explainable. A mapping method using the S.P. curve i s  proposed as a 
subs t i tu te  o r  a v e r i f i c a t i o n  o f  the hematite s ta in ing  method. 

RED@X INTERFACE 

Mineral explorat ion and, t o  a lesser  extent, petroleum explorat ion 

(21). This method i s  slow, tedious, 

Several years ago the theory o f  r o l l - f r o n t  deposi t ion o f  minerals, 
i p a l l y  uranium, was roposed by several people (1, 2, 3, 8). This 

theory has been advanced o cover ,deposit ion of minerals other than uranium (4). 
Related mechanisms have en recognized, s ch as the "Reduction Bubble" theory 
advanced by Shockey, and x methods fo r  a t i on  (5, 6, 9). The 
subject  i s  t reated i n  de by Garrels an ). Other papers have been 
published on the subjects and t h e i r  omissi0 bibl iography was because 
o f  lack o f  a v a i l a b i l i t y  f o r  researching. 

Prop 
by ground waters i n  an oxidized state.  They can be deposited i n  a reduced 
s ta te  and concentrated a t  a redox in ter face.  The redox s ta te  
or metal, the presence o f  a hydrocarbon, and the redox s ta te  o 
e c l  

Be t te r  and fas te r  methods o f  recognizing t h  
a horizon and i t s  r e l a t i o n  t o  the electrochemical condi t ions would be valuable 
as an explorat ion too l .  

a l l  of these theories, ideas, and techniques 'deal w i t h  the 
r t a i n  minerals can be a l te red  by ox idat ion and transported 

- 

a te  of ox idat ion of 

Such a method and a hypothesis t o  attempt t o  expla in  
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it, is presented here in the.hope that someone may further evolve this and 
related techniques. 

THE S. P. CURVE 

The spontaneous potential (S. P.) curve has been recorded, used, and 
studied for many years in the petroleum industry. 
lected in mineral exploration because it is not well understood. 

occuring potentials in the earth measured with a .voltmeter, usually with ref- 
erence to a fixed,electrode (10, 11, 12, 13, 20). The primary components are: 
the diffusion-absorption component (1 1) , the electrofil tration component (10, 
12, 13) and the redox component (5, 6, 10). 

It has been very much neg- 

The spontaneous potential is a combination of several naturally 

The difussion-absorption component of the S. P.curve (10, 11)  is the 
component used in the petroleum industry almost to the exclusion of any of the 
others. 
line" of shale potential, which i s  used to calculate the value of the information 
water resistivity, Rw and i s  the basis for many porosity and most water satura- 
tion determinations. 
analysis of petroleum reservoirs. 

interest mostly as an interfering signal, although some use has been made of it. 
In our work, minerals exploration, the electrofiltration component shows up as 
a changing potential due to the movement of mud filtrate into a freshly drilled 
formati on. 

redox component of the S. P. curve and its possible uses (5, 6). 

It is the measurement made in a sand, with reference to the "shale- 

Its use has been extremely important to precise in situ 

The electrofiltration component (12, 13) of the S. P. curve is o f  

For the most part, very little investigation has been done into the 

If we assume that the formation and borehole have come to a hydraulic 
and mechanical equilibrium, the electrofiltration component will have become 
low and stable. On this basis, we can assume that the recorded S. P. curve is 
composed chiefly of the diffusion-absorption component and the redox component. 

The redox component, Eox will be evident regardless of whether the 
measurements are in sands or shales. This component should show up as a gen- 
eral base line shift from formation to formation (See Figure 1). 
change of the absolute value of the S. P. 

It i s  a 
Depending upon the relative con- 

centrations, Eox may be high but usually is somewhat less than 270 millivolts, 
(7, 22). 

The electrical mode which appears applicable to a redox situation 
seems to be a static situation as shown in Figure 2. 
the layered charges on the wall of the borehole. This would indicate that the 
measurement is probably very sensitive .to the impedance of the measuring 
system. 

oxidized formation is more positive. The borehole forms a (usually) non- 
reactive path for the measure electrode across the interface. The resulting 
charge concentrations in layers on the wall of the borehole result in an 

We appear to be measuring 

The reduced formation has a predominantly negative charge while the 

i 

t 
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Eox = REDOX POTENTIAL 
ESP = RESULTANT S.P. P 
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S.P. CURVE SIMPLIFIED SIMPLIFIED 
FIGURE I 
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1 

indication of the S. P. base line as indicated i n  Figure 2. 
hole polarity i s  of the opposite sense t o  the formation polarity.) Therefore, 
a base line sh i f t  in the negative direction would indicate approaching an 
o x i d i z i n g  bed ( w i t h  i t s  more positive S. P.) while a shift t o  the positive 
direction would indicate approaching a reducing bed (and i ts  more negative 
potential). 

The phenomena described have been pointed out on the log ,  Figure 3. 
The change of the S. P. base line, due t o  the redox component is hypothesized 
t o  be as i s  shown i n  Figure 3 (as the drawn-in base l ine).  As the electrode 
approaches a change i n  redox state,  the base line of the S. P. curve will 
change t o  anticipate it. 
the zone being approached will be more oxidized t h a n  the previous one. A 
movement t o  the right or  positive indicates the adjacent bed is less oxidized 
t h a n  the previous one. This direction of shif t  is illustrated i n  Figure 2. 
The deflections (Figure 3) i n  the sands, as a t  350' are primarily due t o  the 
change in diffusion-absorption potential from the clays (310'). Except for 
changes i n  clay content of the sand, these will stay relatively constant 
throughout  a sand. 

(Note t h a t  the bore- 

T h i s  situation is indicated by the diagram, Figure 2. 

If the movement, o r  shif t  is to the left ,  or negative 

MAPPING 

I t  appears t h a t  we should be able t o  measure and map the redox situa- 

We had available many hundreds of existing logs i n  one area where a 

tion in an area if  we use the shifts  described i n  the previous section. 

redox interface map (21 , 23) had been made from the 1 ithology logs. 
same area, the shift  of the base l ine of the S. P. curves was used as an i n d i -  
cator of relatively greater or lesser states of oxidation of three sands. The 
relative positions of the base line and i t s  shifts  were compared to the base 
line of another formation known t o  be reduced (from examination of area cuttings 
and cores). A sh i f t  t o  the l e f t  was tabulated as more oxidized than the ref- 
erence sand. A sh i f t  t o  the right of the s. P. base line was tabulated as 
less oxidized or  more reduced t h a n  the reference sand. 

Using the tabulations o f  S. P. s h i f t s  we made maps which were com- 
pared w i t h  the map made from the lithology logs. 
present the maps i n  sufficient detail t o  be effective because of confidential 
material which they contain): 

In the 

(Unfortunately, we cannot 

1. The map made from the lithology log was a map of the ferric- 
ferrous interface. 
the S. P. maps. The area covered was about 10 sections i n  the 
Grants mineral belt (21). 

S.  P. maps were made from the log of same boreholes used for  the 
ferric-ferrous map (1 above). These maps treated three Westwater 

e r  sands separately. 

This map was used as a reference to  compare 

2. 

In spite of differences there were great similarities i n  the compari- 
sons. 
lithology map (these were zones which had bo th  oxidized uranium compounds 
and reduced iron indications i n  the samples). (21, 23 correspond t o  areas 
which are greatly convoluted on the S. P. maps. Also,  t o  a great extent, 

I t  appears that the zones between the oxidized and reduced zones on the 

U 
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these appear to be zones where not all three sand members are in the same state. 

This technique was further tested in the Black'Hills area of South 
Dakota. Again it agreed with existing trend maps and could be used to predict 
trend extensions (22). 

It is felt that this is a useable method to map the redox situations 
to help clarify poorly defined situations. It is hoped that others may aid in 
evolving a viable exploration technique from it. 

Eh - pH DIAGRAMS 
En - pH plots have been studied by several people. Garrels and Christ 

(7) have investigated them in detail. 
relations of various metal compounds and aqueous solutions of metals with res- 
pect to redox or Eh potentials and the acid-base or pH condition. Since we 
measure the redox potential as a component of the S. P. curve, we should be 
able to relate our measurements to Eh - pH diagrams. 

Briefly, they have studied the inter- 

pH 
The pH of most of our solutions apparently fall within a relatively 

narrow range. 
were about pH 6.5 to 7.5 in the surface oxidation zone (24). 
grey sands and shales the pH measured from 7.0 to 8.0 

Investigators at the U.S.G.S. (in a conversation) mentioned temporary 
pH readings as low as 2.0 in pumice being leached. They further remarked that 
the pH increased rapidly with time to a much higher value. 

Hawkes and Webb (14) state that mine waters fall in the range of pH5 
to pH9 with most of the occurrences between pH6 and pH8. The notable exception 
to this is in the neighborhood of oxidizing sulfides. 

Measurements on cuttings from water wells at Gillette, Wyoming, 
Below in the 

See Figures 4 and 5. 

In general, unless we are very close to a geochemical cell or unless 
there is an excess of carbonates, the limit of the pH range is probably 6.5 to 
8.0. 

Eh - 
If we compare the ferric-ferrous interfacies (Figures 6 and 7) with 

uranium interfacies (Figure 8) on the Eh-pH diagrams, we find the beginning of 
the hematite zone is not the beginning of the oxidized (soluble?) uranium zone. 
This difference means that the uranium deposition may have taken place inches 
or miles from the iron redox interface on the reduced iron (or fresh) side. 
In the Wyoming basins it often appears to be inches. In the New Mexico mineral 
belt it often appears to be a much greater distance. Apparently, iron alter- 
ation and uranium deposition points are not the same thing. However, we must 
keep in mind that the distances we are really dealing with are electrical dis- 
tances. We can only approximately relate these to physical distances. 

between redox interfacies. The rate of transport, concentration, and acti - 
vities of reductants in situ can certainly affect the width of the transition 
zone. 

There are several things which may affect the physical distances 

- 6 -  
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U 

PH 
i 

of mine waters. From Sato and Mooney (1960). 
I 

I 

PH 
Fig. 5 - Approximate position of some natural environments 

IS characterized by Eh and pH. From Carrels (1960). 
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U 

If we compare Figure 6, an iron diagram, with Figure 8, the uranium 
compound diagram we can see that, in the range of pH 6.5 to pH8, oxidized 
uranium (soluble?) compounds can coexist with ferrous compounds which are 
traditional indicators of "freshness" i n  uranium exploration. Hematite 
(ferric iron) does not appear until well within (50 to 150 millivolts) the 
stabl'e soluble uranium com 

These situations 
"a1 tered-fresh" interfacios of 1 ithology logs with uranium occurances. In 
other words, uranium deposition should occur well into the electrical "fresh" 
zone of a geochemical cell. 

CONCLUSION 

ase of the problem of comparing 

It is felt that this paper outlines a possible new exploration tech- 
nique. Certainly, more work is needed in all phases of it before it can be 
proved. However; it appears to b'e a viable technique. We wish we had had the 
opportunity to pursue this further, in greater detail and more rigorously. 
It is to be hoped that someone may have that opportunity. It i s  also to be 
hoped that someone may be able to make some use out of this technique. 

b 
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I V ESTIMATION OF FORMATION PRESSURES 
IN CLEAN GAS SANDS FROM THE DUAL-SPACING TDT* LOG 

‘3 

by 

J. S. Blackburn 
Schlumberger Well Services 

Louisiana Inland Division, Lafayette, Louisiana 

R. C. Brimage 
Schlumber ger Offshore Services 

Gulf Coast Division, New Orleans, Louisiana 

ABSTRACT I 
An empirical technique is described in which the data from Dual- 

Spacing TDT logs a r e  being used to estimate formation pressures in 
cased holes in South Louisiana. It employs the near- and far-detector 
count rates, andporosity and saturation data, to estimate Zg (macro- 
scopic thermal-neutron-capture cross section of the gas), and there- 
from to obtain information about formation pressures in clean gas 
sands in pressure-depletion reservoirs. 

Log examples will be shown which indicate that, under favorable 
conditions (i. e., clean sands, light, dry gas, bulk-volume fraction 
of formations liquids known, and proper hole conditions), it is possible 
to estimate the formation pressures in South Louisiana wells within 
about 10 to 15 percent error. 

INTRODUCTION 

Since its introduction, the Du 
ful for. formation evaluation in cas 
Gamma Ray log it provides data for the det 
porosity and water saturation, for formation-fluid identification and 
location of fluid contacts, for correlation, and for reservoir monitor- 
ing. In addition, separations of the overlaid near- and far-detector 
count-rate curves recorded with appropriate scale sensitivities, along 
with the C values (macroscopic thermal-neutron-capture cross sec- 
tions), have been useful for the identification of the fluid types (water, 
oil, or gas) in mations. 

cing TDT has been very use- 
les. Used with a simultaneous 

ination of formation 

Further observations have indicated that in low-pressure-gas 
zones the separations of the overlaid near - and far -detector count- 
* Mark of Schlumberger. 
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r a t e  curves  a r e  l a rge r  than in zones with normal  pressures .  This,  
supported by the study of many South Louisiana logs,  has led to the 
concept that  proper t reatment  of the data f rom the Dual-Spacing TDT 
can yield estimations of formation p res su res  in clean gas  sands. 

This paper will descr ibe  an empir ical  technique being used to do 
this in cased  holes in  South Louisiana. Following a brief discussion of 
the Dual-Spacing TDT and its typical responses ,  the technique f o r  
determining formation p r e s s u r e s  will be  developed. 
will  be  presented to  show how the technique works. The examples in- 
dicate that under suitable conditions it is possible to es t imate  the 
formation p r e s s u r e s  within about 10 to  15 percent  e r ro r .  

Four  log examples 

THE DUAL-SPACING TDT LOG 

Previous papers  have discussed the details  of thermal-neutron- 
decay-time (puls ed-neutron-capture) measurements  
f o r  interpretation of the corresponding logs. 3, 

TDT is a 1 11/16-inch (43-mm) diameter  tool 
with dual detectors.  z5 It is run with a combinable Gamma Ray tool, 
and the combined length is 32 f t  (9.75 m). Its p r e s s u r e  and tempera-  
ture ratings are 16,500 ps i  (113,800 kPa*) and 300°F (15OOC). 

and techniques 

The Dual-Spacin 

Fig. 1 is a typical recording f o r  South Louisiana. Track  1 (left- 
hand t rack)  includes a Gamma-Ray log and a Casing-Collar log. 
Gamma Ray log is used f o r  correlation, lithology identification, and 
determination of shale-volume fraction. The Casing-Collar log is used 
f o r  depth control fo r  subsequent runs with other devices (e. g., p e r -  
forating guns o r  packers). A Ratio curve is recorded in  Track  2 
(middle track).  The Ratio curve is computed from the net  count r a t e s  
of the two detectors:  

The 

Near-detector counts (net)  
Far -de tec tor  counts (net) Ratio = 

Near -  and far-detector  count r a t e s  are recorded as a N e a r - F a r  Count- 
Rate Display in  Track  3 (at right). The Z curve is recorded over T racks  
2 and 3. 
capture  c r o s s  section of the formation. 
type of fluid in  the pore space. 

C is a measurement  of the macroscopic  thermal-neutron- 
It is used to help predict  the 

Fig. 1 i l lus t ra tes  some typical responses  of the curves  recorded 
with the Dual-Spacing TDT. 

5 1 ps i  = 6.895 kPa (kilopascals). 
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Fig. 1 
South Louisiana recording of Dual- 
Spacing TDT illustrating typical 
responses in gas, oil, and water 
sands. 

THE NEAR-FAR DISPLAY 

It was the study of the Near-Far Count Rate Display that led to the 
determination of formation pressures from the Dual-Spacing TDT. 
count rate of the Near detector (sometimes designated as N1) is re- 
corded on a scale>of 0 to 6,000 counts per second and the count rate of 
the Far detector (sometimes designated as F1) is recorded on a scale 
of 0 to 1,000 counts per second. In South Louisiana, the two curves 
recorded in this fashion generally overlay or ''track1' each other in 
clean, water-bearing sands. They usually "track" or  separate slightly 
in oil sands and have a greater separation in gas sands. The Near-Far 
Display is therefore diagnostic of gas in clean sands. 
observed that some gas sands had more pronounced separations than 
other gas sands on the Near-Far Display. Fig. 8, shown later, 
illustrates such a separation. The zone in Fig. 8 with this large sepa- 
ration happened to be a gas sand with known low pressure. 

The 

It was also 

These observations led the authors to surmise that the separation 
of the Near-Far Display was a function of the amount of hydrogen in 
the formation. 
sands) the separation was little or none, and if the hydrogen content 

If the hydrogen content was high (as in water or  oi l  

V 
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Fig. 2 
Plot of Near-Far 
count-rate ratio 
versus porosity. 

was low (as in low-pressure gas-sands) the separation was greater. 
related to the amount of the hydrogen in the formation, and hence to 
the pressure in a gas sand. 

It 

AN EMPIRICAL CHART 

Fig. 2 shows the Near-Far ratio (Ni/FI)  plotted in ordinate versus 
porosity (4) in abscissa. The circumscribed points a re  all from known 
water sands. They have a definite trend, and an average "Liquid Line" 
has been drawn through them. The single circumscribed point a t  the 
upper right is for 4 = 35 p.u. and N ~ / F I  = 6; this is the value of NI /F i  
for which the Near and Fa r  curves track together on the log. Lower 
values of N l / F l  correspond to separations between the Near and F a r  
curves, with the Fa r  curve to the left of the Near curve. On the "Liquid 
Line" of Fig. 2 lower values of N1/F1, .corresponding to larger relative 
separations between the Near and Fa r  curves, a r e  for levels with lower 
porosities. This is in line with the earlier supposition that the Near- 
F a r  separation is generally observed to increase as  the hydrogen con- 
tent of the formation decreases. 

The above implies that, if N1/F1 values a re  plotted versus poro- 
sity points for water-saturated sands should fall on or  very close to 
the Liquid Line. 

It was further noted that if N1/F1 is plotted versus porosity in gas 
sands, the plotted points fall below the Liquid Line, as shown in Fig. 2. 
As the pressures in the gas  sands decrease, the points plot further 
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I 

Fig. 3 
Empirical chart based on Fig. 2.  

V 

f r o m  the Liquid Line. By study of some  wells with extremely low p res -  
su res  it was estimated that a formation having a porosity of 35 percent 
and filled with zero-pressure  gas wou€d have an N1 /F1  rat io  of 0.6. 
This corresponds the lowest point on Fig.  2. 

Fig. 3 is an  empirical  char t  based on the discussion above. Line 
MN is the Liquid Line. 

p re s su re  gas. The scal 

connects point 
for  the higher por 

Point M indicates the lowest porosit ies ob- 
I 

I served. Point P corresponds to 35-percent-porosity sand and zero-  
1 
I correspond to values of a s  Index". Line MP, which closes  the chart ,  

! 
I 
I The Gas Index 
I 
i 

i 

I 

s on Line P N  will be taken in this paper to  

I 
I 
I 

Fig. 3 i l lustrates  how an "Appare 
corresponds to  a gas  sand with an N1/ 

dashed l ine is passe 
7 and a porosity 1 

B on the Gas-In i 

Index of 7.1 

The Apparent Gas Index (Iga) is 
hydrogen index contributed by the flu 
will be affected by both the gas and the 
determine a Gas Index (Ig) pertaining to  the gas itself, a correction 
mus t  be made fo r  the contribution of the water. To do this we a s sume  b the relation, 

i 

- 5 -  I 
1 



SPWLA NINETEENTH ANNUAL LOGGING SYMPOSIUM, JUNE 1316,1978 

s w  - 
20 40 60 80 100 

I 
\ I  

I90 I '  Q 

"I I 
Fig. 4 
Chart for adjusting Apparent Gas Index 
to remove the effect of formation water 
present. 

a 
W I  

DA Y= / 
Iga = 19 S w  + ( I - S W )  

Ig = Gas Index 

= - I -  s w  

Iga = Gas Index Apparent 
SW = Water Saturation 
19 = Gas Index of Water 0 V 

where I is the !!Gas Index" of the water. Solving f o r  I 
g ' W 

I - I  s 
. g a  w w  

1 - s  I =  
g 

W 

Fig. 4 i l lust rates  how this water correct ion is done. In the example 
shown we start at Point B with an "Apparent Gas Index" of 7.1. 
saturation was determined to be  17 percent, so a line is constructed 
horizontally f rom Point B to Point C corresponding to Sw = 17 percent  
on the scale  at the top. F r o m  Point C a line is constructed along the 
t rend of the diagonal l ines (using Point Q as pivot point) to Point D to 
find a cor rec ted  Gas Index (I ) of 4.5. 

Water 

g 
Ig is taken to be proportional to the amount of hydrogen in the gas. 

Since hydrogen is the element in  gas  making the principal contribution 
to  its c r o s s  section, Ig is taken to be proportional to C 
pirically it has  been found that if we make I 
then1  e C W 

also. Em-  
= 19  gas-Index g units, 

g go 

Fig. 5 combines Figs.  3 and 4. This is the complete empir ical  
cha r t  that  is being used f o r  the interpretation of Gas Index (w Zg). The 
construction l ines show completely the example of Figs .  3 and 4 
(NI/FI = 2.7, d = 27.5) f o r  Sw = 17 percent. A Gas Index (tw Zg) of 
4.5 is found. 

j r  
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Fig. 5 
The complete 
empirical inter- 
pretation chart. 

Plot of sg 
versus pressure 
for methane. 

K 

gas. 
temperature of 260°F (127OC), a pressure of 2,600 psi (18,000 kPa). 

In our example, Fig.  6 is entered with Zg = 4 . 5  to find, at a 
, 
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GAMMA RAY UEUTRON CAPTIRE CROSS SECTlOl 
t, Capture Units lo%n'/srna 

RATIO FAR cps 
I 1000 

:orracted Depths 6000 
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Fig. 7 - Dual-Spacing TDT for Example 1. 

UEUTRON CAPTURE CROSS SECTION 
L. C a p t u n  Units IQ'crn'/cma 

io 30 4 
:orncted Depths 

Fig. 8 - Dual-Spacing TDT for Example 2. 

FIELD EXPERIENCE 

The four log examples to follow were selected from a study of logs 
from about 50 wells. 
was used to determine formation pressures in gas sands. 

Well Conditions 

They illustrate actual cases where the technique 

The 50-well study was made with the following well conditions: 

1) The wells had either 5 1/2-in. or  7-in. casing and were 
filled with salt water at the time of logging. The technique 
has also been successful with different-size casings and 
also with different fluids in the wellbore (for 'example fresh 
mud). However, some caution should be used in these in- 
stances, since it is necessary to normalize the data to the 
foregoing conditions of casing size and salt-water casing 
fluid. 
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Gas sands were selected which had less than 10 percent 
Vsh (bulk-volume fraction of shale). The presence of 
shale increases the Nl /F l  ratio and tends to give a Gas 
Index that is too high, thus, also, too high a reservoir 
pressure. 

The gas sands selected were pressure-depletion reser- 
voirs (with no water encroachment). Because the amount 
of hydrogen in the formation is a function of both connate 
water and gas, to determine the Gas Index it is necessary 
to know the water saturation rather accurately. In a de- 
pletion-drive reservoir we might determine this satis - 
factorily from the original open-hole logs, or from the 
Dual-Spacing TDT itself. 
it is less easy to know the actual water saturation in the 
zone contributing to the TDT readings. 

In cases of water encroachment, 

Log Examples 

Example 1 

Fig. 7 shows the Dual Spacing TDT log for Example 1. For Point 
A, near the top of the log: 

N l / F l  = 2.6 as  determined from the Near and Far curves of the 
Dual-Spacing TDT log. 

B = 26 p. u. , determined from the open-hole Compensated- 
Density log. 

= 17 percent, from open-hole log analysis. 
W 

S 

Formation temperature = 260 0 0 (127 C), measured with maximum- 
reading thermometer. 

(volume fraction of shale) = 0, from the Gamma Ray log run 
with the TDT log. vsh 

The formation pressure given by e well operator was 2,300 psi 
(15,900 kPa). 

Fig. 11 indicates the corrected Gas Index, hence Zg, to be 4.0. 
Fig. 12 indicates that a Zg of 4 .0  at  a formation temperature of 260°F 
(127OC) corresponds to a reservoir pressure of 2,300 psi (15,900 kPa). 
This coincides with the value given by the well operator. 

- 9 -  
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Example 2 

F o r  Point A, nea r  the bottom of Fig. 8: 

= 2.18, determined f r o m  the Dual-Spacing TDT log. 
Nl/Fl 

* Mark  of Schlumberger. 

- 10 - 

Q 

S 

Formation temperature  = 85 F (29,4OC), measured  with the maxi- 

= 35 P.u., f r o m  open-hole Compensated Density log. 

= 27 percent, f r o m  open-hole log analysis. 
W 

0 

mum- reading thermometer .  

= 0, f r o m  the open-hole Gamma Ray log run with FDC:% (Density). v sh  

The formation p res su re  given by the well operator  was 200 ps i  
(1,380 kPa). 

Fig, 11 indicates the cor rec ted  gas Index, hence Zg, to be 0.5. 
Fig. 12 indicates that  a 2 
(29.4OC) has  a reservoi r  p re s su re  of 170 ps i  (1,170 kPa).  This differs 
by 15 percent f r o m  the value given by the well operator.  

of 0.5 at a formation tempera ture  of 85OF g 

Example 3 

F o r  Point A, near  the middle of Fig. 9: 

= 3.8, f r o m  the Dual-Spacing TDT log. *dF1 

Q = 26 p.u. f r o m  the open-hole Sonic log. 

= 22 percent f r o m  open-hole log analysis. 
W 

S 

Formation temperature  = 260 F (127 C) f r o m  maximum-reading 0 0 

thermometer .  

= 10 percent f rom the Gamma Ray log run with TDT log. Vsh  

The formation p res su re  given by the well operator  was 8,600 ps i  
(59,300 kPa). 

Fig. 11 indicates the cor rec ted  Gas Index, hence Zg, t o  be  10.4. 
Fig. 12 indicates that  a Zg of 10.4 at a formation temperature  of 260°F 
(127OC) has a reservoi r  p re s su re  of 7,650 psi  (52,700 kPa). This differs 
by 11 percent f r o m  the value given by the well operator.  
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GAMMA RAY 
API Unltr 

NEUTRON CAPTURE CROSS SECTION 

0 100 60 3.0 0 
Z, Capture Units 10~~cm*/cms  

Fig. 9 - Dual-Spacing TDT for Example 3. Fig. 10 - Dual-Spacing TDT for Example 4. 

Example 4 

For Point A in Fig. 10: 

N1/Fl = 2.5 ,  from the Dual-Spacing TDT log. 

(6 = 21 P.u., from the open-hole Sonic log. 

W 
S 

Formation tem 

Vsh 

The well operator indicated the pressure to be 1,300 psi(9,OOO kPa). 

Fig. 11 indicates the corrected Gas Index, hence Cg to be 2. 0. Fig. 12 
indicates that a 2 of 2 . 0  at a formation temperature of 220°F (104OC) 

g 

- 11 - 
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Fur the r  Remarks 

The technique has been used in approximately 300 wells in South 
Louisiana with resu l t s  that  about 80 percent of the t ime were  within 10 
to  15 percent of the values given by the well operator.  

Sometimes this technique may be  usable to  recognize p re s su re -  
depletion oil  zones in  solution-drive o r  gas-cap-drive r e se rvo i r s .  I t  
should be  used with caution, however, because it is necessary  to know 
the liquid saturation (water saturation plus oil saturation). 

SUMMARY 

It is possible to es t imate  the downhole p r e s s u r e s  of clean gas sands 
in depletion-type r e se rvo i r s  by using the N e a r - F a r  Display on the Dual- 
Spacing TDT log. The technique uses  an empir ical  approach that under 
proper conditions usually gives resu l t s  within about 10- to  15-percent 
e r r o r  o r  less. This technique is especially useful in recognizing p r e s -  
sure-depleted gas sands. In seve ra l  instances recompletions in p re s -  
sure-depleted gas zones have been avoided by applying this  technique. , 

i 

I 
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ABSTRACT 

Evaluation of very-low-porosity carbonates as found in  Malossa is 
difficult because the porosit ies a r e  very  often near ly  the s a m e  as the 
resolutions of conventional logs. Special c a r e  mus t  therefore  be taken 
during both data-acquisition and data-processing s tages  in  o rde r  to  ob- 
tain re l iable  evaluations. 

As  discussed in  this paper, random e r r o r s  can be  eliminated by a 
suitable logging procedure whereas systematic  e r r o r s  have to b e  com- 
pensated f o r  by carefully normalizing log data with respec t  to a fixed 
geological model. 

A formation-factor formula well adapted to  the Malossa dolomites 
is proposed. 

I INTRODUCTION 
1 

Geological Information 

The discovery of the hydrocarbon deposits of Malossa Field (Fig. 1) 

Structures  favorable fo r  hydrocarbon accumulations were  
is a resu l t  of r e s e a r c h  and exploration activit ies pursued by AGIP s ince 
the fifties. 
located by se i smic  reflection methods. 
appropriate  prospecting method in  the 
activit ies were  performed in  two phases--an analog phase and a digitgl 
phase. 

s proved to  be the only 
alley. The prospecting 

The analog phase was able to define s t ruc tura l  charac te r i s t ics  down 
to an  average depth of 2,000 to 2,500 m e t e r s  (6,600 to  8,200 ft) ,  thus 
leading to  the discovery of the natural-gas deposits in  the Pliocene and J 

W 

I 
I t - 1 -  
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Miocene. 
on the structural features of very deep strata. 
discovery of the Malossa Field which produced from depths around 5,400 
meters (1 7,700 f t )  within the Mesozoic formation of the "Main Dolomite". 

The digital phase, dating from 1967/68 supplied information 
This made possible the 

Hydrocarbon deposits have also been found at  Malossa in younger 
sediments. 
especially when the geology is very disturbed.2 

Drilling is often complicated by high pressure gradients, 

3 
Production in the Malossa Field is primarily gas, typically with 1 m 

3 of oil and 0.1 m3 of LPG (liquified propane gas) per 1,000 m 
Reservoir pressures and temperatures can be as  high a s  475 atrno- 
spheres (7,000 psi) and 15OoC (300OF) respectively. 

of gas. 

The Formations 

The target formations in Malossa Field a re  almost-pure, massive 
limestones and dolomites, with little mixing of the two lithologies. Sim- 
ilarly, shales appear mostly as isolated beds. Porosity is generally 
very low, between 1 and 3 percent. However, streaks with porosities 
ranging from 5 to 10 percent may be found. 

These very-low-porosity formations a r e  of prime interest because 
of their considerable thicknesses and because they can be produced, 
probably through the interfaces with the more porous streaks, or through 
fractures. Quantitative interpretation of these very -low- porosity zones 
is thus extremely important. Porosities and average values for water 
saturation a r e  obtainable with reasonable relative accuracies. Quanti- 
tatively, the presence of hydrocarbons should be clearly recognized in 
the more porous zones. In the very low porosities detection can be 
somewhat more qualitative. 

LOG RESPONSES 

A typical set of logs in one of these carbonate reservoirs is pre- 
sented in Fig. 2. The following remarks can be made about the behavior 
of the logs recorded in these low-porosity formations. Formation den- 
sity is consistently high; for this reason the count rate of the Formation 
Density logging equipment is low, and the statistical variations of the 
measurement a re  higher than usual. The borehole is generally in ex- 
cellent condition. However, some rugosity of the wall or small random 
pad tilts may affect the Near-Detector reading. The Compensated- 
Neutron-Porosity tool gives an excellent measurement at very low poro- 
sities. However, the function former used in the surface equipment to 

- 2 -  
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I I 

W 

Fig. 1 - Map of north Italy showing location of Malossa Field. 

compute an appar porosity becom ess accurate, and it is 
necessary to use the 
their ratio, dir 

The Sonic lo 

t-rate values, or  

. I  

measurement of interval-transit 
time. However, o that in the presence of secondary 
porosity the inte 
sure only a low, minimurn porosity. * 

tic and tend to 

The combination of very low porosities and rather fresh formation 
waters results in high resistivities, even when the formations are water 
bearing, Furthermore, porosity variations (within the very-low-porosity 
range) produce the appearance of a succession of thin beds. The bore- 
hole effect on the Induction-log reading is negligible, since the borehole 
is normally very small and the mud brackish, so that the Induction log 
gives Rt measurements that would be acceptable except for shoulder 

transit time ( 1 )  available from paths on different sides of the borehole. 
This shortest value of t tends to be related to a llminimumll porosity 
which is usually close to the primary porosity. 
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effects. However, fast resistivity variations reduce the usefulness of 
the Induction log, and it will only produce a crude average of Rt. 
other hand, the Dual Laterolog* is an excellent measurement of resis- 
tivity. The reading of the deep.Laterolog is a good first approximation 
of Rt. 
invasion, which is diagnostic of permeable formations, and, of course, 
to correct the deep -resistivity readings for invasion effects. 

On the 

The shallow Laterolog and Rxo log a re  also very useful to detect 

The Rxo log usually provides a good measurement in the invaded for- 
mations (which a re  normally the more interesting zones), probably be- 
cause a small amount of mud cake is present which has smoothed the 
borehole wall. 
cellent (four-arm) centering device insuring good performance of the 
shallow Laterolog. Finally, as wil l  be discussed, the Rxo log may be 
able to give valuable information concerning the detection of fractured 
zones . 

It should also be noted that the Rxo sonde itself is an ex- 

Measurement Noise 

We shall define noise as any disturbance of the primary measurement 
originating from either the instruments or the logging environment, in 
other words any effect causing a departure from the simple interpretation 
model generally used. We shall also distinguish between two kinds of 
noise that will be identified a s  A. C. and D. C. A. C. noise is "high fre- 
quency" (i. e., rapidly variable in comparison to the sequence of forma- 
tions) while D. C. noise is of a nearly-constant nature (i. e., practically 
constant for a logging run). Examples of A.C. noise a re  statistical vari- 
ations in radioactive tools and the variable part of borehole effect on pad 
tools or tools sensitive to their position in the hole. 
noise a r e  effects of borehole diameter (when nearly constant), mud 
weight, pressure, temperature, uncertainty on matrix parameters, 
slight miscalibrations of the tools (due to pad wear on the FDC* tool, 
for example), electronic bias of some components, etc. 

Examples of D.C. 

Each of the two kinds of noise is treated differently. A.C. noises a re  
eliminated by improving individual recordings of each log independently. 
D.C. noises can all be treated together. Assuming we have a good geo- 
logical model for some of the formations (say the very low-porosity, 
clean limestones) we can normalize the logs to this model. Total D. C. 
noise is thus cancelled without particular regard to its individual com- 
ponents or their origins. 

The bases of the proposed method are  thus the following: 

* Mark of Schlumberger. t 
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C 

In a nutshell, we postulate that the Jogs can provide results with re- 
lative accuracies (relative to the model to be used) much better than 
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Fig. 3 - Frequency crossplot of Sonic interval transit time 
versus Neutron porosity. 

their own absolute accuracies. 
needs to be very accurate. 

Obviously the normalization. process 

Before going into the details of the method we should investigate 
hydrocarbon effects. These a re  not considered to be noise, but they can 
have important effects on the logs. 

Hydrocarbon Effects 

In the Malossa area, the hydrocarbons a re  gas and very light oil; as  
a result, the hydrocarbon effects on porosity logs can be important and 
should be corrected carefully. This effect can be predicted from the tool 
responses and particularly from their depths of investigation in very low 
porosities . 

The Sonic log, which generally has a very shallow depth of investiga- 
tion, has one even more shallow in the case of gas, and its response 
can be expected to remain almost unaffected by the gas. The depth of 
investigation of the Density log is more shallow than usual because of 
the low porosity, and this tool should also exhibit very little gas effect 

, 

- 6 -  



SF'WLA NINETEENTH ANNUAL LOGGING SYMPOSIUM, JUNE 13-16,1978 

i . 
t 
t . 
t 

t.....+:*..*.t*.**.t 

. 
t 

+ . 
NROFPOlYTS330 

t r  i +y* i . *  * . * . . * * * , * * * . . .  * . . *  t... 
*I 27!j:t.t . . . . . .**** 

0.00 5.00 lo.00 1500 20.00 

$requency crossplot of bulk density from Density log 
versus Neutron porosity. 

. . . 
* * *  t t t * * * . t * * . . . . . . .  

t . 
. 
t *.. t...t.~*....t*.tt . 

t 
t . 

..*.. 

. e . * .  

. e t . +  

. t.. . . 

* * . . *  

. . . . . 
t * * *  . . . . . 

* * *  * . '  
t b  
* 1  
. J  
* 5  
+ e  
t Lb 

C . t  11 
SY 

t 1 Y  
t b 5  
t 11 

b1 
t 1 b  . b J  . I" 
. o  * . *  
* a  

t.. 

25.00 

xcept a t  the higher 
investigates cons ide 
be fa r  more affected by gas "than-the other 'porosity logs. 

On the other hand, the Neutron log 
per under these conditions and should 

Such behavior can be verified on crossplots of the three porosity logs 
~ plotted in pairs in gas-be i 
~ 

mally plot as a cluster of points close to the lithology line and increasing 

1 ts would fol- 

The minimum porosity will nor- 

I 

~ 

I 
I 

I 

ts little .gas effect on the Density value, but a strong 

I not as clear; quite a few points tend to plot along the limestone line 
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Fig. 5 - Frequency crossplot of bulk density from Density log 
versus Sonic interval transit time. 

(indicating no gas effect). However, another trend is indicated that could 
be due to either gas effect on the Density log a t  higher porosities, or to 
some secondary porosity, or  to a combination of the two. 

LOG IMPROVEMENT TECHNIQUES 

Minimization of A. C.  Noise 

A. C. noise includes, in particular, statistical variations in radio- 
activity measurements and local variations of borehole effect; Bo 
mostly the Density log. 

i 

In order to reduce statistical variations, logging speed must be re- 
duced or  several independent runs must be averaged. The- solution used 
in Malossa is to average two runs recorded at the-slow speed of 900ft/ 
hour (275 m/h) instead of the 1,800 ft/hour 
over the most interesting zone. Th'e usual 
this particular interval an 
of interest. 

m/h) c o k o n l y  used 
at run is also made 

if necessary run over all the fo 
,, 
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f 
Fig. 6 - Illustration of curve improvement by averaging repeat 

runs and by reducing logging speed. 

Local variations of pad position have been shown to affect mostly the 
short spacing, with little effect' on the long spacing. 
types of hard formations, since the borehole is generally good and the 
mud cake thin, local variations in the short-spacing measurement a re  
not related to mud-cake thickness. In this case, therefore, it is better 
to use the Density log uncompensated. 

Thus, in these 

The combined effect of these special procedures can be appreciated 
on Fig. 6. Two sets of curves correspond to curves run at two different 
recording speeds, 900 f t lhr  (275 m/h) and 1,800 ft/hr (550 m/h). 
each case, the solid curve is an improved measurement made by averag- 
ing five different runs. It is obvious that, unless one is interested only 
in an average measurement, a standard Density run produces unaccept- 
ably high statistical variations; the upper dashed curve obtained by 
averaging two uncompensated Density logs recotded at low speed is 
nearly perfect as compared with the average of 5 runs (upper solid 
curve). 

In 

The need for averaging the Neutron orosity measurement is much 
less stringent, but since the Neutron and Density a re  run in combination, 
this is obtained as a bonus. 
cause of the low degree of accuracy of the function 'former around the 

ratio a re  used to nsated Neutron porosity 
value. 

On the other hand, as explained above, be- 

alue, the Far -  and Near-detector readings and their 

Log Normalization 

W 

, 

In theory, the geological model is an idealized average Malossa well. 
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In practice, however, the normalization process operates mainly by 
comparisons of log behavior in the formation types occurring statistical- 
ly more often: very-low-porosity, clean limestones, and, to a lesser 
degree, very-low-porosity, clean dolomites. 

Only the porosity logs have to be normalized. Moreover, it was found 
Therefore, it can be that the Sonic log usually does not require a shift. 

used to aid in the normalization of the Density and Neutron logs. 
normalizing process (i. e., the comparison of the subject well or logging 
run to the geological model) can be made using either one, two, or three 
porosity logs at the same time. 

The 

The normalization of any one of the three porosity logs to its model 
is done by use of histograms of log-reading amplitudes versus the fre- 
quency of occurrence of the different amplitudes. For  a given well, the 
histogram is made over the clean, very-low-porosity limestone or dolo- 
mite interval where water saturation can be expected to be high. 
create the model, histograms a re  averaged over the field. 
dividual wells a re  then normalized by matching their histograms with 
that of the model for that log. This is very easy, but since the result 
will be sensitive to porosity variations around the field it should not be 
expected to yield a relative accuracy better than 1 to 2 p.u. (porosity- 
percentage units). 
log is never used in Malossa. 

To 
Logs of in- 

This is why normalization on the basis of a single 

A better method is to compare the logs in pairs, by the use of cross- 
plots. Examples of this type of normalization a re  given in Figs. 7, 8, 
and 9. Each figure presents the crossplot before and after the required 
shift. Since the Sonic log normally does not require any shift, the Sonic- 
Density and Sonic-Neutron plots will produce directly the necessary 
shifts for the Density and Neutron logs. This method is still somewhat 
sensitive to variations of lithology but should be able to provide a re- 
lative accuracy of the order of 1 p . ~ .  Two-porosity crossplots a r e  a 
kind of I '  quick-look" normalization. 

Finally, a comparison with the model can be made using all  three 
porosity logs at  the same time. This is done by representing the ap- 
parent porosity at each particular depth as  a three-dimensional vector, 
the components of which a r e  the Density-, Neutron-, and Sonic-log 
readings. This vector is compared to the model, also represented as a 
vector. Various shifts a r e  applied-to the Density- and Neutron-log data, 
and a correlation function is computed between the model distribution 
and the distribution on the log. The maximum correlation found defines 
the optimum shifts for  Neutron and Density logs. Three-porosity-log 
normalization is used systematically to provide final results. These 
lithological models have also been used with success in other very 

- 10 - 
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Fig. 10 - Printout illustrating normalization using all three porosity logs. , 

different parts of Italy and in other European countries. 

Fig. 10 is an example of such a computation for a Malossa well. The 
printout in Fig. 10 lists the values of correlation functions computed for 
various shifts in the values of pb (RHOB) and d~ (PHIN). The maximum 
correlation value in the table a t  top is the boxed value, 0.63172, corres- 
ponding to a p shift of 0.020 and a d 

b N shift of 1.0. 

A two-dimensional interpolation is made to obtain the best shifts for 
the Density and Neutron data and a maximum value for the correlation 
coefficient. These values a r e  printed on the bottom line of Fig. 10 as 
Apb = 0.015, A ~ N  = 0.9, and correlation coefficient = 0.647394. This 
maximum value of the correlation coefficient is a measure of how close- 
ly the subject well conforms to the model. 

In the lower part of Fig. 10 are  shown the shape of the Density-shift 
correlograms (R plot) as the Neutron shift is held constant at its opti- 
mum value and the Neutron-shift correlogram (P plot) as the Density 
log is held constant at its optimum value. 

This three-porosity normalization method has two main advantages: 

a) by using all the available-information at the same time it 
is practically insensitive to small variations of porosity or  
litho10 gy . 

- 14 - 
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b) it is completely free of subjective bias. 
J As a result its relative accuracy is considered to be of the order of 1/4 

p. u. 
W 

THE FORMATION FACTOR 
I 

I 
I 

I 
I 

l 

In very low porosity the cementation factor, s expected to be 
function of porosity. nd to become, in fa 

nce suggests the following rules: 

standard Archie FR-Q (resistivity forma- 
I 
1 
I ty) formula with m = 2 ound to apply 

the minimum p 

ty dolomites the n exponent, m, 
A statistical study made in a 

water-bearing dolomite of one of the early Malossa wells sug- 
gested to AGIP the following formula for the Malossa dolomites: 

her than 2. I 

m = 1.94 t O . O O b Z / d  
, 

In the very-low-porosity range, this is reasonably equivalent to 
I 
~ 

~ 

I 

value of the resistivity 
(d) on a log-log 

I 

, 
I , 

I 

groups. The first group includes a large majority of points.which 
fall between the corresponding to the 

I 
I 

J * Mark of Schlumberger. 
! 
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The second group is much more scattered and-falls below m = 2, 
as low as m = 1.6; it is believed that these correspond to frac- 
tured zones where such low values of m a re  to be expected. 3-5 
This last interpretation is strongly supported by the comparison 
of Figs.  1 la and llb. The Sonic log, which largely ignores the 
fractures, exaggerates the effect. 

2) On Fig. l la  there is a rather large scatter of points on either 
side of the AGIP line. This is attributed to the poore 
the logs (based on present standards): Rt was from an Induction 
log, the FDC was run too fast, and the CNL* ratio was not avail- 
able in this early Malossa' 11. Unfortunately, i 
only well containing a pro 1 00-percent water- 
mite. Should we obtain another water-bearing dolomite in-a new 
well, a much better plot should be 
that Fig. l l b  where Sonic porosity 
grouphg in the non-fractured formation. 

ined. It is worth noting 

QUICK- LOOK INTERPRETATION 
I 

The Density-Neutron-Gamma Ray log, even before normalization, 
will usually give a quick-look definition of the gross lithology, identify- 
ing clean limestones, dolomites, and shale beds. Next, a qualitative 
detection of the presence of hydrocarbon is to be made. A rather good 
method is to crossplot the deep Laterolog and Sonic readings in any 
reasonably clean and consistent zone. An example is given in Fig. 12. 
Since Rw is reasonably constant a t  about 0.1 o b - m ,  the water lines 
can be drawn for either limestone or  dolomite. The Density-Neutron 
quick-look will usually suggest which matrix model is applicable. 

In moderately porous zones the presence of gas will often be clearly 
indicated (see Fig. 12). One should remember, however, that apparent 
saturation obtained this way may be quite pessimistic due to the partial 
inability of the Sonic log to respond to secondary porosity. This should 
not prevent qualitative detection however. In very tight zones, gas de- 
tection will be more difficult and should be considered on a statistical 
basis. Finally, gas detection by the Laterolog-Sonic plot should be con- 
firmed by a more detailed study of the Density-Neutron and Sonic-Neu- 
tron crossplots in the same zones; the Neutron log should exhibit a 
strong gas effect. 

Qualitative permeability information may be obtained from the Dual 
Laterolog-Rxo tool, the presence of an invaded zone being, of course, 

* Mark of Schlumberger . 
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the indicator of appreciable permeability. 

FRACTURE DETECTION 

Although fractures cannot be detected with absolute certainty their 
presence may be deduced from the f0llowing:~-5 

1) Secondary Porosity Index: the Sonic porosity is systematically 
less than Density-Neutron porosity over the interval. 

2)  The Dual Laterolog-R,, combination may often be the most 
powerful detector. The Deep and Shallow Laterologs will tend 
to be parallel, with a LLd/LLs ratio around 2, while Rxo 
reads much less and close to* R /d1e6. mf 

3) The HDT** Dipmeter curves often show breaks in the fractured 
zone; this effect is strongly enhanced by a FIL**-type presenta- 
tion. 6 

4) The Ap curve is also very sensitive to fractures. 

FINAL INTERPRE TATION 

Detailed interpretation should be attempted only after careful normal- 
ization of the porosity logs. 
There should not be too much of a problem in limestone where the Gam- 
ma-Ray log normally is an excellent clay indicator, and corrections a r e  
easily made if necessary. Dolomites, which a re  often radioactive, pre- 
sent a more difficult problem. 
tion, and particularly the crossplots derived from the porosity logs, a 
good quantitative interpretation should be possible. 

The CORIBAND process should be used. 

However, using all available clay informa- 

A word of caution should be introduced at this point: this type of log 
interpretation will do a good job of detecting the presence of hydro- 
carbons and computing reasonably accurate values of porosity and water 
saturation. On the other hand, it is much more difficult to predict 
whether the hydrocarbons can be produced or not. In particular the 

* In fractured zones m is expected to  be much lower than 2 and often 
is around 1.6; on the other hand, S should be close to 100 percent. 3-5 xo 

** Mark of Schlumberger. 
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Fig. 12 - Crossplot of deep-Laterolog resistivity versus 
Sonic interval travel rime. 

effect of extensive damage in the formation is very difficult to a s s e s s .  
Local experience normally will  f i l l  the gap. 

An example of computer-processed interpretation in a Malossa well  
is given in Fig. 13. 
computed logs produced independently by AGIP and Schlumberger are  

The section corresponds to the logs of Fig.  2. The 

presented together. 
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CONCLUSION 
t 

Log interpretation in very low-porosity carbonates is not an easy 
problem. Consistent and reasonably accurate results can nevertheless 
be obtained with the following provisions: 

1) The quality of logging data should be optimized as has been in- 
dicated, possibly at the expense of some additional rig time. 

2)  The porosity logs should be carefully normalized with respect 
to a local geological model. 

NOMENCLATURE 

FR 

Rmf 

Rt 

rn 

W 
R 

R 

S 

t 

pb 

xo 

W 

4 

d 

dD 

dN 

resistivity formation factor 

exponent in F -d relation R 

mud - f iltra te resistivity 

true formation resistivity 

formation - wat er r e s is tivi ty 

resistivity of zone flushed by invasion 

water saturation 

Sonic interval transit time 

bulk density 

correction made automatically on Compensated Density log 

porosity 

porosity from Density log 

porosity from Neutron log 

* The symbols used in this paper conform in the main to'the SPE- 
SPWLA Revised Standard Letter Symbols and Computer Symbols for 
Well Logging and Formation Evaluation- - 1975, published in The Log 
Analyst, November-December issue, 1975, pages 45-59. 
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WELL LOG INTERPRETATION OF 
SHALY SANDS WITH THE PROGRAMMABLE CALCULATOR 

by 

Kenneth D. Thompson 
Schlumberger Well Services, Corpus Christi, Texas 

ABSTRACT 

Algorithms for the programmable calculator a re  described f o r  level- 
by-level, open-hole, shaly-sand analysis for use with three log combina- 
tions: 1) resistivity and Sonic logs only; 2)  resistivity, Formation Density, 
Compensated Neutron, and Gamma Ray logs only; and 3) resistivity, Sonic, 
Formation Density, Compensated Neutron, and Gamma Ray logs. The SP 
may also be used as a shaliness indicator. 

An algorithm for cased-hole lo&s is also described, which uses the 
Dual-Spacing Thermal-Decay-Time log and a Gamma-Ray log. The inter- 
pretation utilizes the dual-water model of shaly sands. 
values of water saturation, porosity, and bulk-volume- shale fraction a re  
generated from the calculator programs. 

Level-by-level 

Both open-hole and cased-hole example logs a re  analyzed and inter- 
preted. Results a r e  compared with computer-processed interpretations 
made on the same wells. The calculator interpretations do not provide 
certain features of the computer products, nor a re  they a s  accurate. 
However, they enable the well operator to  make expedient decisions on 
core points, formation-test points, and pipe setting. 

INTRODUCTION 

There has been much interest in the new programmable pocket calcu- 
lators for use in log interpretati0n.l They offer the log analyst the pro- 
mise of more accurate and comprehensive well evaluations completed with 
less time and effort than was previously possible manually o r  with charts. 

This paper describes algorithms for the use of the programmable cal- 
The algorithms a re  

Programs can 
culator in shaly sands for several log combinations. 
designed for calculators with 224- step program capacity. 
be stored on magnetic strips, eliminating the need to manually reprogram 
the machine each time the same calculation is repeated. The 100-step 
variety of calculator can handle resistivity-Sonic combinations, and can 
do the more complex algorithms if  the computation is broken down into 
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separate subprograms. In the development of these programs, a Texas 
Instrument SR-52 was used, but a Hewlett-Packard HP-67 would have 
served as  well. 

Because the manner of use differs in detail for different calculators, 
we shall make no attempt to explain procedures of programming the al- 
gorithms to be described. 
the use of his calculator, he should be able to devise his own programs 
from the flow charts given. 

When the reader has familiarized himself with 

The algorithms to be described are: 
1 

for three open-hole log combinations: 

- Resistivity and Sonic logs 

- Resistivity, Density, Neutron, and Gamma-Ray logs 

- Resistivity, Sonic, Density, Neutron, and Gamma-Ray 
(and/or SP) logs 

for a cased-hole log combination: 

- Dual-Spacing Thermal-Decay-Time and Gamma-Ray logs 

ALGORITHMS FOR OPEN-HOLE LOGS 

Sonic and Resistivity Logs 

Even a smaller calculator can compute Sonic porosity (dsv) and ap- 
parent water resistivity (ha) and water saturation (I;w) from an Induc- 
tion-Sonic combination. Where necessary, determination of water re- 
sistivity (R,) from the SP and true formation resistivity (Rt) from a 
Dual Induction-LaterologW or Dual-Laterolog combination can be done 
by calculator in separate programs. 
were presented by Bateman and Konen in Ref. 1. 

Algorithms for these computations 

* 
Revised Standard Letter Symbols and Computer Symbols for W e l l  Logging 
and Formation Evaluation--1 975, published in The Log Analyst, November- 
December issue, 1975, pages 45-59. 

** Mark of Schlumberger. 

The symbols used in this paper conform in the main to the SPE-SPWLA 
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2 *$ n te r  Rw, B cp' 'LOG' m 

- - 'LOG- 'ma 
'SV (189 - fma) Bcp 

I 

I 

Fig. 1 - Flow chart for computation of dsv. Rwa. and S, from 
Resistivity, Density, Neutron and Gamma Ray logs. 

However, f o r  a "quic ' I  RWa a'pproach separa te  programs a r e  
often not necessary.  
where 

he flow c h a r t  of Fig. 1 il lust  ates the technique, 

B = correct ion fac tor  f o r  lack of compaction in relation 
f o r  Sonic-log porosity CP 

= interval  t r ans i t  time in microseconds pe r  foot f rom 
'LOG Sonic log 

= interval  t r ans i t  ti he rock-matr ix  

= porosity f rom Sonic lo  

ma 
t 

~ 

I 
i 

I %v I 

A value of Rw is not needed as an e rna l  input when nearby water 
zones exist. 
dsv f r o m  'LOG, Bcp, and dma , enter Rt, and calculate Rwa; then enter  

In this case ,  begin the analysis with a water  zone. Calculate 

. the R value in the display reg is te r  and s t o r e  it as R wa W* 

A value of BCp can 
calculated in  wet sand 
knowledge o r  experience, 
a known water sand with the same  compaction will  still produce good 
values of S 

hosen to normalize dsv so that  the Rwa values 
be  made to equal the Rw values f r o m  loca l  
If Bcp is in  e r r o r ,  the normalization of Rw to 

I 

W. 
I 
I 
i 
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Resistivity with Density, Compensated Neutron, and Gamma Ray Logs 

Having values for  t rue  resis t ivi ty  (Rt), Density porosity ( d ~ ) ,  Neutron 
porosity ( d ~ ) ,  and Gamma-Ray count r a t e  (y), the log analyst  can use  a 
m o r e  sophisticated approach that determines bulk-volume-shale fraction 
(Vsh) and co r rec t s  porosity (d) and water saturation (Sw) fo r  shaliness 
and hydrocarbon effects. 

. 

The Sonic log, used alone fo r  porosity, is not sufficient to c o r r e c t  f o r  
shaliness and hydrocarbon effects. The Density log with the Gamma Ray 
log will provide porosity cor rec ted  fo r  shaliness,  and adding the Com- 
pensated Neutron log makes it possible to  c o r r e c t  f o r  light hydrocarbons 
as well. Good values of porosity a r e  important in estimating the flow 
potential of a well and the ult imate r e se rvo i r  capacity. 

Shale-volume-fraction computations using the Gamma-Ray log alone 
a r e  only approximate and subject to e r r o r .  A l a t e r  section will descr ibe  
the use  of the SP as another shale indicator, but the computation of shale- 
volume fract ion is still res t r ic ted  with the programmable calculator as 
compared to  the g rea t e r  versat i l i ty  available to computer processing. 
W i t h  a computer many shale indicators can be used, and they a r e  aided 
by the computer 's  capability to  select parameter  values on the bas i s  of 
statistics derived f r o m  the logs over l a rge  sections of the well. 

The method to  be descr ibed h e r e  has been applied to  Gulf Coast sands 
ranging in age f rom Cretaceous to Pleistocene. No clean sands a r e  re- 
quired f o r  the method to  work. If none a r e  available, an est imate  must  
be  made of the Gamma-Ray-log value in a clean sand. F o r  the computa- 
tion of shale-volume-fraction (V ) input data a re :  s h  

= Gamma-Ray-log value in clean sand, 
ys d 

= Gamma-Ray-log value in shale,  'sh 

= 

= porosity f rom Density log in shale,  and 

= 

Gamma-Ray-log value at the level  to  be  interpreted,  YLOG 

dDsh 

'Nsh porosity f rom Neutron log in shale. 

dDsh and dNsh a r e  picked f rom shale beds having the highest values of d ~ .  
These values approximate the wet-clay parameters  (d and dDcl). Ncl 

F r o m  empir ical  studies comparing Gamma Ray log values with 
SARABAND* shaliness computations, the following relationships were  

i 
* Mark of Schlumberger. i, 

i 
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established for shaly-sand sequences. * 

where 

G is a Gamma-Ray-log linear shaliness indicator 

is the bulk-volume fraction of clay as  computed by 
the above empirical equation ( lb)  using G from Eq. la. 

( v c i ) ~ ~  

The bulk-volume fraction of clay, Vel, should be increased by the bulk- 
volume fraction of silt, Vsl, to derive bulk-volume fraction of shale, Vsh. 
However, to simplify the computation, Vsl  is assumed 'to be negligible, 
and Vcl = Vsh. This should not affect. our porosity determination much, 
as  dDsh and QNsh were chosen to approximate the clay values of QD and 
QN. 
'Ish" a re  used interchangeably. 

In the following it should be understood that the subscripts llcl'l and 

Although the above process for evaluating Vsh appears involved, only 
one log value (YLOG) and four zone parameters (ysd, ysh, dN&, and 

'D sh ) a r e  required for input. 

with Vsh, QNsh, and QDsh known, QN and d~ may be corrected for 
s haline s s : 

I 

Hydrocarbon effects can be eliminated with one of the two approximations: 

d = \  
or 

d = 0.7 BDcor ' O o 3  'Ncor (3b) 

, 
* Information from J. Dumanoir. 
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Eq. 3b is simpler to program and has worked well empirically, so it is 
used in the algorithm. 

Water saturation is calculated from the total-shale relation described 
by Simandoux: 3 

2 
VshSw - - = o  1 

t W 
d2 S 

Rt 0.8 R W ( l -Vsh)  Rsh 

I 
1 Eq. 4 is solved as  a quadratic equation in Sw. 

needed a re  Rt, Rw, and the resistivity of shale, Rsh. 
zones similar to those chosen for dNsh and dDsh. Better results a r e  
usually obtained if Rsh is taken 2 to 4 times the minimum log reading in 
shale sections. However, as Vsh may be low because of some silt con- 
tent not taken into account, Rsh can afford to  be low also, for the ratio 
Vsh/Rsh to remain constant. 
appears to work well. 

The only additional inputs 
Rsh is taken from 

1 

Picking Rsh as an average shale resistivity 

Rw can be chosen from local experience, from normalization of Rwa 
to a water-bearing sand, o r  from the SP. Either a chart solution, or  a 
calculator solution as described in the literature1, can be used for the 
SP. 

All  together, the analyst must supply the zone parameters dNsh, dDsh, 
Log values required a re  dD, d ~ ,  Rt, and  LOG. ysd, ysh, Rw, and Rsh. 

Thus, ten calculator entries a r e  required. 
ten user-definable keys on the calculator. 

These a re  assignable to the 

The flow chart for such an algorithm is as shown in Fig. 2. The pro- 
gram used by the author required 200 program steps. 

Resistivity Log with Density, Neutron, Sonic, and Gamma Ray Logs 

Addition of the Sonic log to the FDCLCNL*-GR combination log sup- 
plies the analyst with a pore-space-fraction of dispersed shale, q, which 
serves as a producibility index. The following relationship approximates 
'lq". 

* Mark of Schlumberger. 
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- 
Enter Zone Parameters:  

X 

I 

i 
I 

I 
I 

I Fig. 2 - Flow chart for computation I ’  Resistivity, Density, Neutr 

I 

I 
I 
I 

1 

When Sonic data a r e  available, the computation continues f r o m  Fig. 2 
to that indicated in Fig. 3. Operaticnally, it‘is s impler  to run the computa- 
tion of Fig. 3 as a separa te  program af te r  Q has been computed from. the 
flow char t  of Fig. 2. 
data by user-definable keys. 

This enables the analyst  to enter and re t r ieve  all 



SPWLA NINETEENTH ANNUAL LOGGING SYMPOSIUM, JUNE 1316.1978 

I - I n -  'LOG 'ma 

I 
- I ySV (189 - L )B ma cp 

Fig. 3 - Flow chart for computation of q. 

Addition of SP as  a Shale Indicator 

The SP cannot be treated as a simple function of shale volume as is 
done with the Gamma Ray log. Also affecting the amount of SP  deflection 
a re  the cation-exchange capacities of adjacent shale beds and the hydro- 
carbon saturation in the flushed zone. The Gamma Ray log is not affected 
by these effects, nor is it affected by the relative values of the formation- 
water and filtrate salinities. 
dicator when sands a re  radioactive or when, for other reasons, the in- 
dications of the Gamma Ray log a re  in doubt. 

However, the SP can be a useful shale in- 

As with other interpretation methods, the value chosen for the clay 
fraction (Vcl) is the lowest of the values computed from available clay in- 
dicators, in this case the lower of (V 

As verified by laboratory studies, 2,4, 5 ( V c l ) s p  is computed from a 

) cl  GR o r  (Vcl)sp. 

hyperbolic curve f i t  between X and Q! given as SP 

- K ( l  - X) a -  
SP X t K  

where 

K 

SP Q! 

is a function of shale activity and water salinity which is 
determined as will be explained, 

is the SP reduction factor due to shaliness: a = E /E 
SP SP SSP' 

- a -  
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is the SP-log deflection f r o m  the shale line, ESP 

X is the Static S P  (clean sand), ESSP 

is the cation-exchange capacity in the zone of ionic diffusion 
between connate water and invading f i l t ra te ,  

is the cation-exchange capacity in the nearby shales,  

V 
Q 

(Qv)sh 

is the volumetric fraction of water in the wet clay, and wcl  

is the flushed-zone water saturation. 
xo 

S 

As previously noted, the I'shale" values chosen a r e  essentially those of 
the I 'wet - clay' I point, Thus, W is calculated as so 'Dsh 'Del' c l  

where dDdc is the Density-log porosity at the "dry claytf  point. A value 
of dDdc = -12 p.u. was chosen to approximate the dry-clay value. Thus, 
WCl - - (dDcl + 0.12)/1.12. 

1/10 
S could be  estimated as xo 

However, because of l imited-program capacity, it is s impler  to ignore 
the hydrocarbon effect and set S = 1. Then, xo 

- K d Sxo (1-a S P  )/Wcl(l -I- K) asp] 

- 9 -  
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Dcl 'Dsh' where we have taken d W d and 6 D 

The only variable not yet accounted for is K. K is the degree of cur- 
vature of the hyperbolic fit. Very low values of K imply severe SP reduc- 
tion with even small amounts of shale content. Since K is primarily a func- 
tion of the cation-exchange capacity of the adjacent-shale beds, it is best 
determined for a local area. By using computed logs representative of an 
area, values of K can be determined level by level from 

K will show a wide variation in clean sands, but in shaly zones, K 
should vary around a mean value. In well consolidated Gulf Coast sands, 
K = 0.2 works well in most cases. The f i t  is best when the SP deflection 
in apparently clean sands is considered to be only 80 to 85 percent of SSP. 
For  K = 0.2, 

As  with the q computation, the computation of Vsh with both SP and 
Gamma Ray logs is more easily done in a separate program run before 
the Q and Sw computations. This avoids the necessity of direct storage in- 
to memory which is undesirable because of the limited amount of user- 
definable keys and program capacity available. 
for all input data, the 224-step program capacity is barely sufficient to 
perform all  the computations shown on Fig. 4. 
flow chart for computation of V 
and t .  

If direct storage is used 

Fig. 4 is the complete 
4, Sw, and q from Rt, dD, dN, y, SP, sh' 

OPEN-HOLE LOG EXAMPLE 

From Induction, Sonic, Density , C om pens a t  ed -N eut r on, Gamma -Ray, 
In the and SP  data, a complete well evaluation can be made in open hole. 

example well twelve levels were computed using the programmable cal- 
culator. 

eight zone parameters and six log values were input directly into Mem- 
ories 1-15 by STORE commands. The program then successively dis- 
played values for clay-volume fraction (Vel), porosity ( Q ) ,  water satura- 
tion (S ), and producibility index (9) for each point. 

In addition to the six log-data values, zone parameters were 
selected f o r  QNsh, QDsht Ysh, Ysd, ESSP P Rsh, Bcp, *ma 9 Rw* The 

W 

- 10 -- 
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W’ dNsh’ dDsh’ ’Sd’ Rsh’ Bcp’ ESSp’ ‘ma) 
Enter zone parameters R 

I 

Enter values for y LOG’ ESP’ ’D’ ’N’ Rt’ ‘LOG) 

I 

N& = (vcl)sP 

S is positive root of 
W 

where 
- - ‘LOG- ‘ma 

‘sv (189 - ima) BCP 

Fig. 4 - Flow chart for calculating Vsh, d ,  &. and q from Resis- 
tivity, Density, Neutron, Sonic, Gamma Ray, and SP logs. 

X 

- 11 - 
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-w- I.";""M".f'. 96 
.4-4 - -4-4- 
le Iff 10 1 

m I 

MATFIX 

GR Wh vh Sw DIFECAL. CLAY SHALE 

Fig. 5 - SARABAND* showing levels 
to be interpreted by pro- 
grammable calculator in 
open-hole example. 

10- 

11- 
12- 

The levels of interest a re  noted in the depth track of the SARABAND* 
presentation in Fig. 5 .  
of the calculator and describes each zone on the basis of calculator re- 
sults. Wireline formation tests were taken in Zones No. 7 and No. 2. 
Zone No. 7 delivered 40 cu f t  with some condensate and filtrate. Zone 
No. 2 produced 0.7 cubic feet of gas and 9,500 cubic centimeters of f i l -  
trate mixed with 7-percent formation water. These results a r e  com- 
patible with the log analyses made by both the calculator and the 
SARABAND program. 

* Mark of Schlumberger. 

Table 1 compares SARABAND outputs with those 
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Description 

Clean, wet. 

Shaly, tight. No flow. 

Shaly, tight. No flow. 

Gas, fairly clean sand. 

Gas, somewhat ehaly. 

Slightly shaly, gas, possible 
water cut. 

Shaly, wet. 

Shaly, tight. No flow. 

Slightly shaly, gas. Possible 
water cut on production. 

Shaly, gas. High water cut 
on production. 

X 

Table 1 
Open-Hole 
Log-Analysis 
Example 

On a level-by-level bas i s ,  the two interpretation methods yield sub- 
stantially the s a m e  conclusion. The calculator method is not a continuous 
interpretation, however. It cannot easily provide the curve  shapes which 
may  revea l  saturation gradients o r  which may have s t ra t igraphic  signi- 
f icance f o r  the geologist; nor  can it integrate  total  porosity-footage of 
hydrocarbon-footage necessary  for  r e se rvo i r  computation. 
eability is not  computed. However, the well operator will have enough 
information at the wellsi te to make knowledgeable decisions about the 
general  productive capacity of the well, the advisability of setting pipe, 
and the need fo r  fur ther  data by coring and testing. 

Also, perm-  

- 13 - 
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ALGORITHMS FOR CASED-HOLE LOGS i 

In the typical ca se  where a cased-hole log mus t  be  used f o r  the pr imary  
formation evaluation of an old well, an electr ic  log with Spontaneous Po- 
tential  may be  the only available open-hole information. A Thermal  Decay 
Time log with a Gamma Ray curve can be run in cased hole to  provide 
values of bulk-volume-shale fraction and porosity, and water  saturation 
under existing conditions. 
Ray, SP, Ratio; and thermal-neutron-capture c r o s s  section (Z). Also, 
the Near/Far Count-Rate overlay can identify gas,  and thus a id  in the 
analysis.  

Available data f o r  the computation a r e  Gamma 

The technique described in this section i s  an  application of the "Dual 
Water" model of shaly sands. This method does not re ly  as heavily on 
accura te  bulk-volume-fraction- shale determinations as the ear l ie r -used  
E-6 crossplots ,  thus it allows g rea t e r  e r r o r  in shale determination with- 
out ser iously affecting water-saturation calculations. This is most  im- 
portant when no open-hole logs a r e  available at all. A n  excessive shift  
fo r  shaliness on the Z-6 crossplot  could dr ive the computed S 
zero o r  even to  negative values. 

value to  
W 

In the Dual-Water model the water  in the formation is considered to 
be of two types: water bound to the clay sur faces  and f r e e  water* in the 
pores. The bound-water conductivity is indicated as C w ~  and the f r e e -  
water conductivity as C,F. The conductivity ( C w ~ )  of the two waters  
taken a s  a mixture  is** 

where S,B is the fraction of total  porosity (QT) occupied by the bound 
water.  
f o r  bound water and f o r  free water and hydrocarbons. 
a saturation relation of the fo rm used by Waxman et al. 4 9  

( S w ~  = V B / ~ T .  ) Total porosity is the total  pore space available 
C w ~  is used in 

Without going into fur ther  details  on the u s e  of this method with open- 
hole logs (discussed in Ref. 7), we shal l  h e r e  adapt its use  to  cased-hole 
logs plus SP. 

* 
since it includes the i r reducible  water saturation (S .). 

It should be  understood that f r e e  water  is not all producible water  

W1 

** The notation used h e r e  and in Ref. 7 differs in many respec ts  f r o m  
that used in Ref. 6. i 

- 14 - 
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The first step in the interpretation is to  determine S,B. S,B must 
be calculated for each level to be' analyzed except shale points, where 
SWB = 1. The SwB value used is taken as  the minimum value of S w ~  as  
calculated from the SP and the Gamma Ray log. 

X 
A good estimate of S w ~  from the Gamma Ray is the simple linear 

shale -indicator relationship: 

(13) 

The value of Ysd should be chosen as a minimum reading, or less if no 
sand is clean. The Ysh value, however, should be chosen as an average 
value in a representative shale. Crossplots have indicated that ( S w ~ ) ~ ~  
is generally better if one inputs Ysh as 60 percent of the maximum Gam- 
ma Ray excursion from the sand line. 

S w ~  cannot be determined directly from the SP, as  it is also a function 
of hydrocarbon saturation. With certain assumptions about shale and mud 
properties and downhole temperatures, we can use the following relation- 
ship: 

= S /(1 t B) (SwB'SP w 

where, as  found empirically, 

ESP/81 - 10 1 (14b) 
ESP/ 8 1 ESSP/81 B = 7.5 (10 - 1)/(10 

In the interpretation illustrated here, S, was assumed to be equal to 1; 
thus S w ~  from the SP in hydrocarbon-bearing zones was overestimated. 
A more elaborate system would first calculate water saturation by using 
S w ~  = 1/(1 t B), thenuse ss alternately recalculating 

W 
[S /(1 t B)]andS 'wB W 

The second step in processing point-by-point TDT* data is to pick 
total porosity r from an otherwise known 
value of porosity. The 2-Ratio crossplot selected must be chosen accord- 
ing to casing size and borehole salinity. The QT computed by this means 
will be a valid estimate of d~ in liquid-filled formations. However, in 
gas-bearing zones it will be too low, and an external estimate must be 
used. 

T) from a C-Ratio crossplot, 

* Mark of Schlumberger. 
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SANDSTONE 
5'/2"CASING,8"BH. 

HOLE SALINITY 2 50kppm 
FRESH-WATER CEMENT 
TOOL ECCENTRALIZED 

c 

Fig. 6 
Ratio-C chart. 
The dashed lines 
indicate the 
approximation of 
Eq. 15. 

The example program uses a linear approximation 

dT = 0.161 - R - 0.0043 CLOG - 0.114 (15) 

where ,R is the reading of the Ratio curve of the TDT. Fig. 6 is for 5 1/2- 
inch casing with.borehole salinity greater than 15 ppk NaC1. Fig. 6 com- 
pares the actual chart9 with the linear approximation of Eq. 15. 

Other linear estimators of the form 

C L O G t C  (15a) 

may be used with adequate results for other casing sizes and borehole 
salinities . 

The next step is to compute Cwa (apparent cross section of all forma- 
tion fluids taken together) for different water-saturated cases and there- 
from to obtain C and CwB where WF 

is the C value of the free formation water 'wF 

is the C value of the bound water 

\ 
'wB 

We make use of the fact that 

- 16 - 
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'LOG = Q T c wa t (1'QT)Crna 

X 
where 

is the 2 value of the rock matrix. 
be 10 in the example flow charts. 

Cma is assumed to ma z 

A theoretical relation for Z is wa 

'wa = 'WF@WT - s WB ) t ZwBSwB t Zh (1 - 'wT) (1 7a) 

where 

is the fraction of total porosity filled with water (both 
SwT free and bound) 

'h is the Z value of the hydrocarbon 

Thus in a pure shale, where S = 1 and SwB = 1, wT 

and in a shaly water sand, where S = 1, wT 

e value in 
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LOG’ ’sd’ ’Sh Enter y 

w 

where 

-.- 

from Gamma Ray or SP log. 

s = (SwT - S w B ) / ( l  - s wB ) 
W 

Q = porosity available for  f r e e  water  (total porosity l e s s  
bound water ) , 

S = fraction of porosity d filled with water. 
W 

The example interpretation is written as a main flow diagram and an 
auxiliary flow diagram. The auxiliary flow diagram (Fig. 7) calculates 
S w ~  f r o m  SP and Gamma Ray logs level-by-level throughout the well. The 
main  flow diagram (Fig. 8 with subroutine of Fig. 9) makes  the interpreta-  
tion of the TDT data. 

The main flow diagram consists of th ree  stages. The first stage cal-  

The second stage calculates Z w ~  f r o m  representative water  sands 
culates Z w ~  f r o m  a point that is representative of a shale zone using Eq. 
1%. 
within a zone using Eq. 17c. The values of Z wB’ =wF’ and input value, Z h’ 

- 18 - 
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! 
I 

J 

R is Ratio 
from TDT 
- 

I 

SUBROUTINE (y) 
I 

Fig. 8 - Main f low diagram for TDT interpretation. 

J 
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LOG' > Enter C - 0.0043 ZLOG - 0.114 dT = 0.161 gLoc 

gLOG is Ratio 

from TDT log 

Fig. 9 Flow diagram of subroutine for computation of I#' 

a re  the zone parameters needed for the third stage, which computes S,T, 
Q, and Sw for each point of interest within the zone. 
to 20 C.U. for oil, depending upon the solution gas-oil ratio. 
Z S 10 c.u., depending upon pressure and temperature. 

Zh ranges from 18 
F o r  gas, 

h 

CASED-HOLE EXAMPLES 

Two examples a re  presented to illustrate the technique for cased-hole 
logs. The first utilizes only TDT, Gamma Ray, and SP data. Values 
of SWB are  computed from the SP and Gamma Ray logs. Values of QT 
(total porosity including shale-associated water) a re  derived using Eq. 15. 

The second example uses open-hole information in addition to the types 
of data that were available in the first example. 
for d~ during the Zwa subroutine. Also available in the second example 
is a Cased-Hole Reservoir Analysis::: (CRA) computation for comparison 
with calculator results. 

QD is then substituted 

Example with TDT, SP, and Gamma Ray Data 

A Dual-Spacing Thermal Decay Time log is presented in Fig. 10 with 
an open-hole SP log traced on. The Gamma-Ray log was recorded in 
* Mark of Schlumberger. 
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NEUTRON CAPTURE CROSS SECTION 
E-capture units (cw.=K)cm~/cm2) 

RATIO 

GAMMA RAY 
D API Unita IN 

SPONTANEOUS 
POTENTIAL 

I 0 
Fig. 10 - Dual-Spacing TDT log 

for first cased-hole 
example. 

conjunction with the TDT log. Ten levels, as marked in the depth track, 
a r e  analyzed by the programmable calculator. The initial step in the anal- 
ysis is to utilize the Near/Far Count Rate overlay for gas indication. 

Ch of 5 for shallow gas will be used for these levels. For all other levels, 
a value of Zh = 21 will be used, typical of oil. 

, 9, and 10 show gas separations between the curves, so a 

The auxiliary program, for  S w ~ ,  is loaded on the calculator first. Zone 
parameters Essp (or maximum SP deflection), Ysh, and ysd a re  entered. 
Then, level-by-level, values'for Gamma Ray and SP deflections from the 
shale baseline are entered, producing an S 
level. 

value for every non-shale wB 

The main program is loaded at this stage. The first calculation estab- 
lishes a C,B value from a representative shale point. 
shale at 5,127 feet is used. 
is generated. This value is retained in storage for all following computa- 
tions until another shale point is entered. 

In this example the 
C and Ratio values are entered, and Z w ~  = 78 
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Depth 

4,430 
(No. 1 

4.458 
(No. 2 

4,490 
(No. 3 

4,496 
(No. 4 

4,530 
(No. 5 

4,567 
(No. 6 

5,077 
(No. 7 

5,090 
(No. E 

5,170 
(No. S 

5,212 
(No. 1C 

Ift) 

- 
'wB 

13 

- 

5 

8 

5 

5 

6 

26 

29  

42 

29 

PARAMETERS: ESSp 

80 

- 
'T - 
36 

36 

36 

36 

36 

36 

23 

26 

36 

36 

- 
wT 

50  

38 

37 

4 7  

43  

00 

88 

92 

29 

53 

- 
d 

31 

I 

34 

33 

34 

34 

34 

17 

19 

31 

26 

- 

- 
i 

42 

W - 

34 

31 

44  

4 0  

00 

84 

68 

19 

34 

- 

Description 

Cas 

Gas 

Cia s 

Oil 

Oil 

Water 

Water, ehaly 

Water, shaly 

Shaly, gas 

Shaly, gas 

Table 2 
Results of First Cased-Hoie Example. 

I 

Ch( oil) 

21  

The second calculation generates Z w ~  from a water sand (clean or 
shaly). 
eral, picking the highest value obtained for C w ~ .  
2, Ratio, and S w ~  information from the point chosen as  representative of 
water. This value of C w ~  will be retained until another water-bearing 
entry is made, corresponding to a salinity or temperature change. Level 
6 is selected a s  representative water in this example. 

If the analyst is not certain which point to use, he may test sev- 
The program requires 

Points of interest a re  then computed. A HALT command is included in 
the Cwa Subroutine to provide a means of altering d~ in gas zones. The QT 
computed by the program will generally be too low in gas-filled reservoirs, 
and an external estimate must be supplied by the analyst on the basis of 
either open-hole porosity logs or depth-porosity relationships established 
for the area. In this field example, 36 p.u. is known to be a valid estimate 
f o r  QT at  this depth. When the calculator halts after entering S w ~ ,  the cal- 
culated value of Q on the display is replaced by 0.36, entered on the T 

- 22  - 



SPWLA NINETEENTH ANNUAL LOGGING SYMPOSIUM, JUNE 1316,1978 

keyboard. 
This is necessary  only for  gas  points; otherwise, p r e s s  RUN and dontinue. 

Then.RUN is pressed  to  continue with the computation of S w ~ .  

In shaly hydrocarbon zones, unreasonably low values a r e  found for  Sw. 
Char t  evaluations and CRA computations utilize a l imit  on S w ~  to avoid 
this, but memory  limitations prevent such a safeguard on the SR-52. When 
S, was less than ( S w ~  - 0.020), the S, value was ignored, and 
S w ~  - 0.20 was used as the final saturation, Sw. 
mus t  be l imited to (S 

X 
When Sw < 0.30, Sw 

- 0.10). wT 

Results a r e  summar ized  in Table 2. F r o m  the computation and Near /  
Far Count Rate data, Levels 1, 2, 3, 9, and 10 a r e  analyzed a s  gas. 
Levels 4 and 5 a r e  oil-bearing, and Levels 6,  7, and 8 are wet. Also, 
Levels 7, 8, 9, and 10 exhibit considerable shaliness. 

TDT Example with SP, Gamma Ray, and Open-Hole-Porosity Data 

The second cased-hole example combines open-hole-porosity data with 
TDT, SP, and Gamma Ray logs. In this example QD is used fo r  QT instead 
of the cased-hole ( 4 ~  value computed f r o m  Eq. 15. 
would m o r e  appropriately est imate  QT, since QD excludes some of the 
bound-water porosity in QT. 
tween gas  and low-porosity zones, whereas  Q 

dsv f r o m  a Sonic log 

However, both Qsv and d~ differentiate be- 
f r o m  Eq. 15 does not. T 

Fig. 11 is a section of the TDT log on a 2-in-per-100-ft scale with an 
Points analyzed by the calculator a r e  marked  in the SP curve t raced  on. 

depth track. The N e a r / F a r  Count Rate separation identifies Level 1 as 
gas-bearing. Also, Level 2 is known to contain some gas,  even though 
the sand was shaly and porosity was low. Levels 3, 4, 5, 6, and 7 have 
no indication of gas. A xh value of 4 is selected for Points 1 and 2 for low- 

~~ 

pres su re  gas. Zh = 20 is chosen for  Points 3-7, correspond 

S w ~  values a r e  first computed f r o m  SP and Gamma Ray logs. The 
shale at 6,775 fee t  is used fo r  the Z w ~  computation. Z w ~  = 75 C.U. is 
calculated. ~ Level 7 at 6,892 fee t  appears  to  be  water-bearing, so it is 
used for  the computation of Z w ~ .  However, we substitute the Density 
porosity value, 30.5 P.u., f o r  the QT computed by Eq. 15. A similar 
process  is used fo r  Levels 1 through 6 later in the computation. A value 

= 64 C.U. is derived. 
Of 'wF 

Table 3 tabulates the resu l t s  of the computation. F o r  comparison, 
values of Q and S, a r e  a lso included f r o m  a CRA computerized interpreta-  
tion. The actual CRA presentation is shown in Fig. 12. 
productive. Level 2 is shaly and tight, but has  some non-commercial  gas. 
Levels 3, 4, 5, and 6 are oil  productive while Level 7 is wet. The p r imary  

Point 1 is gas 
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NEUTRON CAPTURE CROSS SECTION 

Fig. 11 - Dual-STcing TDT 
log for second 
cased-hole example. 

reason for differences in water saturation between the calculator's results 
and the computer's results is the assumption in the calculator version 
that Level 7 was completely wet. The computer saw Level 7 as having 
some oil saturation as compared with totally water-bearing zones below. 

CONCLUSION 

Field interpretation of well logs, in the absence of available wellsite 
computer processing can be greatly enhanced by the use of programmable 
calculator. More complex interpretation techniques are available with 
less time and better accuracy thari those possible from hand calculations 
and chart solutions. The complexity of the technique is still limited by 
the memory and storage capacities of the individual calculator, and, in 
the text presented here, several simplifying approximations were intro- 
duced in order to stay within the calculator's capabilities. 

Also, the process still requires level-by-level computation, but it re- 
leases the analyst from the mechanics of the interpretation. 
his attention to good depth correlations between logs and to determining 
whether hole conditions or  other adverse circumstances are affecting the 
log readings. He can reflect on the significance of the program outputs 
in terms of the performance of the well. In general, he can make better 
use of the information that is available to him in the field. 

He can direct 

c 
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Table 3 
Results of Second Cased- 
Hole Example. 

Depth 
(ft) 

6,537 
(No. 11 

6,734 
(No. 2) 

6,829 
[No. 3) 

6 , 844 
;No. 4) 

6,862 
'No. 5) 

6,874 
No. 6)  

6,892 
No. 7) 

- 
Source 

SR-52 
CRA 

SR-52 
CRA 

SR-52 
CRA 

SR -52 
CRA 

SR-52 
CRA 

SR-52 
CRA 

SR-52 
CRA - 

- 
WE 3 

14 

36 

15 

12 

0 

0 

1 

- 
Gal 

- 
Yea  

Yea 

no 

no 

no 

no 

no 

28 

19 

28 

29 

32 

34 

30.5 

31 

91 

46 

52 

27 

44 

100 

- 

- 
d 

24 
26 

12 
7 

24 
2 7  

26 
28 

32 
32 

34 
34 

30.5 
30.5 
- 

20 
19 

86 
75 

37 
44 

46 
41 

27 
23 

44 
40 

100 
86 
- 

Cas 

Water with 
gas ,  shaly 

Oil  

3il 

3il 

Rater 

PARAMETERS: ESSp Ysh'Yed ZwB 'wF 2=h(gas) Ch(Oi1) 

92 40126 75 64 4 20 

X 

Fig. 12 - CRA presentation for second cased-hole example. 
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ABS TRACT 

The paper presents an original method of autocalibration against the 
background of the current knowledge of methods identyfying the mineral  com- 
position of rocks. Autocalibration is an attempt to solve the problem of quan- 
titative interpreting the results of well logging. On the basis of this method 
a system was  developed of automatic complex interpretation of well log da- 
ta, knownas SAIK. 

The autocalibration method eliminates the necessity to calibrate log da- 
ta. Neither it necessitates the use of data resulting from laboratory 
of cores, although the SAIK system can make use of this kind of information. 
Properly adjusting the crossplot technique by analyzying the limit conditions 
of given plots, indispensable calibration coefficients can be obtained, which 

tests 

sible to effect the quantitative d interpretation 

The use of autocalibration allows of interpreting the measurement data 
obtained in the past and disqualified at that time due to poor quality and lack 
of calibration. Autocalibration has the character of a filtration method that 
separates the information searched for from that coming out as a side 
effect and embraced by log data. 

The paper also gives an outline of the SAIK system as an application 
of the autocalibration method in practice. 
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I N T R O D U C T I O N  

The late 1960's were a period of great progress in interpretation 
methods and techniques of well-logging. To the fore came on the one hand 
problems connected with the calibration of well-log data obtained by means 
of various methods, first of all those of radiometry, and on the other hand 
questions connected with fractional, lithofacial and mineralogical analysis . 
The latter problem, initiated by overlay-type methods, culminated in the 
cross - plot interpretation technique . 

New interpretation methods and new conceptual solutions have been 
met half-way by computer technique. In many instances it is difficult to 
find the correct answer to the question: what is the cause and what is'the 
consequence - the interpretation method or the computer? The computer 
technique, due to its enormous potentials regarding data processing, their 
multiple computerization , multiple and multi- var iant pr oc es s ing , iter at ion 
concluding , optimization and convenient storage with very simple informa- 
tion retrieval, etc., has created a new quality in interpretation. The com- 
puterized interpretation systems of well-log data SARABAND and CORI- 
BAND, formed on the turn of the 1960's and developed and improved so far, 
especially as regards CORIBAND, are  the best and, from the methodical 
viewpoint, the most complete interpretative solution now. However, they 
necessitate a logging technique yith complete calibration supported by as 
sophisticated, complex and expensive equipment as that actually used by 
such f i rms  as SCHLUMBERGER, DRESSER-ATLAS or GEARHART-OWEN 
only. Yet these systems do not solve the problem of making use of the data 
obtained from bore holes in the past years,  since calibration itself and the 
equipment quality left much to be desired at that time. 

In the same period, the system KAROTAZH-1 developed in the USSR,  
methodically adopted to the equipment existing in the CMEA member count- 
ries. Its application, however, was  greatly limited. The shortcomings of 
calibration and the deficiencies of the logging technique made the authors 
look for conventional and traditional solutions , so  practically they retur- 
ned to the methods of manual interpretation used before. That is why, ir- 
respective of its unquestionable historical significance, the system is not 
promising of development. 

Many smal l  f i rms and geophysical centres in the world have also 
started investigations in making use of the computer technique and compu- 
terized data processing. Many small  and even more expanded programmes 
were created satisfying certain single methodical needs, often functioning 
on an interaction basis . Such semi-automatic programmes are often label- 
led "interpretation systems ". Their formation is fully justified by economic 
or publicity reasons . 
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I 

i 

All in all, this is a positive phenomenon, smae the development of 
fully computerized systems for large-scale projects necessitates consi- 
derable experience. And those pseudo- or quasi-systems can offer a lot 
of valuable methodical information indispensable for large-scale compre- 
hensive systems. 

Quantitative interpretation of well-log data is nothing but a kind 
of fractional-lithofacial analysis , The very interpretation of rocks poro- 
sity assuming that clay and monomineral matrix are absent is nothing but 
quantitative solving of the following rock pattern: 

[matrix + pores] 

On the other hand, the assessment of the rock pores’ saturation is a more 
developed fractional analysis, following the pattern: 

[matrix + pores x /water + bitumens/] 

The clay content, so familiar to analysts, adds to a more sophisticated pat- 
tern, namely: 

[matrix + clay material + pores] 

[matrix + clay mater ia l  + pores % water + bitumens/] 

or 

The problem put in this form and interpretation understood in this way make 
it possible to present in detail the fundamental task of well-logging in the 
form of an elementary equation describing the fractional model of the rock: 

where: V - relative /fractjonal/ volume of i-th element of the examined i rock /i-th fraction/ 
n - number of fractions 

Depending on the accepted rock model, either simplified or extended by any 
fractions, the task of interpretation will  be to assess particular fractions 
and to determine their size, 

The choice of the proper rock model, reflecting reality as much as pos- 
sible, and the solving of the elementary equation are the basic aim of data 
processing in well-logging, The ways of solving may vary depending on the 
local factors and on the objective assessment of the available potentials. 
Individual geophysical centres and companies have employed various methods 
that extremely differ from each other sometimes , 

Y 
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Pure pragmatism is suggestive of 'a typical calibration of the logging 
equipment as the first solution. This is the way of main Western compa- 
nies and on the basis of the model stand in Houston, where with a group 
of rock blocks of different lithology, porosity and saturation, unfortuna- 
tely uncertain, although large-scale preventive measures have been taken, 
bases have been created for identifying the rocks ' fractional composition 
and for modelling their structure. These processes of modelling and iden- 
tifying a re  based on empirical and partly physical relations, thus forming 
the deterministic trend in interpretation. T,his deterministic approach to 
interpretation confines modelling to a number of fractions that can satisfy 
the condition: 

n~ N+l /2/ 

where: n - number of fractions / a s  above/ 
N - number of employed and interpreted independent methods of 

well-logging /basic number of equations/ 

The number of equations is greater by one than the basic number due to 
the existence of the elementary equation / 1 / . 

The existmg dependence of the results of individual well-loggmg met- 
hods on fractional changes in the examined rocks makes it possible to solve 
a system of equations, and this system, in cases of linear variability, has 
a very simple matr ix  form. This style, based on Roper and Jones ' expan- 
sion and solely making use of the so-called "porosity" methods /PN, PA,  
PGG/ is the basis of interpretation in Western systems. 

The system is complemented by correlation crossplots, attractive in 
their form, since they offer a convincing illustration of fractional variabi- 
lity which is a familiar way for geologists thanks to its form of lithological 
triangles. 

Believers in statistical methods represent a different style of inter- 
pretation. In this respect, the following two trends can be noted: 

a. statistics is applied to find out the factors characterizing a generalized 
universal function, for instance a polinomial of any order, and this fun- 
ction combines the results of one or more well-logging methods 
fractional changes in the examined rock; 

resulting from either the laws of physics or experiment, and as a rule 
this function combines a single method or rather its results with fractio- 
nal changes in the examined rock. 

with 

b. statistics is applied similarly to characterize the determined function 

c 
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Both trends a re  characterized by the tendency to embellish the obta- 
ined result by the examination and illustration of statistical distributions, 
and also by the evaluation of probabilities, medians, andar d deviations 
or correlation coefficients, etc . , which in many instances plays the funda- 
mental role in this kind of interpretation and even is the objective of work. 
Moreover, as a rule, statistical trends are  based on findings resulting 
from the examination of cores, f rom borings testing and from other geolo- 
gical and well-log data. Finally, the interpretation practically consists 
in a very simple the 
picture resulting from the model obtained for a given region, structure 
and formation, etc., with that resulting from investigations in the exami- 
ned bore hole. This way is correct as long as the examined hole and the 
parameters recorded there relevantly belong to the same set as that of the 
obtained model. However, practically, the fundamental classical resear- 
cher's approach, i.e. making every effort to answer the basic questions 
in natural sciences - why and how - is unlikely as a rule. 

11 

Y pictures comparison", i.e. in the comparison of 

A determinist and at the same time statistical approach to the problem 
of well-log data interpretation is characteristic for methods based on auto- 
calibration. This mixed style assumes the existence of generalized, but 
not universal relations . Every function results f rom the physics of a phe- 
nomenon and is so generalized that it takes into consideration more factors 
than those taken into account in the basic physical relation. In this case, 
modelling is effected by way of successive approximations and iteration ma- 
king use of successive results. The process is optimized as long as the de- 
sired result is obtained. In the course of data processing, new variables 
add to the model of the rock. Of course, the number of fractions is also 
limited, but within the limits resulting from fundamental statistical laws 
and common sense. The covariability of individual well-logging methods, 
i. e . simultaneous responding '' to the same geological phenomena, natu- 
rally in the way specific of each method, makes it possible to evaluate ca- 
librating coefficients in the accepted functional models, and as a result to 
attain the assumed objective - fractional interpretation. 

BASIC RELATIONSHIPS 

I 1  

A solution to the question of quantitative interpretation of the well-log 
data obtained in Poland so far is the autocalibration method /5 ,7 /  and the 
SAIK system of complex automatic interpretation of well-log data construc- 
ted on its basis. The principles of autocalibration and the SAIK computer 
system' s operation, and also examples of the results obtained by means 
of this system were presented during many international geophysical sym- 
posia already. The presentation embraced the first generations of the sy- 
stem SAIK-1 and SAX-2 with their modifications SAX-2opty and SAIK- 
-2optyma1, and also S A X - 3  as  compared with the systems CORIBAND and 
KAROTAZH- 1. Unlike these systems, SAIK does not necessitate data 
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f 

i calibration or even information from laboratory tests of drill cores, a l -  
though it can make use of such information. The problem of obtaining re-  
spective calibration parameters was solved in this case by means of auto- 
calibration . 

In addition to porosity, practically the greatest effect to bear on the 
results of well-logging methods is that of clay mater ia l  present in the rock, 
and also the variability of its content. For particular methods, the effect 
of these factors can be illustrated in the first  approximation in the follo- 
wing way. 

-logging /PA/ 

Taking the basic assumption that changes in the results of acoustic 
logging of velocity /interval time/ correspond to those of porosity and clay 
content, accepted was the Wyllie expanded model of mean times reflected 
in the formula: 

n 
i=1 ' 

At = 

This is a linear model. 

For the assumed boundary values the course of the relationship 
is illustrated by 
Fig . 1. All the 
recorded values 
a re  within the 
triangle of the 
vertexes Atsz , 

atil and atw; 
its sides a re  
straight segments 
reflecting the 
function /3/ for 

/porous clays/ 
and C i  = 0. The 
presence of clay 
in the rock ma- 
kes the side 
/ At%,  A m / ,  
corresponding 
to C i  e: 0, shift 
upwards in pa- 
rallel. 

Kpr 0,  S = O 

Fig. 1 
Dependence b t  = f / Kp, Ci/  
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Neutron logginq /PN, PNG, P N N /  

Taking the basic assumption that changes in the results of neutron 
methods correspond to those in hydrogen content in the rock, and hence, 
through water and bitumens, to changes in porosity and clay cuntent, the 
model was accepted schematically described by the formula: 

/ 4 /  

or for monomineral case: 

For the assumed values the course of the relationship Tng 
is illustrated by 
Fig. 2. The illu- 
stration shows 
that all the results 
a re  grouped in a 
bent triangle; the 
upper limit is the 
curve for Ci-0,  
while the bottom 
limit is the curve 
for porous clay. 

Fig. 2 
Dependence 
Trig= f /Xp, Ci/ 

= f  
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Gamma-Gamma density loggmg /PGG/ 

Fig 3 illustrates the relationships : 

! I  

LS 

025 a! 

Fig. 3 
Dependence d= f /Kp, ci/ 

for the assumed boundary parameters 

Similarly, assuming extreme values for Igg, the dependence of direct 
Jgg logs upon porosiiy and clay content is illustrated by Fig. 4 .  In both 
cases the boundary curves refer to the cases: C i  = 0 and S = 0 /porous 
clays/. 
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Y 

Fig. 4 
Dependence Igg = f /Xp, Ci/  

Logging of the intensity of natural gamma radiation /PG/ 

Taking the ion that chan intensity of natural 
gamma radiation erock, the 
model was accep 

in the most frequently used simplified form. 

values the cow is 
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Fig. ,5 
Dependence Ig = f /Ci/ 

PO resistivity logging /or other electrometric methods determining the 
resistivity or electrical conductivity of rocks/ 

Taking the basic assumption that changes in rock conductivity are con- 
ditioned by those in porosity, in mineralization of deposit water, in satura- 
tion and clay content, and taking into consideration a great number of mo- 
dels used by various authors for the effect of clay content, a relatively 
universal formula was accepted /9/ reduced to clay content and porosily. 

For the assumed boundary values the course of the relationship /9/ 
is illustrated by Fig. 6. All the recorded values a re  between two curves; 
the upper limit is the curve for porous clays, and the bottom limit is. the 
curve for 'Ci  = 0 /the latter curve assumes the form of straight line in 
the system of unilogarithmic axis/ . 
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J 

Fig. 6 
Dependence 6 = 

CORRELATION CROSSPLOTS OF MAIN LOGGING METHODS FOB 
AUTOCALIBRATION 

Correlation crossplots of particular logging methods make it possi- 
ble to determine calibration parameters of these methods. This method - - autocalibration - consists in making use of the functions compining the 
recorded geophysical parameter with reservoir parameters under speci- 
fic extreme conditions . For example, extreme conditions can correspond 
to zero porosity, zero clay content or to the absence of matrix /porous 
clay/ . 

A correlation crossplot of neutron and gamma logs is illustrated by 
Figs.7 and 8. The set  of results is enclosed in a bent triangle; the upper 
limit is the curve for Kp r: 0, the bottom limit is the curve for 

Ing / ,  tlo ’ w clays - S = 0. The vertexes of this pseudotrifnslgle are /Ig 

/Igil, Tngil/ and /Igtlo the latter, due to the fact that the 

model was accepted of changes in neutron logs in the function of porosity 
according to the formula /5/, lies in the infinity of the axis Ing. 

j porous 

! 
i 

I 
I 

v / 

- 11 - 



SPWLA NINETEENTH ANNUAL LOGGING SYMPOSIUM, JUNE 1316,1978 

Autocalibration resulting from the P N  vs PG correlation crossplot can ~ 

take the following course: 

[/i / A l s / A / 7 l A / s 1 A  2 ' K w  = 1.0 1 A 

A A 

Examination of the data set [In, Ig) and assessment of the values {a,  b, 
c, d, e and f ] make it possible to formulate a simple problem in the 
form of: 

{ a  .... f )  
and the reverse problem: 

a-1n - (19 - cy] n 
b2 

v { / I O /  - Kp = d-'[exp,, 
f Q. . .  .f  1 

I121 A C i  =(i+ C )  d-'(Ig- c)' } 
Therefore, a correlation crossplot of neutron logs in the function of 

gamma log results , assuming the boundary conditions Kp = 0 and S = 0, 
leads to the determination of the relationship of In and Ig with porosity 
/11/ and to the formulation of a reverse problem, i.e. to the determina- 
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tion of porosity reduced by the clay effect, and also of the clay content 
itself in the function In and Ig as well as Ig, respectively. 

Fig. 8 
Correlation cr  os splot 
Ign vs 1g dIg 

Fig. 7 
Correlation crossplot Ing vs Ig 
/linear scale/ 

Comparison between electrometric and gamma logs is presented in 
Fig. 9. This set of data is limited by the following two curves: the upper 
curve for porous clays /S =O/ and the bottom curve for K p = O .  

Autocalibration resulting from the correlation crossplot PO vs PG 
can have the following course: 

( / i  / A  /71A / 8 / A  19IA >: Kw = 1 , O t  A 

n 

Y 
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Fig. 9 
Correlation crossplot d v s  Ig 
/linear scale for Ig; logari- 
thmic scale for d / 

Similarly, one can formulate the following simple problem: 

or the reverse problem: 

1151 
Therefore, it was demonstrated, as in the previous example, that a 

correlation crossplot of electric logs in the function of gamma logging , 
assuming the boundary conditions Kp=O and S ‘0, leads to assessment 
of simple and reverse relationships, so  to calibration. 
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~ 

The correlation crossplot fht vs Ig in Fig. 10 represents a pseudo- 
triangle with the vertexes /Igtlo, Atsz/ , /Igtlo, A t w  and /QZil, A t i l l .  

set 
1 
I The data A t  = f /Ig/ enclosed by this pseudotriangle is limited by the 

upper curve for porous clays /S = O/ and by the bottom'curve for Xp = 0. I 
I 

Fig. 10 
Correlation crossplot 
A t v s  Ig 

Autocalibration resulting from the correlation crossplot P A  vs P G  
can have the following course: 

31A/?/A181A C K w =  1,O) A 

I 

I 

~ &(Q, S = O )  =a,- b,(IQ-C,)f" 1- 
i : [~t~F,(I9,Kp=ollh[~tsF(Ig S-OII} 1161 
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hence, the simple problem: 

CI v { 1161 - At = as+ b,(Ig-cy+(cz6- adkp} / 17/ 
{a . .  . . .f 

and the reverse problem: 

Therefore, the third example demonstrates in the same way that a 
correlation crossplot of acoustic logging in the function of the results of 
gamma logging , assuming the boundary conditions Kp = 0 and S = 0, leads 
also to the determination of simple and reverse relations, i.e. to 
determination of the relationship of A t and Ig with porosity /17/ and 
to the determination of porosity reduced by the effect of clay content, and 
also of clay content itself in the function At and Ig as well as Ig, re-  
spectively . 

the 

The employed simple models /ll/, /14/, /17/ and hence the reverse 
models /12/, /15/, /18/ naturally lead to the determination of those parts 
of clay content and porosity that exert influence upon the results of neu- 
tron, electric or acoustic methods, respectively, and this meaning of these 
parameters should be accepted . The determination of calibration coeffi- 
cients ’values /the sets {a ,  . . . , f  1 , (a, .  . . ,m] and (a, . . , f ]  respe- 
ctively for a given m e  of cross correlation/ can be effected by means of 
analysing the whole data set in a correlation crossplot and, through the 
elimination of useless data /filtration/ or their transformation, the para- 
meters a re  obtained of the boundary curves for K p  = 0 or S O ,  hence di- 
rect  interpretation methods can be determined. It is demonstrated below 
that to avoid serious errors  it is more advisable to make use of some co- 
efficients only which necessitates the use of three methods in calibration 
at the same time. 

Only three examples a re  discussed here,and procedure is similar for 
each of them, and also for any other combination. The correlation cross- 
plot PGG vs PG is presented in Fig . 11 . The data set  /Igg and Ig/ is en- 
closed by a bent triangle with the vertexes /Igtlo, Iggs,/, /Igtlo, Iggw/ 

and /Iga, Igg. /. The boundary curves correspond to the conditions: Ci=O ii 
/straight line/, S=O /porous clays - upper limit/ and Kp=O /clay rocks - 
- bottom limit/ . i , 
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The correlation cross- 
plot of the results of neutron 
and electrometric logs is 
presented in. Fig. 12. 
The data set is within the 
area with the upper limit in 
the form of the straight line 
for Ci=O and with the bottom 
limit in the form of approxi- 
mate straight line for Kp-0 
and curve for Sa0 /porous 
clays/. 

Fig. 12 
Correlation cross plot 
b g  vs 1gG 

Y 
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The correlation 
crossplot of acoustic 
and electrometric logs 
is presented in Fig. 13. 

Fig. 13 
Correlation crossplot 
A t  vs l g 6  

m 

I 

!Li vs l g  6 

Ing vs At 

I I 

Fig. 14 
Correlatim crossplot Ing vs A t  

The data set A t=f/d/ 
is limited by the curve for 
Ci=O at the bottom and by 
the curves for Kp=O and 
S-0 at the top. Fig. 14 
illustrates the correlation 
crossplot of neutron and 
acoustic logs. The data set 
is contained in a very nar- 
r& curved band of obser- 
vation. The data Ing=f/At/ 
are limited by the curve 
for Ci-0 at the bottom, and 
by the two curves for Kp-0 
and S=O at the top. 

i 
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Ing vs Igg 

The correlation c r o s s  
plot Ing vs Igg is presen- 
ted in Fig. 15. As in all 
the previous cases, the 
data set  is enclosed by a 
bent triangle with the two 
definite vertexes : water 
and clay, and with the third 

the assumed model. 
vertex in infinity, due to Y 

Fig. 15 
Correlation cr os splot 
'Ing vs 

The correlation cross- 
plot Igg vs A t  /Fig. 16/ is 
a typical slightly bent trian- 
gle with definite vertexes for 
water ,  clays and matrix . 
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m aos 1 o 

The correlation c r o s s  
plot of the results of gamma- 
-gamma density logging and 
resistivity logging /Igg vs@/, 
presented in Fig. 17, closes 
the review of correlation 
crossplots . The arrange- 
ment of data set is extre - 
mely complicated, where 
the effects of porosity and 
clay content overlap and 
intersect making up a cur- 
ved band of difficult-to-de- 
termine parametres of the 
curves limiting the set. 
This crossplot does not re- 
commend itself for use in 
the autocalibration method. 

Fig. 17 Correlation crossplot Igg vs 6 

In the presented crossplots of particular logging methods of little 
practical usefulness are the crossplots Igg vs @ and In vs A t .  The 
remaining crossplots a re  lucid and make it possible clearly to determine 
boundary conditions . 
METHODS OF ESTIMATING THE PARAMETERS OF BOUNDARY 
CURVES IN AUTOCALIBRATION 

It was demonstrated above that the knowledge of the parameters 
the curves limiting the data set in correlation crossplots makes it possible 
to determine calibration coefficients of particular well-logging methods, 
i.e. to specify a problem in interpretation in a simple and reverse way. 
Depending on the kind of correlation crossplots, the parameters 
limiting curves are the basis for estimating most or all the necessary 
constants. The estimation of these parameters is multi-staged, by 
of iteration. 

of 

of the 

way 

The data set in correlation crossplots presents a "cloud" of points 
yi = f / X i / ,  where yi and xi a re  the cross-correlated results of the 
presented logging methods. This set  has its extreme values: xmb, xmax, 
y m h  and ymax. When stretching on this set a regular rectangular net- ( 
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work, limited by the extremes of the set, with the following dimensions of 
a single rectangular "mesh" /element/ : 

max min - max min 
X - x  9 

n m / 19/ 

one can obtain the superficial discretion of the set. Therefore, the network 
w i l l  have n columns and m lines, i.e. it wil l  have nom elements . Each 
element can have 0.1 or more observation points. 

Since the linearization of well-determined curves is almost always 
possible using elementary algebraic transformations, it is possible to con- 
sider for example the estimation of the boundary curve's parameters such 
as for instance for the condition Kp=O in the crossplot P N  vs PG /Figs.7 
and 8/ . This is the upper limiting straight line. Therefore, for calcula- 
tions one uses only the data embraced by the upper k elements of the net- 
work for a given column, starting with the first filled-in /non-zero/ ele- 
ment. In this way, one determines the data set nearest to the upper limit, 
and its dimensions do not exceed n . k elements of the network . 

The further procedure confines itself to the estimation of the para- 
meters of linear regression, using for example the smallest squares me- 
thod in its orthogonal variant: 

where j z  and jF a re  mean values, Sx and Sy  a re  standard deviations of 
the sets i x  1 and { y )  , respectively, selected by means of the above- 
-discussed method. The straight line determined in this way additionally 
necessitates parallel shifting upwards by the value of the Sy line which 
will  result in the first  estimated approximation of the upper limiting 
straight line . 

Methods to determine one of the limits is schematically presented in 
Fig. 18. Using methods of statistical and geometric division of the a rea  
embracing grouped data one can approximately determine the equation of 
the upper limiting straight line . Additional suitable shifting is necessary. 
The application of the so-called reduction lifter in the next steps of the 
iteration process, including corrections considering porosity and clay 
content, will  make the solution more precise. The course of the iteration 
process is presented in Fig. 22. 

- 2 1  - 
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t 3n 

, 
Fig. 18 

Examples of geometric presentation of a data 
set  in correlation crossplot 

Using the parameters of the limiting curves /straight lines/ determi- 
ned in this way, one can further estimate the set of the calibration coeffi- 
cients necessary in interpretation. As a result, one can begin prelimina- 
r y  quantitative interpretation, i.e. estimation of porosity Kp and clay 
content Ci ,  etc., for every point, using the existing relationships. 

In the case analysed above by way of example for the crossplot In vs 
/Figs. 7 and 8/, the aim is to estimate the parameters of the boundary Ig 

straight line satisfying the condition Kp=O. 0. The first approximation is 
obtained by means of the observed values selected in the above-described 
way. However, it would be advisable to transform the input data set  to 
observe the boundary condition and at the same time to eliminate the small- 
est possible number of data. For this purpose the "dynamic reduction 
filter" is used improving the input data and reducing them so that they cor- 
respond to near-zero porosity. Already knowing the values of KPi for the 
i-th point, using the relationships /5/ , the input value d h i  is calculated 
as if the measured effect came from clay content only, omitting porosity. 
The reduced value d h i  can be put in terms of the following relationship: 
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where: dIni and Rpi - input values for din and the interpreted Kp for the 
i-th point; w and Kpl - extreme neutron values of porosity, estimated as 
a result of preliminary processing /as above/; dhred 1 'p - transformed 
input value dln for the i-th point reduced by a certain part of the effect 
coming from porosity Kp; R - reduction coefficient or rather reduction 
function determining what part of the effect coming from Kp should be taken 
into consideration in the carried out reduction. R satisfies the condition: 

0,O -= Re 1.0 / 2 2 /  Y 

At the initial stage of processing it is not recommended to eliminate the 
whole effect coming from porosity Kp, since the error  of the interpreted 
value Kp can be considerable at the preliminary estimation of calibration 
parameters. On the other hand, in the course of improving the quality of 
calculations in successive iterations it is possible systematically to in- 
crease the figure R which can be obtained by dynamic linking of R with 
the number of the successive approximation, e.g. : 

R = r /m iter/' / 2 3 /  

where r - reduction coefficient dependent on the expected number of itera- 
tions embracing the re-estimation of the values of the searched for para- 
m e t e r s ;  z - possible index regulating the dynamics of filtration; nr iter - 
- number of a successive iteration. 

Another exemplary formula for the reduction filter for the correlation 
crossplot PO vs P G ,  based on the relationship /9/ ,  can have the following 
form : 

@:d'p= 6, -R.a-J(@& 

where Gi and KPi - the input value G and the interpreted value Kp for 
the i-th point; a, m - Archie coefficients, as related to the relationship 
/9 / ,  estimated as a result of the first or j-th iteration; Ow - set condu- 
ctivity of deposit wa te r ,  Gred 'p - processed input value G for the i-th 
point reduced by a certain part /determined by the reducer R /  of the effect 
coming from porosity Kp. Similarly, one can also form formulas specifying 
reduction filters for other sets from other methods. 
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The sets of input data - {dIni red K P )  or{Gired Kp)  , etc., - re- 
input data in the duced by means of the dynamic reduction filter a re  the - 

following step, and the whole process with the eliminating network and with 
theestimation of regression parameters is repeated. So, the presented me- 
thods leads to processing the sets so that the initial irregular "cloud" in 
the correlation crossplot produces as narrow a band of data as possible 
representing the boundary curve /or straight line/. By way of iteration, 
using ever more intensive reduction, after a proper number of steps, the 
effect can be practically obtained of complete elimination and the found pa- 
rameters of regression a re  those searched for. 

The numbers n, m and k for the network as well as r and z for the 
dynamic filter should be selected experimentally, taking into account 
size of the set, the distribution of parameters and the statistically indispen- 
sable smallest number of points in a single element of the network, etc., and 
both geological and statistical conditions. Also economic factors can have 
an effect to bear for example on the value of the reduction coefficient r, 
since assuming a limited number of iterations, for instance as regards the 
value L,  there must  be: 

the 

1251 

The process of estimating the parameters of boundary curves should 
additionally take into cons ideration geological and physical limitations . 
For example, when in a concrete correlation crossplot one of the coordi- 
nates ' values exceeds a physically possible value /grave e r ro r / ,  the 
point they produce can and should be eliminated by employment of simple 
limitations. Similarly, when as a result of interpretation a significant sa- 
turation with bitumens is obtained for a given point in the j-th iteration, 
such a point, as abnormal, should not have a bearing on the estimated pa- 
rameters and must be eliminated. In anticipation of the further discussion 
on errors and on the resulting conclusions, it is necessary to mention here 
that a data set  should have a limited area of changes that ensures an opti- 
mum solution to the problem. This element, too, can be effected on the 
basis of conventional limitations imposing the condition that estimation so- 
lely embraces point complying with respective requirements, e .g. C i  grea- 
ter than 0.05, etc . 

Of importance to the iteration process of autocalibration a re  syste- 
matic control of the obtained results ' correctness as well  as control of 
their quality and of their improvement degree at successive steps. Howe- 
ver, no possibilities exist of direct control, of referring to real patterns. 
If they existed, there would be no need for autocalibration. Therefore, 
indispensable are  indirect methods controlling the estimation process of 
the searched for parameters and assessing their value. 

i 
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Autocalibration is performe r a number of logging methods at a ti- 
me, for instance for PN+PO+PG * a result of obtaining calibration pa- 
rameters, a number of geological factors a re  interpreted such as porosity 
Kp and clay content Ci, etc. Taking into consideration the above-mentio- 
ned concrete case, one can obta instance the sets I KpNi) and {KpRi) 
resulting from thetstimation of r rosity according to neutron and 
electric data with reduced clay content /see the relationships/ The obje- 
ctive is to obtain the maximum convergence of these data. Therefore, a 
measure of the quality of those calibration p eters can be the mean 
square deviation d l  of the two sets. Anothe sure of quality can be 
the classical correlation coefficient d2 of the two sets, since it determi- 
nes the convergence of both interpretation results that should give a well- 
-determined straight line in the crossplot KpN = f  /KpR/ * Significant will  
also be the tangent of this line' s inclination angle whose deviation from 
the value 1 .O-d3 will be a measure of the calculations result's correct- 
ness * 

When assessing interpretation quality, geological criteria should be 
taken into consideration. The number of cases, when the value Kp differs 
from the real  limits - d4, and similarly C i  - d5, and also /Kp + Ci/ - d6 
/negative numbers or those greater than 1.0/ is also an important element 
of estimation. Similarly, one should note d7 - cases of interpreted consi- 
derable saturation with bit 
phenomena 

cannot be too frequent as abnormal 

All in all, the qual ed as a function of the 
following kind : 

where w l  - w7 a re  the weights of particular qual 
experimental c hould take int sideration emphasis on factors of 
greatest signific to a given pr to be solved. 

If geophysical methods a re  availAle making 

ctor elements whose 

possible to investigate 
utron logging /KpN/ porosity, for instance from electro 

ging /KpA/ and de 
ented in the follow 

g /KpGG/ , the final quality factor 

( KpR , KpN) *D"' (KpR , KpA 
(KpN , KpA)*D"" (KpN , KpCGt) 

w43 (KpR, KpGG). /2 

(KpA KpGG) 
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where wgl ,  wg2 . , , . . . , wg6 are  the weights of individual elementary 
quality factors satisfying the condition: 

6 - 
)- w g i = i  
i-i 

The elementary quality factor testing the convergence of two poro- 
the sities originating from two different well-logging methods satisfies 

law of convertibility : 

D(Kp1, KpJ) = D(Up1,KpI) 
The value of the quality factor is standardized up to the interval 

<O.O,l.O>. 

The greater the quality factor, the better the evalutation of both 
porosities. 

The total quality factor calculated on the basis of porosities resul- 
ting from different well-logging methods is interpreted in the same way. 

Interpretation of many bore holes by means of the SAIK system de- 
monstrates that under favourable conditions the elementary quality factor 
ranges from 0.7 to 0.85. If the qualiw factor drops below a certain defi- 
nite value, the comment is printed: attention - uncertain interpretation re- 
sult or attention - uninterpretable data. 

Such standardization of quality function can also be interpreted be- 
tween particular bore holes. 

It is assumed that an interpretation result of a greater quality factor 
is better. 

Therefore, the quality factor D currently evaluates the correctness 
of procedure in successive iterations and can be additionally used in con- 
trolling thestimation process of calibration parameters in autocalibration. 

OUTLINE OF THE COURSE OF BASIC OPERATIONS IN SAIK S Y -  
STEM 

The courses of individual basic operations performed in the system 
SAW-2opty a re  presented in a schematic form below /Fig. 191 
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Y 

Fig. 19 
Organizational scheme 
of SAIK system 

The course of preliminary operations is illustrated schematically in 
Fig . 20. Successively, they a re  organizational operations, reading-in the 
control and input data, putting them in order and controlling the number of'  
data 

Next come the modification and unification of the quanting step for the 
whole data set. These operations are effe.cted by means of Tchebyshev or 
Lagrange's interpolation, using a polynomial of a definite order. 

Then comes the unification of radiometric data, and next, when the 
depth existence is assumed of mutual depth shifts of individual profiles, 

fitting is performed. 

This is followed by the correction of radiometric data to eliminate the 
diameter effect, and then a number of organizational operations a re  perfor- 
med, and autocalibration comes next . 
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1 

STOP 

tm I - J 
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Fig. 21 

The autocalibration course, in accordance with the scheme presen- 
ted in Fig . 21, is illustrated in Figs .22 and 23 . Preliminary operations, 
specification of the initial ccmsecutive numbers of the variant and limita- 
tions /of the filter/,  and also determination of the 'starting point are  fol- 
lowed by preliminary interpretation. The sets are  determined of relative 
differential parameters of radiation intensity, and then, after the first 
autocalibration, the scales are  corrected of radiometric data. Then come 
the remaining autocalibration operations, according to the scheme presen- 
ted in Fig . 21 . The so-called "system variant" is effected in that way. 

Scheme of autocalibration P N  vs PO vs PG 

Fig. 22 
Scheme of the main iteration 
process 

. 

Y 
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(G) 

(T) 

Fig. 23 Scheme of autocalibration course 
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If some of the calibration coefficients were known before and were inclu- 
ded into the control data, the so-called "interpreter's variant" is effe- 
cted, i.e. their values a re  used in the further processing. 

The lacking parameters are  determined on the basis of autocalibra- 
tion in accordance with the scheme presented in Figs.21 and 22. 

Further on, the Coefficient sets a re  determined of clay content Ch, 
porosity from electrometric data KpRi, porosity from neutron data KpNi, 
saturation with bitumens Krgi, and of linear resources per depth 
Kp Krgi. Later, it ascertained whether there is the diameter effect on 
the results obtained by neutron methods. If, despite the earlier correction 
of netron logging, such an effect is signalled, a correction is determined 
empirically and neutron data are  re-corrected. This operation, as seen 
in Fig.23, is performed by way of iteration, initially within the interval 
selected for determining autocalibration parameters /io e. , methodical in- 
terval/, and then within the whole interval chosen for interpretation. 

unit 

Observation of porosity in logging also allows of separating the zo- 
nes of the same lithology or  structure of rocks or tho& exerting the same 
influence on the recorded ph sical phenomena. \ 

An analysis of the value of the R L  coefficient expressed by the follo- 
wing dependence makes possible lithological division for the whole log : 

where: R1, R2, . . . . , R6 a re  the weights satisfying the following condi- 
tion: 

p1 Ri-i /31/ 
.i =i 

Each compon f this dependence embraces the two inves 
rosities and, due to absolute value, has the same character . The coeffi- 
cient of the weight R i  represents the value of this effect taking into consi- 
deration the weig individual well loggings . 

The criterion of the attachment of a definite depth point /in a log/ to 
the selected lithological iype is the fact that the coefficient RL is compri- 
sed by the employed numerical interval. This allows of dividing the data 
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~ 

4 
set into lithological sub-sets. It is assumed that in the first cycle all the 
depth points belong to the same lithological type. After maximizing 
function of the quality factor, division is carried out into two sub-sets; in 
one of them the lithological criterion /RL/  does not satisfy the attachment 
condition. Then, the function of the quality factor is maximized and divi- 
sion into the further sub-sets takes place in this sub-set. In this way, as 
a result of successive selections, points a re  chosen belonging to the same 
lithological type . 

the 

Thus, the depth points in the log are  divided into sub-sets satisfying 
the attachment condition except for one sub-set that does not. It is assumed 
that the last sub-set satisfying the attachment condition is the /final/ zone 
of the same lithology, whereas the remaining zones are approximate. As a 
result of this process, the lithological type is determined of the least cer- 
tainty. This is a "purging" operation or preliminary lithological splitting. 
Then, by combining the sub-set not satisfying the attachment condition RL 
with the successive sub-set satisfying this condition, the maximization is 
effected of the quality factor function and lithological division is performed. 
The next final zone is obtained of the successive lithology. This procedu- 
r e  is continued as long as the predetermined number of lithological types is 
separated. Owmg to the statistical character of this process it is necessa- 
r y  to check up whether sub-sets of the same type have a sufficient number 
of depth points. 

The final effect of such lithological division is determination of the 
parameters indispensable to interpretation performed for every lithologi- 
cal type separately. 

The sets of reservoir and packing rocks parameters determined in 
this way are put to final quantitative interpretation. The same number of 
lithological coefficients RL are calculated for every depth point in the log 
as that of the predetermined lithological types. The final criterion of atta- 
chment to a definite type is minimization of the factor R L  within individual 
lithological types. 

The results of rock porosity obtained from neutron logging have been 
. analysed many a time already. On the basis of such an analysis, J.B. Ni- 
kolova /1971/ presented an improved variant of comprehensive methods to 
interpret neutron and gamma log data with view to determining the porosity 
coefficient . 

When the porosity coefficient Kp for shale formations is determined 
using the neutron method, total water KpN includes water in the clay com- 
ponent, accordmg to the follow&g formula: 
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KPN = K ~ N  - ci- W ,  / 32 /  

where : w - total water /humidity coefficient/ connected with clay compo- 
nent; C i  - clay content. 

The implementation of this method is limited by lack of direct informa- 
tion about the value w. It is often assumed that w in reservoir rocks 
equal to the mean square value of w corres ing to the sh 
ring the reservoir rock under investigation. As a rule, the 
from 6 to 60 per cent. The assumption that w is the same for pure shale and 
for clay material in the neighbouring rocks can be correct for reservoir 
rocks with laminated shale, where clay material has the form of thin inter- 
layers. In general cases or for formations with a structural or dispersed 
shale, the value w does not necessarily have to be the same. Changes in 
the dispersion of matrix grain, clay content and in the fractional and mine- 
ral composition of clay material should be followed by changes in total hu- 
midity in clay material. Humidity in the clay component of reservoir rock 
car~ be determined for layers with known porosity / K p /  and clay content /Ci/, 
according to the formula / 3 2 / .  

is 

For carbonate rocks of Trias,  Jura in the central and western parts 

of the 
of Northern Bulgaria, on the basis of laboratory data, J.B.Nikolova obtai- 
ned values of w changing/from 2 0 2  88 per cent/ in rv. the function 
apparent porosity of the m 
cent were followed by inc 
in KpN was  followed by a slow growth of w up 

ix /KpN/. Changes in KpN between 0 andloper 
e in w up to 70 per cent, the further increase 

80 per cent on the average. 
hr 

Replacing the symbol w of hum ity, which is considered to be con- 

C i  and KpN is expressed 
stant, by the symbol wbg which is variable humidity depeging on clay con- 
tent and porosity, the correlation be 
by the formula /mo 

condition of c l  

sation of clay deposits . 

ma radiometric methods. Estimated a re  also the average humidity w of clay 
material in the log as well as .the quotient of the extreme neutron porosity 
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i wkp = w/Kpl / 3. Frydecki 1974, 19751. These parameters can also be 
used on the basis of the information obtained by means of classical cali- 
bration o r  by the statistical processing of the data from bore cores and 
from well-logging using regressive analysis. 

On the basis of the typical correlation of neutron method results in 
the function of porosity the formula /5/, the model of variable humidity in 
the "Bulgarian variant", analogically to that obtained by J. Bo Nikolova, 
has the following form: 

The parameters of the Bulgarian coefficient of humidity in clay - abg and 
bbg are estimated by means of the method of smallest squares with Cramer's  
orthogonalization. 

Assuming that : 

/35/ 

1361 

- dIn 
yi = log /w.wkp i/ 

x i = log /Cii/ 

the searched for coefficients can be expressed in terms of the formulas : 

abg = sign/r/ sy 
s x  

W bbg = - abg . R/ 10 

/37/ 

where: 7 ,  X - mean values of variables y x i' i 
Sy, Sx - standard deviations of variables y x 

r - correlation coefficient. 
i' i 

The interpreted values of humidity in clay wbg in comparison with the 
interpreted values of clay content C i  and porosity Kp are presented for a 
series of bore holes 'in Poland, USSR,  GDR and Hungary. 

h the presented fragment of logging, using the system SAIK-2 opty- 
mal, at the Moskovskaya bore hole /fig. 241, one can observe similar  
considerable variability in wbg. The results obtained there were: abg = 
= 1-43, bbg = 0.38, w = 0.15. 
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. .  

Y 

24 Curves of changes in the humidity of clay material wbg, clay 
~ 

content Ci  and porosity Kp as estimated on the basis of auto- 
calibration in the system SAIK-2 optymal at the bore holes 
Moskovskaya /USSR/, Hintergassingen /GDR/ and Messbei- 
spiel aus der VR Ungarn /Hungary/. 
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Fig. 25 
Curves of changes in the 
humidity of clay miterial 
wbg, clay content C i  and 
porosity Kp as estimated 
on the basis of autocali- 
bration in the system 
SAIK-2 optymal at the 
bore hole Grzqzno 2. 
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J 

Fig. 26 
Curves of changes 
in the humidity of 
clay material wbg, 
clay content C i  and 
porosity Xp as esti- 
mated on the basis 
of autocalibration 
in the system S A I L 2  
optymal at the,bore 
hole XoBcierzyna 
IG.l .  

Y 
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On the other hand, step changes in wbg can be observed at the bore 
hole Hintergassingen 13, where the respective coefficients were: abg = 1.20, 
bbg e: 1.00, w = 0.16 /Fig .24/ .  Considerable variability can be observed on 
the other hand at the Hungarian bore hole, where wbg ranges between 22 
and 60 per cent on the average which is due to relatively great fluctuations 
of porosity Kp and to slight changes in clay content Ci. The results obtai- 
ned there were: abg = 1.03, bbg = 0.51, w = 0.60. 

At the bore hole Grzqzno 2 /Fig. 25/, one can observe a subsequent 
increase of wbg with depth, with fluctuations resulting from changes in clay 
content C i  and porosity Kp. The results obtained there were: abg = 0.59, 
bbg = 1.00, w - 0.38. This correlation, however, cannot be observed be- 
tween wbg changes and depth at the bore hole KoScierzyna IG . l /Fig. 26/ 
which is the deepest of the presented exemplary holes. In the latter , chan- 
ges in wbg markedly accompany those in C i  and Kp and generally range from 
10 to 30 per cent. At great depths, one can see more justifiable relatively 
low values in wbg. The results obtained there were: abg = 1-20, bbg = 0.52, 
w = 0.14. 

So f a r ,  no significant effect has been noted of changes in either the 
depth or in the age of formation on wbg /the presented examples practically 
embrace a full age range - from the early Mesozoic to the late Paleozoic 
e ras / ,  although the latter example /Fig. 26/ is indicative of such a possi- 
bility. On the other hand, the use in calculations of the variable model of 
humidity in clay in the "Bulgarian variant" wbg unmistakebly increases the 
effectiveness of identification of the rocks under investigation, thus impro- 
ving the "quality factor" in the iteration process of optimization. At the sa- 
me time, it seems that it will  be advisable to use such a variable form in 
the process of evaluating the electric parameters of clay material, concre- 
tely of its electric conduction. 

ERRORS AND GEOLOGICAL EFFECTIVENESS OF AUTOCALIBRA- 
TION 

An important element of an analysis of the autocalibration method' s 
effectiveness is discussion of the effect of "non-zero" boundary conditions 
on the obtained results. The method makes use of the form of a function under 
the boundary conditions of zero porosity, zero clay content or zero matr ix  
volume. Deviations from this condition, therefore, can deform the calibra- 
tion parameters obtained in this way and it is important to be aware of pos- 
sible errors.  Other errors ,  e.g. those resulting from poor logging, need 
no discussion, for they have a direct bearing on the obtained results . 

Autocalibration PN and PG performed at the two basic boundary con- 
ditions K F i n  = 0 and Smin = 0 alreadymakes it possible on the basis of 
these two logs /as demonstrated above/ to evaluate KpN and C i  and as a 
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rule gives all the indispensary calibration coefficients for these methods 
The maximum error of this evaluation, calculated by means of the absolute 
differential method, depends on errors  in the evaluation of individual coeffi- 
cients, and also on the value of the assessed porosity. Relative errors  in 
the evaluation of individual coefficients a re  especially dependent on the fact 
of obtaining and using the boundary conditions K p i n  = 0 and S m k =  0, and 
the estimated value of the relative error assumes the form of the following 
dependence: 

Y 

/38/ 

illustrated in Fig. 27. 

Fig. 27 
Dependence of the maximum 
error  of the evaluation of 
porosity from PN - KpN - on 
clay content and on the eva- 
luated porosity value for 
Kpmh = 0.01 and for variable 

1 - error  connected with Smin 

2 - error  connected with Kpmh 

P i n .  

/top scale/ 

/bottom scale/ 

Kp,S"'") 

The illustration refers to four cases of the evaluated porosity Kp = 5, 
10,20 and 30% and presents the effect of the element connected with non-ze- 
r o  boundary porosity and with the value of clay content in the horizons used 
in autocalibjration /continuous curves/, and also the effect of non-zero boun- 
dary value S m h  /dashed curve/. According to the dependence /38/, the 
total maximum error  results from the sum of both elements b The effect of 
!Pin on the maximum error is of linear character and needs no discussion 
except for it is an important result-blurring element. 
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On the other hand, an analysis of the other element leads to the con- 
clusion that its effect is relatirrely inconsiderable on clay contents excee- 
ding 5-10 per cent. Therefore, it is clear that for small  C i  values, rapidly 
grows the possibility of false judgement, so the conclusion is drawn that 
observations corresponding to clay contents greater than 5- 10 per cent 
should be used for correlation crossplots assuming the boundary condition 
Kp=O. This problem is clearly illustrated as regards the most important 
coefficient a /formulas 10-13/ of the greatest effect on the judgement of 
KpN depending on changes in Ci  and Kpmin /see Fig. 28/. Cases were ana- 
lysed for Kpmb = 0.01, 0.02 and 0.04 as well as a full interval of C i  value 
variations. The least advantageous case of Kpmin= 0.04 entails false judge- 
ments of this coefficient /which has the most significant bearing on evalua- 
tions of KpN then/ smaller than 10 per cent already for clay contents excee- 
dmg 5 per cent. Additionally, one also arrives at the intuitively apparent 
conclusion that the error increases with the decrease of porosity under 
examination /Fig. 27/ . Though -irrcosiderable, this factor cannot be elimi- 
nated. On the other hand, the remaining elements of the error  can be redu- 
ced considerably in the way presented above and, i f  possible, by the elimi- 
nation of the boundary condition S m b  = 0 from autocalibration. 

Fig. 28 
Dependence of the evalua- 
tion error  of the coefficient 
a for autocalibration In vs Ig 
in the function of clay con- 
tent C i  and minimum boun- 
dary porosity Kpmin, Left 
axis - absolute error ;  right 
axis - relative error  

The maximum relative evaluation error  of clay content C i  also de- 
pends on Smk and just is S m h  which, of course, needs neither illustra- 
tion nor comment. In the boundary values Kpmh and Smin were known, 
the real  porosity and clay content values could be put in terms of the 
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following formulas : 

- - 
where: XpN and C i  - porosity and clay content a r e  evaluated according to 
the presented methods assuming the boundary conditions Kpmin=Smin= 0. 

Autocalibration PO vs PG makes it possible, as above, to estimate po- 
rosity KpR and clay content Ci. The maximum relative evaluation error  of 
XpR estimated using the absolute differential method can be reflected by the 
formula : 

As shown in the formula, the error  depends on the value of the stima- 
ted porosity. Here, too, the element connected with the non-zero boundary 
value Smin is a separate linear component. That is why, the illustration 
of e r ror  variations /Fig.29/ is presented in the same way as the previous 
illustration by separating the two main component from one another . Simi- 
larly, the three boundary values Kpm& = 0.01, 0.02 and 0.04 were consi- 
dered for a full interval of Kp variations. Figs. 29a and 29b present linear 
and logarithmic variants of errors, respectively. The value of the maximum 
error  significantly depends on Smin and, to a far smaller  extent, on Xpmh., 
The basic conclusion drawn from this analysis is the same as before. If it 
is possible to eliminate the use of boundary condition S m b -  0, the error  
is relatively small for greater values of the estimated porosity. unfortu- 
nately, for low-porosity formations, the relative error  rapidly grows /which 
is apparent even intuitively/ and no possibility exists to reduce it. 

min min 
:and Kp When the boundary values of S a re  known, a possibi- 

lity exists to estimate the real  value of XpR in accordance with the following 
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Fig. 29 
Dependence of the max-num eva- 
luation error of porosity from 
PO - KpR on the value of the 
estimated porosity and on boun- 
dary condistions Kpmin and Smin 

1 - error  connected with Smin 

2 - error  connected with Kpmin 

a - dependence in linear scale 
b - dependence in logarithmic 

/top scale/ 

/bottom scale/ 

scale 

where symbols a re  the same as before. 

.m I 

The maximum relative error  of clay content assessment is reflected 
in the same way as in the previous case and simply equals Smk.  

As in the previous cases, the maximum evaluation error  was conside- 
red of porosity according to PA and of clay content according to PG after 
autocalibration PA vs PG . Relative errors  a re  reflected by the following 
relationships, respectively: 

A K ~ A  - I-KpA ,  amin in+ Smin 

KpA - KpA /43 /  

The porosity evaluation error is illustrated in Fig. 30 in a way similar to 
the previous ones by separating the elements connected with Kp- and 
Smh in accordance with the dependence /a/. 

min 
f, In this case, the error  connected with Kp is also dependent on the 

value of the estimated porosity and decreases with its growth, whereas it 
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Fig. 30 
Dependence of the maximum evalua- 
tion error  of porosity from P A -  KpA 
on the value of the estimated poro- 

K p m b  and Smin 

1 - error connected with Smin 

2 - error connected with K p " h  

sity and on boundary conditions Y 

/top scale/ 

/bottom scale/ 

min grows linearly with the increase of K p  
Kpmk = 0.01 and 0.02/. The maximum error of clay content evaluation is 
simply linearly connected with Xp mmn and Smin and it is useless to illu- 
strate it. 

/two case are  presented here: 

Conclusions drawn f rom this analysis do not substaritially differ from 
the previous ones md actually can solely refer to the problem of Smh as 
above . 

Of the same form as for PA are  the relations between maximum errors 
for PGG - relationships, as follows: 

' KPi*+smin /45/ 
AKPGG - f-KpGG 
KpGG - KpGG 

and that is why it is needless to illustrate or discuss them. 

The general conclusion drawn from this sample analysis is suggastive 
of eliminating the boundary condition Smin= 0 from autocalibration and of 
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using it solely in emergency cases due to the lack of a thirci log. It is nece- 
ssary, however, to realize the error  made then. The remaining conclu - 
sions refer to the limitation of the information used in the autocalibration 
process. When making use of the boundary condition Xpmin = 0, it is advi- 
sable to use data from high clay content levels. Similarly, when using the 
boundary condition C i  e: 0, it will  be necessary to make use of the informa- 
tion concerning formations of greater porosity values . 

The two basic conclusions have already been currently taken into con- 
sideration, beginning with the second generation of the system, i.e. with 
SAIX-2, where respective limitations w e r e  effected and the autocalibration 
process was  solely based on the boundary conditions concerning porosity 
and clay content - Kpmh = 0 or Cimh = 0. 

The results of the geological interpretation of well-log data are put 
among others in the form of variant plots by compiling histograms of the 
calculated parameters . Fig. 31 shows a series of histograms for the 
distribution of clay conteat C i  in the Jurassic system /respectively: Lower 
Jurassic Period - J1, Middle Jurassic Period - J2 and Upper Jurassic Pe- 
riod - J3/ and in the Lowei. Cretaceous Period - K1. Individual curves 
mean the proportional distribution of clay content C i  in particular bore ho- 
les; the continuous thick red line is for the total distribution in all the bo- 
re holes. Some separations of the lines as well  as siight ima.1 extremes 
are observed that can be explained by a small  error  of interpretation, and 
also and first of all by geological changes from bore hole to t o r e  hole. Al l  
in all, very good convergexce and uniformity have been obtainez of parti- 
cular logs which can be a basis of, fu r  example, regional maps of the distri- 
bution of clay for these formations. 

Fig. 32, too, shows histograms for clay content C i  in Jurassic and 
Cretaceous formations. In this case, some marked anomalies are observed 
and their form differs from the background and from the other curves. De- 
viations are observed for an M-1 bore hole within formations of the lower 
Jurassic J1 and lower Cretaceous K 1  periods. The causes of these devia- 
tims are  illustrated by Fig. 33, where histograms are plotted for bore 
hole M-1 with the basic mater ia l  for interpretation, that is the curve of 
gamma logging. So, for the lower Jurassic formation J1 there a re  practi- 
cally only two extreme values of gamma radiation intensity from which only 
two values of clay content C i  can be interpreted, of course, since the log- 
ging of the lower Jurassic formation in this bore hole is reduced 
presented layers. In case of the lower Cretaceous formation the reduction 
is far greater. In bore hole M- 1 only a small  fragment was observed of ty- 
pical Cretaceous sediments illustrated by the curve of gamma logging. Ta- 
king no account of statistical fluctuations, this is practical.1~ only one va- 
lue of intensity and naturally only a single value for clay cuntent C i  could 
be interpreted. 

to the 
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J 

P-. 30 

, Jl 
2 
22 I :  

Y 

Fig. 31 
Proportional histograms of the distribution of clay cmtent C i  in region 1. 
J1, J2, J3 and K1 - the lower Jurassic formation, the middle Jurassic 
formation, the upper. Jurassic formation and the lower Cretaceous forma- 
tion, respectively; 
G-1, G-2, G - 5 ,  K-1, 0-1 - bore holes illustrated by the presented sepa- 
rite variant curves ; 
X- total regional clay content C i  
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Fig. 32 

Proportional histograms of the distribution of clay content in region 2. 
Jl, J2, J3, X i  and c - as in Fig. 31 
D-3, D-4 and M-1 i 

I 
i 

- bore holes illustrated by the presented separate 
variant curves 

i 
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Fig. 33 
tration of the deviation of variant curves 

of clay cuntent C i  in region 2 for bore hole M-1; 
gamma - a fragment of the gamma log curve 

Y 
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The curves of changes in clay content Ci  or porosity Kp interpreted 
by means of the SAIK system can also be applied in correlating of bore 
holes . Fig. 34 gives an example of correlation based on the interpreted 
curve of changes in porosity Kp for the middle Jurassic formations J2 . 
Two bore holes, G-2 and K - 1  were correlated. 

K- f 6-2 

Fig. 34 
Example of the correlation 
of bore holes G-2 and X-1 
based on the interpreted 
curves of changes in poro- 
sity Kp within the middle 
Jurassic formation J2 

% 
The effectiveness of interpretation was also analysed in relation to 

the early Paleozoic cases . Fig. 35 is example of a comparison of the 
interpreted curves of changes in porosity Kp and density of rocks 6 with 
the results of laboratory testing of drill cores and samples of borings col- 
lected during drilling. The interpreted curve of changes in clay content 
C i  is presented in addition. The comparison concerning porosity Kp shows 
good uniformity of the general character of changes in this parameter. 
A slight dispersion, greater for the results of testing the borings, gives 
good mutual confirmation of the results obtained in two completely different 
ways. On the other hand greater differences are observed in case of den- 
sity 6 . They occur first of all in rocks of a high clay content Ci  which 
should be given particular attention. The cause of these differences can 
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Fig. 35 
Comparison of the interpretation results obtained by means of the 
S A X  system with those obtained through laboratory tests for the 
early Paleozoic period . 
Kp, Ci ,  8 - porosity, clay content and the density of rocks, respe- 

1 - results of the SAIK system interpretation; 
2 - results of the laboratory testing of drill cores; 
3 - results of the testing of borings at a field laboratory 

. 

c t ively ; 
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be seen in the incorrect evaluation of the density of rock mat r ix  or clays. i 
However, it is necessary to take into consideration the way of selecting \ 
the samples for laboratory tests, especially when it refers to samples of 
borings collected during drilling. First of all sandstone samples were  
tested coming from small  sandstone interbeddings within a large clay com- 
plex. Therefore, these are not reliable data for clay intervals . That is 
why, the observed differance can testify against the interpretation results 
obtained by means of the SAIK system, and also, and mainly, against the 
results of laboratory tests . 

A consistent effect of interpretation operations for a large area are 
generalizations based on a great number of data. For instance, within the 
upper Jurassic formations J3, Central Poland, data were collected on the, 
porosity of rocks Kp. Their histogram is illustrated by Fig. 36. A n  attempt 
was made to find out the trend of depth changes - the effect of strata depo- 
sition on the value of porosity Kp - Fig. 37. Approximations were  performed 
using power polynomials of the second,third and fourth orders . The results 
of approximation do not significantly differ from each other. Additionally, 
approximations were  performed using a 50 -metre  overlap interval, illustra- 
ted by points in the figure. The trend of depth changes corresponded to the 
predictions. On the basis of the same data approximations were also per- 
med of the surface of trends in changes of porosity Kp. 
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Fig. 36 
Histogram of the distribution 
of porosity Kp for the upper 
Jurassic formation J in Cen- 
tral Poland 3 
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J 

Fig. 37 
Approximation of trends in 
depth changes in porosity 
Kp for the upper Jurassic 
formation J3 in Central 
Poland 
H - deposition depth 
1 - values averaged by 

2 - approximation by power 
intervals 

polynomial of the second 
order 

polynomial of the third 
order 

4 - approximation by power 
polynomial of the fourth 
order 

3 - approximation by power 

P 

Fig. 38 illustrates approximations of the surface of trends performed using 
double Fourier's series for four stages of approximation. The picture 
of the trends in porosity Kp is compact, the anomalous spheres have simi- 
lar amplitudes irrespective of approximation advancement, and the trends 
of changes are convergent within the reach of the method. 

CONCLUSION 

The SAIK system is modernized continuously as a result of: - new possibilities of interpretation; - implementation of mathematical equipment increasing interpretation qua- 

- decreasing costs of operation. 
lity ; 

Y 
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0- 

Fig. 38 
Approximations of the surface of trends in changes in porosity 
Kp for the upper Jurassic formation J3 in Central Poland 
means of double Fourier’s series 
1 - isolines for M-3, N=6 
2 - isolines for M=3, N-8 
3 - isolines for M 4 ,  Ne12  
4 - isolines for M=4, N=lO 
5 - bore holes 
M,N - so-called basic wave-lengths reflecting variability of the 

by 

approximated parameter, respectively towards axis y 
axis x 

and 
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Large-scale investigations have been commenced in Poland in an exten- 
sive system of computerized comprehensive well-log data interpretation. 
The co-authors of this system are  practically all interested geophysical cen- 
tres.  The basic concepts of the system originate from the systems SAIK- 
-2optymal and SAIK-3 already tested and proved operative on an industrial 
scale. The basic quality of the new system wil l  be its openness. This wil l  
make it possible to effect every "logical path" of processing as well as to 
add sub-systems of any objective The 

the afore-discussed interpretation trends or directions. 
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I 

BASIC SYMBOLS 

PA - 
PG - 
PN - 
PNG - 
P N N  - 
PGG - 
PO - 
Ig - - 
%lo 

acoustic log 
gamma - ray log 
neutron log 
neutron - gamma log 
neutron - neutron log 
gamma - gamma log 
resistivity log 
gamma - ray intensity 
gamma radiation background intensity 

- gamma radiation intensity of clay 

- neutron capture - gamma-ray intensity of clay 

''it 
Ing - neutron capture - gamma-ray intensity 

hgil 
hg, - neutron capture - gamma-ray intensity of water 

- neutron capture - gamma-ray intensity of matrix 
/absence of pores/ IngKp=0 

Igg - gamma - ray dispersion intensity 

Iggil 
- gamma - ray dispersion intensity of clay 

- gamma - ray dispersion intensity of matrix 

- gamma - ray dispersion intensity of water 
QgS. 
Iggw 

At  - observed interval transit time 

hti - interval transit time for the i-th component 

At, - interval transit time in the water 

Ats, - interval transit time in the matrix 

KP - 
KpN - 
KpA - 
KpR - 
KPI, XPJ 
PP - 
KW - 
K g  - 
K r  - 
w/Kpl - 
C i  - 

KpGG - 

porosity 
porosity interpreted from neutron log 
porosity interpreted f rom acoustic log 
porosity interpreted from resistivity log 
porosity interpreted from gamma-gamma log - porosity interpreted from the i-th and j-th logs 
format ion factor 
water saturation 
gas saturation 
oil saturation 
quotient of extreme neutron porosity values 
clay content 

k - proportionality constant in relation between gamma log and 
clay content kci' 

d. - exponent of clay content 

i 
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I 

S - relative matrix volume I 
m 
W - humidity of clay 

ni 

B 
P 
G - conductivity of the formation 

ci 

- porosity exponent / comenTation faLtor / 

- saturation exponent of the i-th corqponent 

- clay cementation factor 

1 
~ 

i 

I 

1 
- resistivity of the formation 1 

Y 
I - conductivity of the i-th component 

G ~ ,  G~~ - clay conductivity 

- density of the formation 
6 9  JGG 

D - quality factor 

I 
? 

. .  
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COMPUTER- PROCESSED WELLSITE LOG COMPUTATION 

by 

D. L. Best,  J. S. Gardner,  and J. L. Dumanoir 
Schlumberger Well Services ,  Houston, Texas 

ABSTRACT 

A new logging unit with an integrated system of surface instrumenta- 
L&an built around a computer allows digitally recorded logs to  be merged,  
computed, and recorded on f i lm  at the wellsite. 

The SCHLUMBERGER CYBERLOOK wellsi te computer processing 
uti l izes the recently introduced tlDual Water" interpretation model f o r  
r e se rvo i r  analysis. This model considers a shaly, water-saturated 
formation to behave as if  it contains two types of pore water: Ilclay 
water ' '  nea r  the surfaces  of clay c rys ta l s  and "far water" at a distance 
f rom the clay surfaces.  

The processing is designed so that all required input parameters  
can be accurately selected f rom a f i r s t -pas s  merge. 
cor rec ted  f o r  shale and light-hydrocarbon effects, a r e  presented on 
f i l m  in a format  that is easily interpreted,  allowing decisions to  be  
made at the wellsite. 

The computations, 

Field experience has shown the processing to be  ve ry  flexible, p ro-  
viding excellent resu l t s  throughout North America in  both sandstone 
and carbonate reservoi rs .  

INTRODUCTION 

computer in a CYBER SERVICE UNIT provides the capability to 
e wellsi te computations that a r e  much m o r e  so histicated than 

tage of this capability, a new computer-processed interpretation pro- 
t a r e  possible with ear l ier- type logging units. s To take advan- 

ERLOOK" processing was developed. It u s e s  the 
1. model for  the 
d e r s  a shaly fo 

erpretation of shaly formations. 2 
tion to behave as a clean formation 

containing two types of water: "clay water" n e a r  the surface of the clay 
c rys ta l s  and "far water" in the remaining pore space. 1 

I 

Ij - 1 -  
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The new p rogramis  intended fo r  a wellsite computation ra ther  than a 
replacement for  the advanced SARABAND::: and CORIBAND* programs.  
There  is neither enough computer capacity nor t ime at the wellsite for  
that. The CYBERLOOK program is relatively easy to run, so  that the 
field engineer is able to u s e  it with reasonable training. 

Input parameters  to the computation are selected by the engineer 
f rom a merged  first pass. 

The CYBERLOOK log displays: 

--An "F overlay"-type presentation in which the wet resist ivity 
(reconstructed R ) is played back with R t' 0 

--Continuous logs of porosity, water  saturation, shale content, 
grain density, hole s ize ,  and bulk-volume analysis of the 
pore space. 

CYBERLOOK processing a l so  detects and codes the zones of good 
producibility and the presence of gas. 

THE DUAL WATER MODEL 

The concept of a shaly formation containing two waters  was intro- 
duced by Clavier,  Coates, and Dumanoir. 
here.  Ref. 2 may be r e fe r r ed  to fo r  a m o r e  complete explanation. 

It will be discussed briefly 

Definitions 

The following expressions are defined as indicated: 

Total  Porosity: QT, the bulk-volume fraction of the formation 
occupied by all fluids (hydrocarbons, far water,  clay water). 

Bound Water :  the water associated with the shales which occupies 
the bulk-volume-fraction dg.  In addition to the clay water  in shales ,  
t he re  may still be some original "far water" that  has not been expelled 
by compaction o r  is trapped with silt. 

F r e e  Wate r :  the  water  that  is not bound to shales ,  which occupies 
the bulk-volume fraction 
guish it f r o m  "bound" water ,  and is not meant  to imply producibility 
(the f r e e  water includes the formation irreducible water). 

d ~ .  It is called "free" water  only to distin- 

i 
~~ 

* Mark of Schlumberger. 
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J 

Total Water Saturation: S,T, the portion of the total porosity 
occupied by bound and free water. 'wT = (dF t dB)/dT. 

Bound Water Saturation: S,B, the portion of the total porosity 
occupied by the bound water. S = dB/dT. wB 

A shaly formation can be represented as  follows: 

Hydrocarbons 

Free Water "' d F  I Fluids 

'B 1 Bound Water 

Dry Colloids 

Other Matrix 

----- 
Solids I 

dh, d ~ ,  and d g  a re  the bulk-volume fractions of the formation oc- 
cupied by hydrocarbons, free water, and bound water respectively. 

The "Dual Water" model is an improvement over the Waxman-Smits 
mode13-5 and it fits their experimental data better. The Waxman-Smits 

haly formation behaved like a clean formation of 
e same porosity, tortuosity, and fluid content except that the water 

appears to be more conductive than its bulk salinity would indicate. The 
excess conductivity is due to additional cati s held loosely captive in a 

el proposed that 
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"diffuser' layer surrounding the clay particles to compensate for the de- 
ficiency of electrical charges in the clay crystal. 
into account the exclusion of salt from part of the pore volume near the 
clay surface. 
Fig. 1. 

Refs. 3-5 did not take 

Ion distribution near a clay surface should be as shown in 

t The thickness of the diffuse layer of Na ions, Xd, is related to the 
salinity of the bulk water, being smaller for more saline waters. 

t Actually, the Na ions a re  kept some distance from the clay surface 
by the hydration water around each cation and the water adsorbed on the 
clay surface, as shown in Fig. 2. 

H' As a consequence, the diffuse-layer thickness cannot be less than X 
However, X = X when the connate water is saline enough. d H  

t 0 

For sodium clays, the distance XH is about 6A,  and the Na ions will 
be stacked in the Helmholtz plane whenever the resistivity of the brine 
in the pores is less than 0.425 ohm/m a t  75OF. 

t 
LOCAL 
IONIC 

CONCEN. 
TRATION 

(n) 

- NCE FROM CLAY SURFACE - 
X - t  

Fig. 1 (Ref. 2: Courtesy SPE) 

ADSORBED 

WATER 

SCHEMATIC 
WATER 

OUTER MOLECULE 
HELMHOLTZ 

PLANE 

This thin sheet of salt-free water (the ''clay water") is important be- 
cause clays have tremendous surface areas, as  much as 6,300 acres/ft3 
(900 km2/m3 ) compared to 0.1 ,to 0.2 acres/ft3 (0.014 to 0.028 km2/m3) 
for a typical clean sand, and the volume of clay water is far from 
negligible in comparison with the total pore volume. 
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Stated briefly, the IIDual Water" model says that a water-saturated 
formation behaves as if it contains two types of water: 

1) Water near the clay (clay water), which is salt free. However, it can 
conduct electricity by movement of the cations necessary to balance the neg- 
ative charge of the clay crystal. 
ductivity of this water (Cwc) is a universal parameter for sodium clays* and 
depends only on temperature (C 

If the environment is saline enough, the con- 

= 6.8 mho/m at 25OC). wc 

2)  Water far from the clay (far water) which has the properties of the bulk 
water (C =C ). wF w 

The ffDual Water" model also shows that the 'lmfr exponent in the Archie 
F - d relationship is independent of shaliness and about equal to 2. 

APPLICATION O F  THE "DUAL WATER" MODEL 
IN THE CYBERLOOK PROGRAM 

A. Resistivity and Saturation of a Shaly Formation 

'wF' The conductivity of the free water is: 

(often, but not always, 'wB The conductivity of the bound water is: 
equal to C ). wc 

t' The conductivity of the formation is: 

The conductivity of the formation (C = l/Rt) is given by: t 

where C is the conductivity of the mixed water (bound and free). WM 

The water-mix conductivity is obtained by application of 

- .  

+ * It has been found 
surface areas of the sodium clays whatever their type (kaolinite, illite, 
montmorillonite). 6 

t'the number of N a  ions is directly related to the 

. 
\ 
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We can solve Eqs. 1 and 2 for S the total water saturation wT’ 

wT 

where 

Or, in terms of resistivities, 

where 

‘wB ‘RwB - RwF) Y =  
2RwB 

Y BERLOOK Saturation 

The traditional water saturation S does not include bound water; 
W thus is equal to S 

W F ’  

a -  ’ Yh 

It is obvious that &T > Sw whenever bound water is present. Thus, 
if you are familiar with &, S,T appears to be a pessimistic water sat- 
uration. It is also obvious that Eq. 3 for S, will give ridiculous values 
of water saturation whenever S,B approaches S,T or  1, as it will in 
very shaly formations (in pure shales S, = O/O). Rather than introduc- 
ing the new concept of total water saturation (S,T) or cosmetically con- 
trolling Sw to prevent ridiculous answers, the CYBERLOOK concept 
takes a different approach. 

i 
I 
i 
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The main objective of the CYBERLOOK program is to reconstruct 
the wet formation resistivity Ro. Then Ro can be compared to Rt. The 
two curves a r e  presented as  in the 'IF overlay'' technique, which allows: 

first: A quality check of the computation, since Ro 
and R t  should overlay in all wet formations 
including shales. 

second: quick-look detection of the presence of hydro- 
carbons (R > Ro). t 

Z 
A wet, shaly formation can be represented by: 

Free Water 

Bound Water d " J d T  
B 

Fluids 

Dry Colloids 

Other Matrix 
Solids 

This shaly formation of conductivity Co has a total porosity, QT, 
containing bound water (conductivity C ~ B  and bulk-volume fraction dB) 
and free water (conductivity C and bulk-volume fraction ). We 
have the relationships wF F 

Q, = d B  t QF 

2 In the, "Dual Water" model, the formation factor is F = l / d T  , so 
this wet formation is 

dT2 

where C,M is the conductivity of the bound water/free water mixture. 

or 

= s wB c wB t (1'SwB)CwF 
W 

C 
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or, in resistivity, 

This gives the wet formation resistivity. The CYBERLOOK satura- 
tion is defined by: - 

Porosity and Bulk-Volume W a t e r  

Porosity Q is obtained by removing the bulk-volume fraction of bound 
water (QTSwB) from Q Therefore: T’ 

I B = Q, (1‘SWB) I 
The bulk-volume fraction of the free water is then: 

. To get these answers, four quantities must be known: R,F, R,B, 
QT, and s,~. 
provides a good value of QT. 
shale indicators. 
and dN. ) This leaves R 

It has been found that porosity from the QN-pb crossplot 
S w ~  can be obtained from traditional 

(CYBERLOOK processing uses the SP, Gamma Ray, 
and RwF to be determined. WB 

Going back to the formula for Co and changing to resistivity, we have 

2 

when the formation is 100-percent shale, to R wB WM 
An apparent fluid resistivity can be computed: Rwa = RtQT . It will 

when be equal to R 
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the formation is wet, and to R 
and clean. 

when the formation is 100-percent wet wF 

CYBERLOOK PROGRAM DESCRIPTION 

The CYBERLOOK program requires a minimum log suit 

2 
cludes deep resistivity, CNL*-FDC*, and Gamma Ray or SP logs. In 
addition, a sonic log may be used to help the porosity computation in 
case of bad hole, and an R,, log may be added in order to make a moved- 
oil-type presentation. 
ing, RID or RLLd. RID can be corrected for invasion effects. 

Rt is taken to be the deep-investigation log read- 
If a dual induction log is available, and if desired, 

The CYBERLOOK computation is normally made in two passes. 

Pass One requires no parameter selections, only certain constants 
to describe borehole conditions and how the logs were recorded. 
Pass One, raw data a re  corrected f o r  b 
are made to determine dTa, Rwa, and Pga. 
with d ~ ,  d ~ ,  Rt, Gamma Ray, and SP. 
parameters a r e  selected for Pass ,Two, which computes and outputs the 
CYBERLOOK log. 

In 
ehole effects and computations 

These a re  displayed along 
From the output of Pass One, 

Pass Two computes the shale index from several shale indicators and 
converts the minimum shale index (Ish) to bound-water saturation. 
is corrected for light-hydrocarbon effects. The reconstructed Ro and Sw 
are computed and displayed along with d, V w ~ ,  and Ish. Also displayed 
are  a grain density of the whole matrix, a differential caliper, and pro- 
ducibility and gas-in 

d~ 

The CYBERLOO is checked for coherence, ,and, if 
necessary, repeated with refined parameter selections. A diagnostic 

e made to help with particularly difficult problems. 

Pass One Inputs 

s a re  required for Pass One. However, cer- 
s must be specified. These are: 

* Mark of Schlumberger. 
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c) Pore-fluid density in gm/cc 

d) Bottom-hole temperature in OF 

The engineer has the means to: 

a) Adjust depths 

b) ,  Straighten the SP baseline 

c )  Select the matrix porosity scale (limestone o r  sandstone) 
of the neutron and density logs recorded on the Pass One 
film. 

Pass One Computations 

The d~ is corrected for temperature and pressure in accordance with 
the published chart. 

, is computed in accordance with the ' 'Ta The apparent total porosity 
chart of Fig. 3. 

0 
0 

CNL Porosity Index, p.u. 

Fig. 3 

i 
t Fig. 4 

i 
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J 
Although the choice of porosity scales is optional, for display on the 

Pass One f i lm,  all program computations a re  based on Q 
on the Limestone scale. 

and Q values D N 

is computed from Q and pb. , Pga' Ta 
The apparent grain density 

T 2  is computed from R and t 
The apparent water resistivity, R 

wa' 

R = R t *  d2 wa Ta 

The Gamma Ray is corrected for borehole effect, according to the 
published chart. 

Bit size and caliper-log readings a r e  used to compute a differential 
caliper. 

Pass One Output 

The outputs a re  recorded on the Pass One log (Fig. 4). The dashed 
curve in Track 1 is the SP. 
straightened, in which case the curve will not match the recorded SP. 
The solid curve is the Gamma Ray and will have been borehole corrected 
if a caliper is available. 
curve. The dotted curve is p 

If deemed necessary, the baseline' is 

In this case it will not match the recorded 

ga' 
Track 2 has a four-cycle log grid, the dashed curve is R,. The solid 

t' curve is R computed from Q and R wa Ta 
b 

Track 3 has the porosity curves. The solid curve is d ~ ,  computed 
with a 2.65 gm/cc matrix density if the selected matrix is sand, o r  2.71 
if the matrix is lime. There a re  no "limy sand" options. The dashed 
curve is the QN corrected for temperature and pressure, and will pro- 
bably be a little higher than the recorded d~ unless the well has a low 
BHT. The dotted curve is crossplot porosity computed from QN and d ~ ,  
and gives a good estimate of total porosity independent of the matrix. 
There is a gas-area coding between Q and d whenever d is less than D N N 
*DO 

Pass One Check 

Pass One should be checked against the raw data to be sure the para- 
meter s have bee roperly input. This check should include the follow- 
ing:. 

1) Are all the logs on depth with one another? 

- 11 - 
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2 )  Is the expected lithology confirmed by d N / d ~  separation and 
taking into account shaliness and hydrocarbon effects? Pga' 

local knowledge? 
3) Does Rwa in clean wet zones seem reasonable and confirm 

4) If the SP baseline has been straightened, is it now stable? 

If the answer to any of these questions is no, corrections may be re- 
quir ed. 

The Pass One computation provides a great deal of information. By 
itself, it is a pretty good quick-look and is usually presented along with 
the CYBERLOOK presentation. The dTa curve gives porosity indepen- 
dent of lithology and not greatly affected by gas. The apparent water 
resistivity curve gives an %a that is independent of lithology for hydro- 
carbon detection. Gas detection is provided by not only the usual neu- 
tron-density crossover, but also by lower values of Pga. 
tion gas detection is possible because the SP and Gamma Ray a re  played 
back with p 
advantage. 

Shaly-forma- 

If time is extremely critical, Pass One can be used to ga. 

In Pass Two, the final computations a re  made. The output is the 
CYBERLOOK log. 

PASS TWO 
Pass Two Inputs 

The CYBERLOOK computation requires all of the inputs that went in- 
to the Pass One plus some parameters that a r e  selected from the Pass 
One output. Not all of these additional parameters a r e  required on every 
computation. The requirements will vary depending on what shale in- 
dicators a re  to be used and what logs a re  available. 

Shale-Index Parameters 

Gamma Ray, SP and neutron logs can be used as shale indicators. 
Any one can be used alone. Any one can be rejected. 

- Gamma Ray in a clean zone 
Ycn 

- Gamma Ray in shales 

- SP in a clean zone (preferably wet) 

'sh 

ESpcn 

ESPsh - SP in shales 

- 1 2  - 
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- dN in a clean zone (clean gas zone 
if gas is present) Ncn d 

- dN in shales 'Nsh 

The engineer decides which shale indicators a re  needed, and a 
"clean" and "shale" value for each in 
picks a r e  usually made as the averag 
zone or a 100-percent shale. 
often dictate picking a little higher o r  lower than the average. 
100-percent clean or 100-percent shale zones exist, the 
will have t o  be estimated o r  from local experienc 

ator is then picked. These 
eading in a 100-percent clean 

Local experience and preferences will 
If no 

Since the neutron log is often,affected by gas, special care is needed 
in selecting its clean and shale values. It is generally not needed, but 
is available for emergency use in those cases where the Gamma Ray 
and SP a re  not adequate. dNsh is picked from the lower neutron read- 
ings in shales, dNcn is picked in a clean gas zone, or  a clean zero- 
porosity zone--not a clean water zone. It is usually 0 to 3 p.u. in low- 
porosity formations, 5 to  15 p. U. in high-porosity formations. 

Fluid Parameters 

SF and R,B a r e  selected from the Pass One Rwa curve. R,F is 
read from the Rwa curve in a 100-percent clean and wet zone. 
read from the Rwa curve in a 100-percent shale. If there is no clean, 
wet zone R 

R,B is 

will have to be estimated or taken from local experience. wF 

Discrimination and Hydrocarbon-Correction Parameters 

- maximum total porosity max d 
i xpected clean 

The parameter dmax has essentially two functions : 

1) It is a discriminator to eliminate calculati s in zones where the 
porosity reads too high. When the apparent total porosity, dTa, is 
higher than dmax, no water-saturation calculation is made. dmax is 
selected from the Pass-One d~~ curve, slightly higher than dTa in 
zones where the porosity data a r e  good, and lower than BTa in zones 
where the porosity data a re  affected by adverse hole conditions. 

2 )  dma, controls the curvature of the transform that is used to de- 
duce bound-water saturation from minimum shale index. 

- 13 - 
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The expected clean grain density, p , triggers the light hydrocarbon 
It is picked from the Pass One 

g p 

g 
correction in CYBERLOOK processing. 
Pga curve in a clean, wet zone or from local knowledge of lithology. 
(clean matrix) is adjusted for shaliness by the program. 
lower than the adjusted p a light-hydrocarbon correction is made. 

If pga is 

g ' 
dsv is obtained by the standard time-average equation. In bad hole 

(as indicated by the caliper) or  when the apparent porosity is higher 
than d limit, Q is preferred. max sv 

A "moved-oil presentation" of the CYBERLOOK output is available 
for computations which have an Rxo measurement. The flushed-zone 
water saturation calculation is made in the same manner as for the un- 
invaded zone except that Rmf replaces RwF and Rxo from MicroSFL* 
or  Proximity* log replaces R t' 

At the engineer's option a lower limit may be imposed on Rt. Rt is 
often too low when taken fromRID in thin resistivity beds surrounded 
by conductive shoulders. This problem can be compounded if an in- 
vasion correction is made on RID. To help get a more realistic value 
of Rt  in these cases, the LL8 and R m f / R w ~  can be used to place a 
lower limit on R t' 

.- R W F  

mf LL8 R R t 2  R 

A good LL8 and good values of R,F and Rrnf a re  essential. The 
measured Rrnf should be checked in wet zones (Rmf/RwF = Rxo/Rt) 
and by the SP. 

Pass Two Computations 

All of the computations covered in the Pass One computation section 
a re  repeated in the Pass Two CYBERLOOK computation.. 

Bound- W a te r Saturation 
- - - YLOG Ycn 

(Ish'GR ysh - ycn 

- E  - - *SPLOG SPcn 

(Ish'SP ESPsh - ESPcn 

* Mark of Schlumberger. 
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I 

'NLOG - Q  Ncn 
h - 

- 6  'Nsh Ncn (Ish'N 

The smallest of these three is then selected as the minimum shale 
index, (1sh)min. The bound water saturation ( S w ~ )  is computed from 
(1sh)min by using an experimental transform (referred to as  the "S" 
curve) whose curvature is controlled by Qmax (Fig. 5). 

Fig. 5 

The shape of the "S" curve reflects several observations: 

(a) R w ~  remains constant and S ~ B  maximum but the Gamma 
Ray may cover a large range of high readings (top right 
part of the l1SI1). 

(b) The correlation between SP reduction and clay content in 
slightly shaly formations (bottom-left part of the "SI). 

(c) A transition from clean formations to sh 
hiEits a gentler slope in the more porous formations. 

The apparent total porosity ( d ~ ~ )  is corrected for light hydrocarbon 
effects to reach the final total porosity ( 6 ~ ) .  This correction is triggered 
when pga is less than pg. It is made by computing a correction factor, B, 
in two ways: 

f 

- 15 - 
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(a) Satisfying the expected grain density, p (adjusted fo r  
shaliness by the program). g 

(b) Satisfying the hydrocarbon volume and density effects. 

The smaller of the two correct ions is used  to  determine the final total  
porosity (Q ) by application of T 

I I 

Other Computations 

The final grain density p is computed f r o m  p 
g ga 

by correct ing fo r  
hydrocarbon effect. 

The reconstructed wet resist ivity Ro is computed f r o m  QT, SWg, and 
determines the proportion of the two waters ,  and wF' 'wB RwB and R 

- RwF RwB 
2 

- R  
Ro - 

RwB 'wB (RwF wB 

2 
WF'QT 

When RwB = R 

The CYBERLOOK water  saturation is computed f r o m  Ro and Rt by 

o r  when S wF wB = 0, this reduces to  Ro = R 

Porosi ty  Q is computed f r o m  QT and S w ~  by removing QB: 
Q = Q (1-S ). d is limited by Q (1-S ) in bad hole. T wB m a x  wB 

Bulk Volume Free W a t e r  V is computed f r o m  Q and S 
WF W' 

VwF = dSw. 

, Flushed Zone Water Volume Vwo is computed by Vwo = (d Sxo). 
Sxo is computed in  the same manner  as h, except that Rmf 
replaces R and R replaces R w F  xo t' 

- 16 - 
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The Gas-Indicator Flag is computed by comparing BTa with QT. 
It takes a larger hydrocarbon correction to raise this flag 
at high porosity than at low porosity. 

The Producibility Flag is computed by comparing S,B with QT,  
and, if &,B is low enough, the area between the Ro and Rt 
curves is shaded on the CYBERLOOK log. 

CYBERLOOK OUTPUT 

There a re  currently two CYBERLOOK presentations--the standard 
presentation (Fig. 6)  and the presentation with moved oil when an Rx, log 
is available. 

The solid curve in Track 1 is the shale index. It is the minimum shale 
index of the several shale indicators. The dotted curve is the grain den- 
sity after correction for hydrocarbons. 

Track 2 has Rt as a dashed curve and Ro solid. 

It is possible for Ro to be less than Rt in very shaly zones and still not 
show hydrocarbons because Sw is boosted toward 100 percent a t  high 
shale content. If a zone is clean enough, coding will appear between the 
Ro and R curves to indicate producibility. t 

r CY BERLOOK I 

Fig. 6 

2 

- 17 - 
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The left half of Track. 3 has the water saturation and the right half has 
the porosity and bulk volume free water. WATER coding is used from the 
V, curve to the track edge and OIL coding between d and Vw. If the MOP 
presentation is being used, moved oil will be shown by gas coding between 
the oil and water. 

The gas flag appears in the depth track, indicating that a large enough 
correction to QTa has been made for the hydrocarbons to be gas. A dif- 
ferential caliper is presented as a dotted curve with bit size in the middle 
of Track 3. 

Fig. 7 

I I Porosity Index,Sondsm I 

Fig. 8 
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EXAMPLE 1 

Figs. 7 and 8 show a section of ISF*/Sonic and CNL*/FDC* logs from 
a well in South Texas. This interval contains a series of Fr io  sands and 
shale. The well was drilled with fresh mud. 

The constants which describe the logs and borehole conditions for Pass 
One are: 

- Neutron is recorded on "Sandstone" matrix 
- Mud weight is 10. 7 lb/gal 

- Pore-fluid density is 1.0 gm/cc 
- Pass-One porosity matrix is sandstone 

I - Bottom-hole temperature is 150°F 

The Pass One playback is shown in Fig. 9. It has been divided into 
Interval A contains a shaly, hydrocarbon-bearing sand 

Interval B is mostly shale with some thin sands and can be 

four intervals. 
which has a gas cap indicated by the separation of the neutron and density 
porosities. 
used to select shale parameters. 
sands. Interval D contains a reasonably clean water sand. 

Interval C contains hydrocarbon-bearing 

Parameters 

The excellent correlation of the SP, Gamma Ray and p ga 
both the SP and Gamma Ray can be used as  shale indicators. 
be used. 

indicates that 
Q, will also 

The shale values for all three shale indicators are picked in Interval B. 
The SP reads -15 over this interval, the Gamma Ray averages 95, and 6, 
averages 42 p.u. 

The clean values cannot all be selected in one interval. The water sand 
in Interval D has the largest SP deflection. The sand is clean or almost 
clean so that the SP clean value is taken as  the largest SP, -105 mV. The 
sands in Interval C have Gamma Ray readings that a re  a bit lower than the 
water sand in Interval D. The Gamma Ray clean value is picked from 
Interval C as  25. 

QN gets as low as  10 p. u. in Interval A, however, QNcl is taken as 3 
p.u. from a large gas sand outside the section shown in this example. 

Z 

* Mark of Schlumberger. 
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i 
R w ~  and R w ~  are  taken from the Rwa curve. The R w ~  is picked at  

0.1 from the average reading in Interval B. 
the average reading in Interval D. 

R is picked as 0.04 from w F  

The pgcl  is selected as 2.65 gm/cc for these high-porosity sands. 
Matrix density often comes from a knowledge of lithology and is con- 
firmed in this example by the lower reading of p in Interval D. 

ga 
The caliper on the CNL-FDC log indicates several washed-out sec- 

tions of hole. The washouts do not appear to have a significant effect on 
the porosity logs; thus the selection of dmax is not critical for bad-hole 
discrimination. QTa reaches 38 p.u. in the sand in Interval A, Qmax is 
selected slightly higher at 42 p.u. The sonic log will not be needed for 
porosity in bad hole. 

CYBERLOOK PARAMETER SUMMARY 

Shale Indicators: SP, GR, 6, 

ESPsh = -15 mV 

ESpcn = -105 mV 

= 95 API 'sh 

= 3 p.u. Ncn d 

= 0.04 ohm-m RwF 

= 0.1 o h m - m  RwB 

= 2 . 6 5  gm/cc 
pg 

= 25 API 'cn 

= 42 P.U. 'Nsh = 42 P.U. 
max d 

CYBERLOOKOUTPUT 

The CYBERLOOK presentation is shown in Fig. 10. A quality-control 
check of the computation is made to verify the correctness of the para- 
meters. The shale index is very low in the cleaner parts of the sands in 
Intervals C and D, and high throughout most of the Interval B, 
indicators a re  well calibrated, 

The shale 

The Ro and Rt curves overlay as they should in all wet zones--the 
shale in Interval B and the wet sand in Interval D. The computation is of 
good quality. i 
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Several productive zones a r e  indicated by the CYBERLOOK. In Inter- 
val C most of the sands have good porosity, low water saturations, and 
producibility coding appearing between the Ro and Rt curves. The sand 
in Interval A also appears to be productive, with the gas  indicator raised 
for a few feet in the very top of the sand. The water saturation increases 
toward the bottom, but since the shale index is increasing at the same 
time, this zone might not make any water. Two thin sand stringers ap- 
pear in Section B. Both a re  probably gas-bearing, although the gas in- 
dicator is not as strong in the top sand as in the bottom one. 

PASS ONE 

bo +FDC 0 
I CYBERLOOK I 

Fig. 9 Fig. 10 
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EXAMPLE 2 

Figs. 11 and 12 contain a section of ISF/Sonic and CNL/FDC logs 
from a South Louisiana well. The well was drilled with fresh mud and 
contains a series of Miocene sands and shale. 

The constants necessary for the Pass One are: 

- Neutron is recorded on IlSandstone'' matrix 
- Mud weight is 9. 7 
- Bottom-hole temperature is 158OF 
-.Pore fluid density is 1 . 0  
- Pass-One porosity matrix is sandstone 

Pass One is shown in Fig. 13. It has been divided into seven zones. 
The Rwa curve indicates hydrocarbons on top of water in the thickest 
sand of Interval A. Intervals B and E contain sands that a r e  probably 
both limy and shaly. There is a broken hydrocarbon-bearing sand in 
Interval C. Interval D is almost all shale. The top of Interval F has a 
clean sand with a large B N / ~ D  separation. The bottom has a sand with 
less separation between the neutron and density and is wet on the bottom. 
Interval G contains mainly water and is clean in places. 

Paramet e r s 

Both the Gamma Ray and the SP will be used as  shale indicators, The 
SP is pessimistic a t  times, but the Gamma Ray is generally good and the 
combination of the two should be adequate. 
selected a t  -120 mV. 
terval D is used to pick E 

From Interval F, Espcn is 
In- Ycn is picked at  20 from Intervals F and G. 

at -15 and y at 95. SPsh sh 

R,F is taken from the apparent fluid resistivity which averages 0.018 
ohm-m in the clean wet portions of Intervals F and G. 
as 0.09 from Interval D. The Pma is picked a s  2.65 from Pga in the clean, 
wet portions of Intervals F and G. There is rough o r  washed-out hole 
over much of Intervals A through E in which dTa is too high. dmax must 
be picked low enough to discriminate these levels while still allowing 

R w ~  is selected 

computation where the porosity readings a re  good. 
36 p,u. 

is chosen as max 

The sonic log is needed for porosity in the bad hole of this computation. 
ima is picked as 55.5 to correspond with the 2.65 matrix density. f f  is 
taken as 189 for the fresh mud. computed in the wet sands of Inter- 

c? computed in the wet sand in Interval A is 11 0. vals F and G is 100. 

as 10.5 for Intervals F and G, and 10 for the remainder of the computation. 

B 

! 

L The caliper reading to trigger the sonic porosity limit is taken 

- 22 - 
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Fig. 12 

CYBERLOOK PARAMETER SUMMARY 

Shale Indicators: SP, GR 

Interval G 

max = -120 # ESPcn 

= 1.65 gm/cc 
pg 

= -15mV ESPsh 

- 23 - 
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Shale indicators (continued) 

= 20 A'PI 
'cn 

= 95 API 
'sh 

= 0.018 ohm-m RwF 

RwB 0.09'ohm-m 

= 10 (dc)lim Changes for Interval E: 

B = 110 
CP 

i 
= 55.5 Hseclft tma 

'f 
= 189 Psec/ft 

B = 100 
CP 

(dc )lim = 10.5 in. 

n. 

CYBERLOOK OUTPUT 

The CYBERLOOK computation is shown in Fig. 14. The shale index 
is low in the clean parts of Intervals F and G and near 100-percent in the 
shale of Interval D. The Ro and Rt curves overlay in the wet zones of 
Intervals A, F, and G and in the shale. The parameters have been chosen 
properly and the computation is correct. The top sand in Interval F is 
indicated to be gas. Although there is separation between QN and QD for 
the bottom sand of Interval F, there has not been a large enough light- 
hydrocarbon correction to indicate gas. 

EXAMPLE 3 

Fig. 15 shows a section of DLL*/MSFL and CNL/FDC logs from a 
well in the Permian Basin. The sections contain the Woodford, Devonian, 
Silurian, and Fusselman formations. 

The constants for Pass One are: 

- Neutron is recorded on "Limestone" matrix 
- Mud weight is 9.3 lb/gal 
- Bottom hole temperature is 278'F 
- Pore fluid density is 1.1 gm/cc 
- Desired Pass-One porosity matrix is limestone 

+ Mark of Schlumberger. 
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Fig. 13 

CYBERLOOK I 

Fig. 14 

Pass One is shown in Fig. 16. Four intervals are indicated on Pass 

D is the 
One. Interval A is the radioactive, carbonaceous Woodford shale. B is  
a cherty Devonian lime. C is a Silurian shale with limestone. 
Fusselman formation, and is dolomite and limy dolomite. 

- 25 - 
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Fig. 15 

Parameters 

The Gamma Ray and neutron w i l l  be used as shale indicators. They 
An are usually both good shale indicators in low-porosity carbonates. 

SP was not recorded in this salt-mud well. 

The clean Gamma Ray value can be found from the very low readings 
in both Intervals B and D: 5 API units. The clean neutron value is taken 
from the very low readings in Intervals B and C: zero. 

- 26 - 
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I 

J 
I 

The shale values are not as easy 
to select. The high Gamma Ray 
readings in Interval A must be ig- 
nored, since they are not represen- 
tative of the shale in the other in- 
tervals. Interval C has Gamma 
Ray readings ranging from less 
than 60 to 100 in the shaliest levels. 
A value of 70 is selected. The neu- 
tron reads 10 p.u. in these same 
shaly levels, and this will be used 
for the neutron shale value. 

R,F is known to be 0.025 for 
all intervals. R w ~  cannot be se- 
lected from Pass One since a clean, 
wet zone does not exist. 
taken from Rwa in the top portion 
of Interval C. 

1 selected. This value is not suit- 
able for Interval A, where Rwa is 
much higher. 
changed to 10 for Interval A. 

R,B is 

A value of 0.3 is 

R,B will have to  be 

The measured value of the mud 
filtrate will be used. It is 0.017 
ohm-m at bottom-hole tempera- 
tur e. 

This example contains varying 
lithology and PO 
to some bad hol 
quire changes in d 
parameters . 

ity in addition 
This will re- 

Interval D is limy dolomite and 
a matrix density of 2.83 is selected, 

Fig. 16 

which corresponds to a 75-percent dolomite--25-percent limestone 
mixture. 
parts. 
lime; Prna of 2.68 will be used. 
A. When the majority of the log shows a gas effect on the neutron and 
density logs, pma cannot be selected from p and must come from a 
knowledge of lithology. 

Interval C is indicated to be limestone by pga in the cleaner 
Pma of 2.71 is selected for this interval. Interval B is a cherty 

This value will be retained for Interval 

€!a 
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dmax for Interval D is picked as 12 p.u. which is slightly higher than 
'ma, must be changed in the highest apparent porosity in the interval. 

Interval C. The bottomportion (labeled C-2) has some washouts where 
the apparent porosity reads too high. Qmax is taken as 4 p.u. in Interval 
C-2 so that Sw calculations will not be performed with unreliable porosity 
data. There a re  no washouts in Intervals C-1 and B, so is raised 
to 12 p.u. and left at this value for the remainder of the computation. 

CYBERLOOK PARAMETER SUMMARY 

Shale Indicators: GR, dN 

= 70API ysh 

Ycn 
= 5API  

'Nsh = 1op.u. 

= 0 p.u. QNcn 

= 0.025 ohm-m 
R W F  

= 0.3 ohm-m 
RwB 

= 0.017 ohm-m 
Rmf 

= 2.83 gm/cc % 
= 12 peu. d max 

Changes for Interval C-2: 

= 2.71 gm/cc 
pg 

= 4 p.u. max d 

CYBERLOOK 

0 I i RO 4 S, 44Anal. 
00 5 0 0  -/e m 

Fig. 17 
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Changes for Interval C-1: d = 12 p.u. 
max 

= 2.68 gm/cc 

= 10.Oohm-m 
pg 

Changes for Interval A: R 

Changes for Interval B: 
n 

wB 

CYBERLOOK OUTPUT 

The CYBERLOOK computation is shown in Fig. 17. The shale index 
is at  or near zero for most of Intervals B and D and near 100 in the top 
of Interval C. The shale-indicator calibration is good. The R,F cannot 
be checked because there is no clean wet zone, but the Ro and Rt curves 
overlay in the shale, indicating a correct selection of R,B. 
been selected properly, since the two washed-out zones in Interval C-2 
have been discrim'inated. Their appearance 
zones which have been discriminated. 

dma, has 

typical of fairly clean 

Interval D shows low Sw, d, and frequent gas indications. There is 
also an indication of significant movable hydrocarbons. pg is steady at 
its input value of 2.83, typical of a clean zone in which the light-hydro- 
carbon correction is based on a known grain density. The light-hydro- 
carbon correction is based on the maximum hydrocarbon effect for 
those levels which show a grain density of less than 2.83 gm/cc. 

Interval C shows some low Sw's but has very low porosity and no in- 
dication of movable hydrocarbons. Interval B s fair  porosity, low 
water saturation and steady gas indication. 
movable hydrocarbons, however. Interval A is shale. 
in Interval D produced 25 MMcf /D. 

T interval shows very little 
A drillstem test 

SUMMARY 

With the coming of Cyber Service wellsite computers, it has become 
possible to do continuous log processing in the field. The contemporary 
development of the Dual Water model in shaly sands made it practical to 
generate a fairly simple program which 
sis by computer over a wide range of well conditions. 

uld allow systematic log analy- 

This CYBERLOOK program has proved itself to be fast, reliable, and 
easy to use. Although not intended to repla more thorough SARA- 

ND and CORIBAND processing, CYBER logs a re  a valuable new 
sis for wellsite decision-making. 
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SYMBOLS 

B 

c O  

Ct 

W 
C 

'wB 
C 

'WF 

'WM 

wc 

(dc 'lim 

ESP 

ESP LOG 

ESpcn 

ESPsh 

(Ish'GR 
SP 
N 

(Is h'min 

R O  

RID 

RLLd 

RLL8 

Light-hydrocarbon cor - 
rection factor, computed 
in CYBERLOOK program 

100-percent wet forma- 
tion conductivity, mS-m 

Formation conductivity 

C onna te -water conductivity 

I'Bound-water" conductivity 

Clay- water" conductivity 

"Free - Water" conductivity 

Conductivity of and 
"bound" water, treated as 
a mixture 

Caliper limit, chosen by 
analyst to discriminate 
washout zones 

SP deflection from shale 
line, mV 

SP from log 

SP in 100-percent clean 
formation 

SP in 100-percent shale 

Shale index from Gamma 
Ray (or SP, or  neutron) 

Minimum1 , usedfor sh computation of S 

100-percent wet formation 
res is tivity 

Deep induction resistivity, 
ohm-m 

wB 

Deep Laterolog* resistivity 

Laterolog 8 resistivity 

Rmf 

Rt 

W 
R 

wa 

RwB 

RwF 

RwM 

R 

xo 

W 

R 

S 

'wB 

'wF 

'wT 

S xo 

W 
V 

VwF 

V 
W X O  

Y 

pg 

Resistivity of mud filtrate 

Formation resistivity 

Connate - water res i s - 
tivity 

Apparent fluid resis - 
tivity 

"Bound-water" resis - 
tivity 

"Free-water" resis - 
tivity 

Resistivity of "free" and 
"bound" water, treated 
as  a mixture 

Flushed- zone resistivity 

CYBERLOOK water sat- 
uration (= S ), percent . w F  
"Bound - wat e r 
(fraction of #,) 

"Free-water" saturation 

saturation 

(= SW) 

Water saturation in frac- 
tion of # 
Water saturation in 
flushed zone 

Bulk-volume fraction of 
water, percent 

T 

Bulk-volume fraction of 
"free water" 

Bulk-volume fraction of 
water in flushed zone 

Gamma Ray log reading, 
API units 

Grain Density (or expected 
grain density), gm/cc 

* Mark of Schlumberger. 
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J 

, 

I J 

Porosity occupied by 
I 'free water I t  

Porosity occupied by 
hydrocarbon 

dF Apparent p 

Matrix density 

Fluid density 'h 

ga g 
pma 

p f 
Porosity exclusive of that 

percent 

Porosity from the 
neutron log 

d 
occupied by "bound water", dN 

Porosity from the 
sonic log Porosity occupied by QSV 

'bound water' I 
dB 

Porosity from the 
density log QD 

'Ta Apparent d T 

Total porosity (= 8, t 
d, 4- 4,) 'T . 
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THE SPIDER IN THE WEB 

or 
J 

THE ROLE OF THE PETROPHYSICIST 

IN THE WORLD'S QUEST FOR PETROLEUM 

G. E. Dawson-Grove 

Petrophysical C ultants lnternatio 

ABSTRACT 

Modern sophisticated petrophysics has a part t lay in petroleum exploration, production and 
reservoir development, the ultimate importance of which is as yet undreamed of. In this total 
endeavour, the petrophysicist occupies a vital, central, potentially controlling position. He is, in 
fact, like a spider in his web. 

The petrophysicist has an i tant part to play in both exploration and production. His range of 
interest, the range over which he can make very significant contributions, i s  wider than that of any 
other discipline involved. 

This paper discusses briefly the contributions which can be made by the petrophysici 
physics, Geology and Engineering, then traces his potential relationship with the economist and the 
politician. 

I However, it is  Management which ultimately decides whether he does or does not fulfil his t 
potential. 

rst, he himself has to 
ful his position is. Second, he has to sell himself. 

portant and potentially power- 

Modern sophisticated petrophysics hhs a pa in petroleum exploration, production, and 
ich is, as yet, undreamed of. In this total 

our, the petrophysicist occupies a vital, central, potentially controlling position. He is, in 
I reservoir development, the ultimate import 

l e a spider sitting in the middle of his web (Figure 1). 
I 

Some of you may not like the idea of being compared to a spider. Alternatively, you can liken 
yourselves to a general, surveying and controlling his forces on the battle field, or to a conductor J 

I 
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guiding and directing his orchestra, or a scientist sitting before his computer console; a really 
dedicated scientist might prefer to think of himself as the computer itself. However, this picture 
(Figure 1) serves to illustrate the point I wish to make. 

t 
Petrophysics encompasses subsurface pressure studies, fluid flow, all types of core analysis, physical 
chemistry and a number of other aspects of science and engineering. However, as downhole elec- 
trical logs are my specialty, I shall restrict my further remarks to consideration of the part played 
by them in the overall picture, in the relations between petrophysics and the other disciplines. 

We in the petrophysical field have a vitally important part to play in both exploration and produc- 
tion. Our potential range of interest, the range over which we can make very significant contribu- 
tions, i s  wider than that of any other discipline involved. 

We have a part to play from the time a discovery is a mere gleam in the eye of the geophysicist, 
right through the geological studies, the drilling, completion, production and reservoir engineering 
phases, including secondary and tertiary recovery, until the gas or oil enters the pipeline, and the 
economist hangs dollar signs on it. Even then we are not finished, for beyond the economist is the 
politician, and then there is Management. 

G EOP HYS ICs 

To start a t  the beginning: Electrical logging was born in the 1920s, when Conrad Schlumberger, 
who was a professor of geophysics in Paris, France, and his brother Marcel tried to develop a system 
for finding underground ore bodies by making electrical measurements on the surface. They went 
on from that to running electrical surveys, as they called them, in oilwells. 

The next contribution of the geophysicist to  petrophysics, in the 1950s, was the velocity survey, 
which ultimately gave rise to our sonic log. Since then, we adapted the geophysical gravimeter 
to downhole use. 

More recently the geophysicist has borrowed back our resistivity log, plus the density log. There is 
also the Electraflex system of subsurface exploration, which has in a sense brought us back full 
circle. 

The boundaries between petrophysics and geophysics are becoming increasingly blurred. One man 
who has contributed much to the integration of the two disciplines is Roy Lindseth. And now Dick 
Wyman has coined the word "Petrogeophysics". How about that: Petrogeophysics? 

However, the point I am really stressing is the need for close co-operation between the petrophys- 
icist and the geophysicist. Each has much to contribute to the other. 

GEOLOGY 

And now, what can we do for the geologist? Initially, electrical logs were used only for correlation, 
and measuring thicknesses. These are geological functions, albeit primitive. Then we learned to 
calculate porosity and saturation, and hence estimate reserves; more recently we learned to calculate 
also permeability and productivity. I call these basically engineering functions. However, the pen- 

is swinging back towards the geological side; we can now determine lithology and mineral 
i 
i 
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J 

I 

1 J 
j 

composition from logs, and also rock properties such as mechanical strength and the elastic con- 
stants. 

Such log-derived geological data can be of great value to the geologist. Determination of the degree 
of dolomitization of carbonates, and of the distribution of anhydrites, has already contributed 
much to the mapping of carbonate/evaporite reservoirs. Recognition of individual minerals or 
mineralization, of the appearance or disappearance of characteristically light, heavy or radioactive 
clays or other minerals, may indicate the sources of rock-building materials, directions of transport, 
and prevailing conditions of sedimentation. Knowledge of the mechanical strength and elasticity 
of hard rocks could throw much light on the study of fractured and low porosity reservoirs. 

For example, a given area may be underlain by a large volume of sand, mechanically exhibiting the 
characteristics of good porosity, low water saturation and high permeabiI*ity. However, the appar- 

tive reservoir may be pervaded by diagenetic clay, kaolir), silt, dolomite/anhydrite 
cement, or bitumen, any of which could ruin or destroy i t s  commercial value. 

Or, it may be found that the shales in an important but complex petroleum productive basin, 
though superficially similar, may be separable into two or three recognizably and significantly 
different groups. 

Alternatively, in a totally different geological environment, the distribution of productivity in 
fractured, low porosity, low permeability hard rocks may be found to be related to mineral com- 
position, and to log-measureable (but not otherwise apparent) mechanical properties. 

Log-derived information of these types plus the results of highdensity dipmeter analysis, could 
contribute importantly to stratigraphic studies and geological mapping, i.e., to  the correct interpre- 

nd proven petroleum productive provinces. 

SARABAND or EPILOG, LOGAN, LASERLOG, etc. types of analysis of 
logs are adequate for calculating the engineering parameters, such as porosity, saturation, etc., 
provided they are properly supervised. However, the determination of geological information, on 
lithology and mineralogy, or grain size, and mechanical properties, requires a t  present a high level 
of c ter i  g of full suites of th t up-to-date electr ica I 

ENGINEERING 

The tie-in between petrophysics and reservoir engineering is well-known. Hist t has been 
our job to calculate reservoir parameters - if anything that dates back only thirty years can be 
called historic. 

However, the petrophysicist is contributing increas 
drilling engineers. From his electrical logs and fro 
major changes in subsurface pressures. Mudlogging has come to 

olumes of increasingly valuable data to the 
dlogs he can, among other things, predict 

or gas in the mud. Rich Mercer has written so 

From a combination of mudlogging and drilling functions logging the drilling engineer can derive 
job much more efficiently and more safelv. h helps him to do 

AA 
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I wish I could think of a better term than mudlogging. It sounds so mundane. Any other terms I 
have heard are so ponderous. Someone should think up a good acronym. Any suggestions? I am 
sure the mudloggers would love to have one. Maybe they should run a competition. 

Other branches of engineering to which *e petrophysicist can contribute are well completion 
and production. The completion engineer who completes a well himself, based on his own inter- 
pretation of the logs, is asking for trouble. Many is the bed of gypsum which has been perforated 
for production, not to mention coals, bentonites and waterbearing conglomerates. 

Under production engineering come special applications such as the study and development of low 
porosity gas sands and tar sands, plus fire floods, steam floods, solvent and chemical floods, and 

other forms of secondary and tertiary recovery. 

Only when the or oil enters the pipeline does the petrophysicist finally step out of the picture. 
Even then he may find himself dealing with the economists, and maybe even with politicians. 

ECONOMICS AND POLITICS 

This World is  controlled by economics and politics, and it is imperative that we, as technical people, 
should recognize this. I am aware that in many technical societies there are strong feelings that 
members should not meddle in politics; in some societies, the by-laws expressly prohibit any form 
of political activity. But, the World is changing. We cannot afford to retire into our ivory towers, 
and try to shut out things that we may not like. If we do, we shall suddenly find we have no towers 
to retire into anymore, ivory or otherwise. 

We must take a far greater interest in the economic aspects of our work, then learn to  stand up and 
speak out, and tell people what we know, in plain language, so that they will understand, and want 
to hear more. Our industry has become the whipping boy of the politicians. We must learn to fight 
politics with politics. 

If we fail to so learn, or if, having learned, we flinch, our industry will disappear, just like the 
dinosaur. It will be taken over by Government, and we, as individuals, shall cease to be individuals. 
We shall become just part of an army of hundreds of thousands of pen pushers and paper shufflers, 
and the Western World will inexorably run out of gas and oil. 

WE IN THE PETROPHYSICAL FIELD ARE IN A UNIQUE POSITION. WE HAVE THE POTEN- 
TIAL OF KNOWING MORE ABOUT PETROLEUM EXPLORATION AND RECOVERY THAN 
ANY OTHER SINGLE DISCIPLINE, It is our duty to stand up, speak out, and tell people what 
we know. 

MANAGEMENT 

Before concluding, I have another important point to discuss: our potential, and position, vis-a-vis 
Management. It is Mangement which ultimately decides whether we do or do not fulfil our true 
potential. 

f you may have heard my paper on shallow gas exploration. It was a very simple illustration 
of what we petrophysicists can do. We can make the difference between discovery, and no dis- 
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covery. However, the point I have in mind now involves a vastly different situation, where the 
stakes are vastly higher. 

I once read an excellent paper on petrophysical problems in the Ekofisk area of the North Sea. 
In a technical sense, it was first class. However, the thing that really struck me was the comment, 
repeated in several places, that for a certain situation the minimum logging program was such 
and such. 

In other words, to do the job properly, a full program would be necessary. To "get by", we could 
skimp it. I have to conclude that in this case, as in so many cases, Management favored 
the skimping. 

Except in the case of shoestring fly-by-night operations, we should never talk of minimum pro- 
grams. To do so is  the falsest of false economy. We should be thinking about maximum programs. 

ONLY WHEN WE OURSELVES START THINKING ABOUT MAXIMUM PROGRAMS WILL 
WE, BE ABLE TO SHOW MANAGEMENT WHAT WE CAN REALLY DO. ONLY THEN WILL WE 

NIES, OUR INDUSTRY, OUR COUNTRY,AND TO THE WHOLE WORLD. 
BE ABLE TO MAKE OUR MAXIMUM CONTRIBUTIONS TO OUR CLIENTS, OUR COMPA- 

In these times of energy shortages and economic turmoil, IT IS OUR DUTY to make that maximum 
contribution. 

To achieve the full potential of petrophysics, it must become routine to gather more, and better 
quality, primary data. Maximum use must then be made of all the data, and of al l  the high-powered 
expertise which is already available to work with them, 

More logs should be run, ,at more frequent intervals. All logs should be recorded on tape, a t  well- 
site. Complete computer processing, as is now commonplace in geophysical work, should become 
equally routine in the analysis of electrical logs, leading to comprehensive and co-ordinated geo- 
physicaVpetrophysica1 study of all pertinent data on al l  wells, both exploratory and development, 
deep and shallow, "frontier" or "domestic". 

It will cost money to do this, but only a fraction of what is now wasted on drilling expensive dry 
holes in wrong places, losing wells for "mechanical reasons", overlooking discoveries due to mis- 
interpretation of data, and other expensive BLUNDERS. Drilling cost estimates should contain a t  
least as much money for evaluation as is now spent on geophysical surveys, and lease acquisition. 

To design a drilling program which does not provide money for full geologicaVpetrophysica1 eval- 
uation is to set up a "giant with feet of clay" (Figure 2). This comment applies to al l  drilling pro- 
grams ranging from shallow gas development wells to the most difficult and expensive offshore/ 
frontier wildcats. We must convince Management that such full evaluation i s  essential. 

Eventually there will be complete integration of geophysics, petrophysics and geology, plus the 
rockgenetration-mechanics/subsurface-pressures aspects of drilling, and reservoir engineering. 
All will be devoted to one end: The most efficient and ultimately most economical way to find 
and recover the World's hidden stores of petroleum. 

- 5 -  
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PETROPHYSICS COULD BE BOTH THE LIFE-FORCE AND THE CEMENT THAT WILL BRING 
AND HOLD TOGETHER THE ENTIRE FABRIC OF EXPLORATION, DEVELOPMENT AND 
PROD UCTl ON. 

CONCLUSION 

A more conventional representation of the position of the petrophysicist vis-a-vis the other disci- 
plines, rather than the spider in the web, is an organization chart type of diagram (Figure 3). 

This picture could be redrawn with Management being merely on the rim of the circle, along with 
the technical disciplines, economics and politics, and petrophysics in the centre of everything 
(Figure 4). However, that might be going a l i t t le too far, and some people might feel I wasa l i t t le 
biased. 

There are those who think that the job of the petrophysicist is purely supportive. They think he 
should be in a l i t t le  box, attached to engineering or attached to geology. Those most guilty of this 
type of thinking are in Management, for obviously and necessarily the ideas on petrophysics of most 
members of Management are ten or fifteen years behind the times. This is not to criticize Manage- 
ment; it i s  a statement of fact. 

There are people in Management now who may have been quite good a t  "log analysis" ten or 
fifteen years ago. Inevitably, they have been left  far behind in their knowledge of what petro- 
physics can do, can do for them. It is up to us to teach them. 

THIS MEANS TWO THINGS. FIRST, WE HAVE TO REALIZE, OURSELVES, JUST HOW IM- 
PORTANT AND POWERFUL OUR POSITION IS. SECOND, WE HAVE TO SELL OURSELVES. 

In the whole field of petroleum exploration and production, the modern, up-to-date, petrophysicist 
occupies a vital, central, controlling position. He is, in fact, like a spider sitting in the middle of 
his web (Figure 5). 

i 
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THE PREDICTION OF WATER SATURATION AND RECOVERABLE 
HYDROCARBON VOLUMES IN SHALY SAND RESERVOIRS 

Daniel A. Krygowski 
G.  R.  Pickett 

ABSTRACT 

Four methods of well log  interpretation i n  shaly sand reservoirs, 
based on empirically observed relationships, are developed. Three methods 
are crossplot techniques applicable to single- or mu1 tiple- well analysis. 
The fourth technique, based on s ta t i s t ica l  methods, requires data from exist- 
ing  wells i n  order to  be applied. 

shaly zones by means of overlays which show the location of water-bearing 
trends as a function of shaliness, Rmf, and Rw. The resistivity-apparent 
porosity crossplot method applies correction factors to res is t ivi ty  and 
acoustic log measurements to  normalize the data t o  clean sand values. The 
resistivity-SP crossplot method i s  used to infer values for water saturation 
and porosity when no measures of porosity are available i n  individual wells. 

predict recoverable hydrocarbon volumes ( i n  this case, primary ultimate re- 
covery) without the knowledge of specific values of porosity and water 
saturation. 

The Rwa-SP crossplot method quantifies water saturation values i n  

BB 

The f o u r t h  method uses parameters derived from well logs to  directly 

I NTRODUCTI ON 

the inception o f  quanti t a  e well log analysis, one of the 
rsistent problems i n  interpretation has been the determination of 

water sa tura t ion  i n  shaly, or  clay-containing, sands. Beginning w i t h  the 
description of 'conductive solids ' by Patnode and Wyllie (1950) many inter- 
pretational techniques have been proposed , b u t  none have gained universal 
acceptance. Because of changing economic conditions and advances i n  comple- 
tion technology, many of the shaly sand reservoirs formerly considered non- 
economic are now viewed as commercial reservoirs. Wi th  the renewed interest 
i n  shaly sands as exploration objectives, i t  was decided t o  again investigate 
the problems of well log interpretation i n  shaly sands. 

The primary objective of this study was to develop empirical shal 
sand interpretive techniques which could be applied w i t h  a minimum of cur- 
rently available well data. The decision t o  approach the problem from an 
empirical viewpoint was made af te r  a study of shaly sand l i terature.  
general , those methods based on theoretical considerations tended t o  be 
cumbersome t o  use either because of 1 arge numbers of required measurements, 
or because of specialized data.  Methods based on observed (empirical) rela- 
t ionships  could, on the other hand, be applied and modified without the 
necessity of r e th ink ing  underlying theory. The desire to apply the method 
w i t h  a m i n i m u m  or currently available data was twofold; f i rs t ,  t o  minimize 

In 
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i the cost of data acquisition while having readily available proven technology, 
and second, t o  be able t o  apply these techniques t o  the reanalysis of pre- 
viously dr i l led wells. 

Approaches and Data 

The interpretation problem was approached i n  two ways. 
was the modification of existing crossplot techniques to account for the 
effects of shaliness. 
(Rwa) -SP, resis t ivi ty  - apparent porosity, and resis t ivi ty  -SP methods. 
second approach was the direct  prediction of recoverable hydrocarbon volumes 
from well log data w i t h o u t  calculation of the traditional values of porosity 
and water saturation. In this study, various parameters derived from uncor- 
rected well log data were used to predict primary ultimate recovery. 

saturated shaly sand cores were from the work of Hill and Milburn (1956). 
They included 31 6 cores , each w i t h  measurements of porosity , permeabi 1 i ty , 
formation factor (3 to  6 values each), electrochemical potential, and a 
calculated value for  shaliness (b-factor). Field data were from the Mill- 
Gillette Field i n  Campbell County, Wyoming, which is  o i l  productive from the 
Muddy Formation of Cretaceous age. Available data included well logs and 
production figures from 34 wells, and core analyses from 8 of those wells. 
Each well was divided into from 8 t o  18 zones on the basis of well log  
response, and the log values for each zone were used i n  the interpretation 
techniques. Figure 1 shows a typical well i n  the field. 

For the crossplot portion of the study, the data from the water- 
saturated shaly sand cores was used to determine shal iness dependent relation- 
ships which were then applied t o  the hydrocarbon-bearing case of the f ie ld  
data. By us ing  water-saturated cores, the relationships could be studied 
outside the d i s t u r b i n g  influence of hydrocarbons, and could provide a base 
from which hydrocarbon-induced anomal ies could be recognized. 
prediction portion, s ta t i s t ica l  analysis of  the field data provided the 
predictive relationships. 

The f i rs t  

The crossplots included apparent water res is t ivi ty  
The 

The data used i n  this study were from two sources. Data from water- 

For the d i  rect  

Core Data 

The first  part of the study defined two shaliness dependent relation- 
ships from the data on water-saturated shaly sand cores. The f irst  relation- 
s h i p  was described by Hill and Milburn (1956), and related electrochemical 
potential, Rw, and shaliness, "b". As shown i n  Figure 2, the relationship 
between electrochemical potential (SP) and "b" for a given value of Rw is 
no t  linear, and further, the relationship as a whole has no easy mathematical 
description. The second relationship was a result of the current study. 
From analysis of the formation actor data (Krygowski , 1977) the dependence 
of apparent water res is t ivi ty ,  Rwa (R=Ro/F), on Rw and shaliness,'"b", was 
shown t o  be: 

i 
Rwa + 0.045 (1 1 i 

i 
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T h i s  is shown graphically i n  Figure 3. 
used t o  modify the crossplot techniques studied. 

Crossplot Methods 

These two relationships were then 

For the Rwa-SP crossplot the two relationships discussed above were 
combined as follows: Figure 2 was entered w i t h  those same values o f  Rw and b,  
and a value of Rmf , and SP determined. The resulting values of Rwa and SP 
were plotted and generated a family of curves as i n  Figure 4. As i n  the usual 
Rwa-SP crossplot, the l ine labeled "b = 0.0" is  the clean sand water-bearing 
line w i t h  slope of K (from SP = -K log Rmf/Rw) and intercept a t  SP = 0 equal 
t o  Rmf. The other lines are water-bearing lines for various degrees of shali- 
ness. 
were water-bearing and of varying degrees of shaliness, b u t  w i t h  the same Rw, 
would plot along that line. The water saturation of a zone is determined 
through the calculation of the resis t ivi ty  index, I ,  as the rat io  of the Rwa 
of the zone to  the Rwa of the line of equal Rw a t  the same shaliness (same SP). 

Figure 5 i s  an example u s i n g  the data from 4 wells w i t h  the same 
value of Rmf from the Mill-Gillette Field. As can be seen, several zones 
which contained residual oil  i n  core analysis show as anomalous w i t h  respect 
t o  the line of equal Rw (dashed line) while showing no anomalies w i t h  respect 
to  the clean sand water-bearing line. Specifically, zones A,  B ,  and C show 
water saturations of 73, 48, and 58% respectively using this technique. Other 
field data also showed qualitative agreement between core analyses , hydrocar- 
bon-productive perforated intervals and this method. 

A1 though the construction of families of water-bearing 1 ines appears 
to  be of use as a shaly sand technique, i t  is  inconvenient i n  two ways,. 
because the measurements were made on the water-saturated cores a t  77 F,  log 
data must be corrected to that temperature from formation temperature. Second, 
because of the nature of the SP relationship used, the curves change shape 
w i t h  changing Rmf, and a different s e t  of curves is  needed for each value of 
Rmf. 

The second crossplot method inves t iga t ed  was t h e  res is t ivi ty-  
apparent porosity technique described by Pickett (1966, 1973). The technique 
has no explicit  measure of shaliness as does the Rwa-SP crossplot, and instead 
of a family of curves t o  which  to compare the data, the log value itself was 
corrected for shaliness. 

found that  for t h e  Rw of the formation (0.10 ohm-m BBHT) and the range of 
Rmf values encountered i n  most of the wells, the relat i  
shaliness, 6, was of the form: 

The dashed l ine is a line o f  equal Rw; that is ,  a s e t  of zones which 

First, 

used as the measure of shaliness of a zone. I t  was 

h i p  between SP and 

wkre A i s  a function of Rmf. 

Using the relationship expressed by equation 2 ,  b can be determined, and then 
Rwa calculated from equation 1. The resis t ivi ty  corrected for shaliness was 
then: 

BB 
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Rw Rtc = R t  

A correction for the acoustic log based on the work of Pickett (1960) 
was also investigated. A corrected acoustic travel time vas calculated using:  

Atc = U A t s D  i- (1-a)AtSH. (4) 

Knowing the effective pressure of the Mill-Gillette Fie ld  and the range of 
porosities encountered i n  the formation , the specific relationship was: 

At, = 54 - 2.4$-4.0~ -I.O&. (5) 

where a = SP/SPmax and $I was determined from the density log. 

Figures 6, 7 and 8 show data for 4 wells i n  t h e  Mslill-Gillette Field. 
Figure 6, using uncorrected data, shows an estimated water-bearing trend which 
shoclrs RH = 0.72 ohm-m (as compared to the measured value of 0.1 ohm-m). Zones 
D, E, and F are  s b w n  to have a m i n i m u m  water saturation o f  70%. Those zones 
were perforated and produced, collectively, 60 BOPD, no water. 
using corrected resistivity, Rtc, gives estimates of 0.85 ohm-m for Rw and 
68% water saturation for zones D to  F ,  a s l i g h t  improvement. Figure 8, u s i n g  
both ht, and R t c  shows an estimated Rw of 0.13 ohm-m and zones D to  F wi th  a 
minimum water saturation of 57%. 

Figure 7 ,  

As with the Rwa-SP crossplots , qual i tative agreement between core 
analysis, producrion data and log analysis was good and water saturations i n  
zones know t o  be productive were lower than w i t h  conventional analysis. 
Unlike the Rwa-SP metfmd, the SP relationship could be approximated, because 
of the limited range of Rmf values and the knowledge of Rw, to  simplify the 
shal iness correction procedure. 

Investigation of the t h i r d  crossplot technique, resistivity-SPY was 
undertaken because of the observation that many shaly sands, including the 
Muddy of t h i s  study, have a limited porosity range. Although porosity i n -  
duces scatter i n  the resistivity -SP crossplot, making i t  less quantitative 
than the prevfous two methods, it i s  still of use i f  measures of porosity 
are  unavailable for a l l  the wells o f  interest, especially i f  the scatter is 
controlled by a limited porosity range. If, for example, some wells o f  
interest have no measure of porosity (as w i t h  many old wells), b u t  the range 
of porosity can be inferred or estimated from data i n  other wells, an esti- 
mate of a probable range of water saturation can be made for a t  least  a 
qualitative analysis. Figure 9 shows wells from the Mill-Gillette Field. 
T h e  intercept of the clean sand line is  Tf4-m where the porosity is an 
average of 14.3 percent. Those zones known to  be productive are shown to 
b e  anomalous, while others, above the line of equal Rw, indicate the 
possibil i t y  o f  the presence of hydrocarbons. 

previous methods, hut  can give some indication of the presence of hydrocar- 
bons and whether an area of interest bears further study. 

As stated earlier, this method i s  less quantitative than the two 

- 4 -  
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Direct Prediction 

The second approach t o  shaly sand interpretation was the direct pre- 
diction of recoverable hydrocarbon volumes. This approach was used i n  an 
effort t o  avoid the shaliness corrections necessary i n  the calculation of 
porosity and water saturation. This  method used well log  based parameters 
as the independent variables i n  regression equations w i t h  primary ultimate 
recovery as the dependent variable. Table 1 l i s t s  those well log derived 
parameters. In each well , a given parameter was calculated for each zone. 
The zones were then sorted i n t o  groups on the basis of percent of clean sand 
SP (see Figure 10) , then the parameters summed on the basis of that sor t ing .  
To determine the optimum number of groups in to  which t o  sort the zones, a 
modification of the method of polynomal curve f i t t i n g  described by Johnson 
and Leone (19C4) wak used. 
for this da ta  was found t o  be three. 
be written as: 

By this method, the optimum number of groups 
For each well, then, an equation could 

ltimate Recovery = Co t ClcLpl + C2cLp2 t C3cLp3 

Where Lpi = a well log derived parameter where "i" indicates 
r 

C i  = constants determined by the ;egression equation. 

the sorting based on SP. 

and the const ts determined by using the metfiod of  least squares. 
parameters using the density log ,  21 of the 34 wells could be used; fo r  those 
using the acoustic log, 28 of 34 wells. 

For the 

he goodness of f i t  of each equ 
Throughout the study, the err 

of the amount of scatter i n  t h  

t o  the data was determined i n  
m of squares was used. 
a not accounted fo r  by the 

regression equation. In the f ina l  stage a second determination of goodness 
of f i t  was also used. This  was the number of values of primary ultimate 
recovery (of the original data) which were correctly predicted for each 
parameter. A "correct prediction" was arbitrarily chosen as a calculated 
primary ultimate recovery w i t h i n  a range of 15 percent of the observed value, 
o r  if  the well was plugged and abandoned (observed value equaled zero), a 
calculated value of 10, re1 s B )  or  less. 

acoustic version of parameter 9 (cFlwa/ch). I t  is  one of the prediction cases 
for the acoustic version of the well log parameters w i t h  9 of 28 recoveries 
(32 percent), correctly predicted. The best success for the densit ver- 
sions of the well log parameters was 9 of 21 recoveries (43 percent 3 . 
out  as significantly better t h a n  the others. Attempts t o  improve the "good- 
ness of f i t" ,  measured by both correct predictions and the error sums of 
squares , by using weighted combinations of both "porosity" tools , recalcula- 
t ion  of primary ultimate recoveries, and elimination of certain wells, meet 
wi th  l i t t l e  success. Neither the number of values correctly predicted nor 
the decrease i n  the error sums of squares was significant. 

I t  is  

Table 2 i s  a 1 i s t  of the results of one of the parameters , the 

Of the 12 parameters utilized i n  the study, no one parameter stood 

BB 

Although this method eliminates the need t o  make specific shal i -  
ness corrections, i t  requires a different approach t h a n  the crossplot 
/ 

- 5 -  
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TABLE 1: Well log parameters used i n  the d i r e c t  prediction of recover- 
ab1 e hydrocarbon vol umes . 

Parameter Acoustic log Densi ty  log 

1 cRwa=Rt@m c Rwa= R t @m 
2 ERwa h cRwa h 
3 Z R t ( A t - A h )  ERt(Pm-Pb) 
4 .  C R t  ( A  t- At,) h zRt (Pm'Pb )h 
5 cSh@h 
6 
7 
8 
9 

ZRt( A t - A t m )  h 
Ia 
1a.h 
C Rwa 
ch 

.10 

11 

12 

cRwa*h 
ch  

Z R t ( A t - A b ) h  
c h  

1a.h 
cRwa 
ch 
L'Rwa-h 

c h  

CRt(p,-ph) 
Eh 

4 = At-55 or 2.66-pb 
130 2.66-1.00 

Ia:  apparent r e s i s t i v i t y  index 
from resisti v i  ty-apparent 
porosity crossplot. 
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TABLE 2: Tabulation o f  observed and calculated values o f  primary 
ultimate recovery. 

Parameter 9 (acoustic): ZRwa/Zh 

We1 1 Primary U1 timate Recovery (MSTB) Correct 
Number Observed Ca 1 cul a ted Prediction 

2 82.70 32.45 
3 -  41.70 48.93 
5 31.20 27.46 
6 2.81 38.24 
7 171 .OO 47.96 

36.60 118.65 
23.60 50.60 BB 

201 .oo 171.07 
172.00 178.83 
‘1 28.00 47.66 

12 
13 
15 8.64 32.86 
16 86.50 82.00 
17 59.80 58.70 . *  
18 80.20 82.19 * 
19 0 49.79 

34.80 20 0 
21 72.80 63.79 
22 0 24.11 
23 57.50 70.74 

32.45 

* 
* 

* 

* 

* 

* 
29.86 
27.55 
50.46 * 

35 15.30 52.61 

- 7 -  
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, 

techniques. 
i t  also requires those we1 1s t o  have some measure of hydrocarbon potential, 
such as primary ultimate recovery. 

Not only does the method require many wells in the analysis, b u t  

DISCUSSION AND COHCLUS IONS 

Four methods of well log analysis i n  shaly sands have been discussed. 

a, number of wells t o  be of use. 

The Rwa-SP method quantifies shal iness w i t h o u t  correcting log values 

Three are applicable t o  the analysis of individual wells while the fourth 

themselves, b u t  requires reconciliation o f  chart and borehole temperatures. 
Although the interpretive charts change shape w i t h  Rmf, each chart could be 
used over a range of Rmf values w i t h  l i t t l e  loss of,  accuracy, especially 
when the uncertainties i n  the log measurements are considered. 

method i n  that shaliness corrections are made t o  the log values. 
can be made t o  one or both  o f  the logs used i n  the crossplots, and if  the 
basic relationships (from the water saturated cores) can be explicitly de- 
f i n e d ,  the method can be applied u s i n g  machine-assisted computation. 

can be of great use when l i t t l e  or no porosity data are available, and the 

The fourth method, the direct prediction of hydrocarbon volumes, 
requires many wells with production data  throughout the area of interest. 
Although this precludes i ts  use i n  unexplored areas, i t  may provide the 
means of circumventing interpretation problems i n  mature producing areas. 

They were developed and tested using limited amounts of da t a  and may be 
biased by t h a t  data.  
is fairly easy t o  use, and may be applied and modified w i t h o u t  rethinking 
theorectical assumptions. As with other methods which have been proposed, 
the validity of these methods will be measured by the success of their 
application. 

The resistivi ty-apparent-porosi ty technique differs from the Ma-SP 
Corrections 

The resistivity -SP crossplot, although b u i l t  on the most assumptions, 

assumptions are carefully made. ' 2  

No attempt i s  made to  call the techniques discussed here universal. 

Each comes w i t h  i t s  own set  of limitations, b u t  each, 
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FIGURE 1: Zonation o f  a typical wel l ,  M i l l - G l l l e t t e  Field.  
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FIGURE 2: Relationship between Rw, electrochemical potential ,  shaliness ( a f t e r  H i l l  and Milburn. 1956). 
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FIGURE 3: Relationship between Rw, Rwa. shalfness. 
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FIGURE 6: Resistivity-apparent porosity crossplot; data from Mill-Gillette Field. 
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i 
LOG INTERPRETATION OF 

\ SH FORMATIONS USING THE VEL ITY RATIO PLOT 
by 

Richard Leeth, WELEX, a Halliburton Company 
Michael Holmes, Independent Geological Consultant 

ABSTR AC J 

Conventional log analyses in the shaly sandstones of Western Colorado are quite difficult because 
of the very high shale content. Net pay and perforation intervals are often picked from neutron- 
density overlays after an empirical 8 to 10 porosity unit shift to obtain crossover, in addition to 
an arbitrary resistivity cut-off. 

The Velocity Ratio Plot has been applied to three wells in the Mancos "B" formation in an 
attempt to more accurately delineate productive intervals. This method consists of determining 
the ratio of compressive to shear velocity, using the Micro-Seismogram@ along with the Acoustic 
Velocity Log. Data presented shows that net pay determined from this method more accurately 
predicts initial flow rates. Long term deliverability calculations were made on the three wells, but 
such calculations are highly dependent on porosity and water saturation values used. 

I NTRODUCTI ON 

With the increasing need for oil and gas in the United States, greater concentration is necessary 
on the accurate definition of reservoir parameters. Part of this effort has resulted in progressively 
more detailed analysis of zones which would have been neglected in the past. In the Rocky 
Mountain area commercial production has been obtained from shaly formations that indicate a 
need for a more complex log analysis to correctly identify potentially productive zones. The 

uch a zone where conventional shaly sand anaiysis is 
nt. Comparison of Density and Neutron logs requires 
to obtain a Density/Neutron cros 

letion intervals on the basis of such normalized cr 
nation with a qualitative resistivity cut-off. Fig. 1 is a typical Mancos "B" section where the 
Neutron log has been shifted 10 porosity units to the right because of the shale effect on the 
Neutron. The crossover area (Neutron porosity less than Density porosity) has been shaded on 
the figure. 

In an effort to more accurate1 ch formations, the 
Velocity Ratio Plot1 has been applied to a number of wells in the area. Results to date have been 
encouraging. 

L 

ntially productive zones i 

J 

cc 
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a THEORY 

The Velocity Ratio Plot consists of determining the ratio of compressive to shear acoustic veloc- 
ity. It has been shown that this ratio is constant for a given lithology,2 regardless of porosity. 
These ratios are: I 

i 
Limestone 1.9 

Dolomite 1.8 

Sandstone 1.6 to 1.7 

Furthermore it has been shown that the compressibility of the fluid in the pore space affects the 
compressive velocity - a highly compressible fluid resulting in lower velocity. The shear velocity 
does not depend upon the compressibility in the pore spaces. Table I shows the ranges of com: 
pressibilities of formations as compared to fluid content. The compressibility of gas (and most 
oils with a "normal" amount of dissolved gas) as compared to water in the pore space give a low 
Velocity Ratio for hydrocarbon bearing zones. 

i 

TABLE I (4' 

RANGE OF COMPRESSIBILITIES 

Formation rock 3 to 10 x 10-6psi-1 

Water 2 to 4 x IO-6psi-1 

Undersaturated Oil 50 to 100 x 10-6psi-1 

Gas a t  1000 psi 900 - 1300 x IO-6psi-1 

Gas a t  5000 psi 50 - 200 x 10-6psi-1 

The required data for the Velocity Ratio Plot can be obtained from the Acoustic Velocity Log in 
conjunction with a Micro-Seismogram@. From the Micro-Seismogram@ presentation, the com- 
pressive and shear arrival times are evident. The following equation can then be used to calculate 
shear delta-t: 

Ats = t s  - t C  + Atc 

Tool Spacing 

where: Ats = Shear Travel Time, micro-sec./ft. 

Atc = Compressive Travel Time, micro-sec./ft. 

t s  = Time to shear wave in micro-seconds. 

tc = Time to compressive wave in micro-seconds. 

- 2 -  
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Since both waves (shear and compressive) have travelled through essentially the same amount of 
fluid and formation, this equation gives a value corrected for borehole size. The only 
Id be in critical angle effects, which are negligible for normal borehole sizes.3 Where an 

Acoustic Velocity Log is not run, the compressive delta-t can be generated from the Micro- 
Seismogram by the equation: 

Atc = tc - &(d - dt) - Tool Delay 

where: d = borehole diameter, in. 

dt = tool diameter 

Atf = fluid travel time, micro-sec./ft. 

- 1  

A full wave presentation similar to the Micro-Seismogram@ is recommended to generate this 
information as opposed to an X-Y presentation. The MSG provides the continuity of acoustic 
signal required, whereas an X-Y presentation gives much fewer samples per foot because of 
recording limitations. A typical 4' MSG response in the Mancos "B" formation is shown in Fig. 2. 
Positive half cycles are dark and negative half cycles are white. Compressive waves, of course, 
always occur first, with the shear arrivals later. As indicated, the shear wave i s  readily identified 
by a difference in slope a t  a time change, since there i s  a greater change in time for the shear 
arrival than for the compressive. Also the first shear arrival is frequently distorted because of 
phasing with the last of the compressive. Since the first compressive is indistinct and the first 
shear is  frequently phased, measurements are taken from the second compressive and second 
shear. Calculations-for obtaining the Velocity Ratio are shown a t  3200' and 3500' on Fig. 3. The 
fluid wave directly down the borehole starts a t  approximately 800 micro-seconds, and is quite 
evident as essentially straight streaks from 900 on. 

Generating a Velocity Ratio Plot in the manner described provides a lithology dependent curve 
that has been used to identify fluid content in formations of consistent lithology. A comparison 
with another lithology urve could be necessary where lithology varies widely. In addi- 
tion this log combina formation regarding the presence of natural fracture systems 
which are essential in many areas of Western Colorado for commercial productivity. 

APPLl CATION 

To illustrate the application of the Velocity Ratio Plot in the shaly sands of Western Colorado, 
three wells in the Mancos "B" formation have been studied at length -- conventional shaly 
sands analysis, Velocity R o Plots, and well test analysis. Fig. 3 shows the Velocity Ratio Plot 
on Well A along with the characteristically high Gamma curve. It has been found that by aver- 
aging the high values of the ratio, and multiplying that by .96, provides a satisfactory cut-off 
value. 

Well B i s  shown in Fig. 4, again with the Gamma curve and the same calculation of the cut-off 
value. 

- 3 -  
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Wells A and B were perforated in the intervals shown based on conventional shaly sand log 
analysis techniques. Well C, shown in Fig. 5, was perforated on the basis of low Velocity Ratios. 

. Comparison of the Velocity Ratio Plots on the three wells clearly shows that Well C has a much 
higher percentage of the zone with low Velocity Ratios. 

After completion, each well was tested by flowing for a few days, followed by a pressure build up 
test ranging from four to nine days duration. Table II summarizes the data from well tests, con- 
ventional log analysis, and Velocity Ratio Plots. Permeability-feet (k-h) values from conven- 
tional log calculations predict that Well A would have the highest production rate (deliverability) 
but it actually had the lowest. The log derived porosity is lower and water saturation is  higher 
for Well C, which is also opposite to the test results. The net footage from the Velocity Ratio 
method is  listed for each well and more accurately predicts initial production rates. 

4 

Test data were combined with conventional log analyses to determine long term deliverability 
predictions using a computer program. Results are shown in Fig. 6. In Well A, the Mancos "A" 
and "B" were commingled after separate testing. Therefore, the deliverability calculations cannot 
be directly compared with the other two wells. Actual well performance for the first few months 
of well history has agreed reasonably well with predictions. The wells are st i l l  in the process of 
cleaning up after fracture treatment and true well performance may not yet have been observed. 

The accuracy of long range deliverability predictions depends greatly upon the values of porosity, 
water saturation, and net thickness which come from log analysis. Errors in these values will of 
course change the predicted deliverability. This is evident, as shown in Fig. 6, where the deliver- 
ability projections from Wells C and B cross. Had the net footage been taken from the Velocity 
Ratio method rather than from conventional log analysis, deliverability predictions could be 
d i f f  erent. 

TABLE II 

SUMMARY OF LOG AND WELL TEST DATA 

Interval tested 

Avg. Flow Rate MCFPD 

Res. Press., psig 

kh, md ft., from well test 

kh, md k, from log analysis 

SW in %, Avg. Log Analysis 

Cp in %, Avg. Log Analysis 

Net Ft. with ratios below 
cut-off value 

Well A Well B Well C 
2327' - 2566' 2262' - 2570' 1872' - 2088' 

96 219 936 

367 37a 390 

29 28.9 49.8 

114 95, 61 

37 28 42 

8.8 8.7 5.8 

36 65 129 

- 4 -  
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J SUMMARY 

Data presented plus other applications of the method to date in formations similar to the Mancos 
"B" have indicated that productive intervals can be reliably picked from the Velocity Ratio. The 
presence of a compressible fluid in the pore spaces results in a decreased Velocity Ratio, thus 
delineating production in formations in which conventional log analysis is most difficult. 

Intervals to be perforated can be more accurately determined using this technique to ensure that 
I al l  productive intervals are included in the completion. 

Although net pay determinations are indicated to be improved, deliverability predictions in for- 
mations such as the Mancos "B" are quite difficult because of the problem of obtaining accurate 
porosity and water saturation in shaly formation. 
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PERMEABILITY DETERMINATION I N  LIQUID DOMINATED GEOTHERMAL 

. RESERVOIRS US1 NDUCTION LATEROLOG 

1 .  Ershaghi, E. L. Dougherty, D, Herzberg 
and H. Ucok 

epartment o f  .Petroleum Engineering 
Un ivers i ty  o f  Southern Ca l i f o rn ia  

ABSTRACT 

A method has been developed t o  estimate the permeabi l i ty  p r o f i l e  i n  
a geothermal we 1 f r o m  a Dual Induction-Laterolog, a poros i ty  log, and 
d r i l l i n g  data. The proc e i s  based on modeling the invasion o f  the 
d r i l l i n g  mud f i l t r a t e  i n  he formation and using a h i s t o r y  matching tech- 
nique t o  a r r i v e  a t  the permeabi l i ty  p r o f i l e .  
model includes basic d r i l l i n g  mud proper t ie  r l l l i n g  hydraul ics,  and 
dimensions o f  the tubular  goods. A meab i l i t y  p r o f i l e  i s  assumed f o r  the 
we l l  and the computer program i s  run The ob jec t i ve  i s  to compare the 

nput data t o  the computer 

dius computed from the program t o  tha t  derived from the logging 
process i s  then repeated u n t i l  a sa t i s fac to ry  match i s  obtained. 

INTRODUCTION 

Est imat ion of  physical proper t ies o f  reservo i r  rock i n  geothermal 
systems poses new challenges t o  e x i s t i n g  theor ies and methods appl icable t o  
o i l  and gas reservoirs.  Presence o f  h igh temperature l i m i t s  the u t i l i t y  of  
e x i s t i n g  too ls  and, even if the too ls  were avai lab le,  i n te rp re ta t i on  o f  
data opens up new f ron t i e rs  i n  formation evaluation. Current ly e f f o r t s  a re  
underway t o  improve the design of too ls  andcmake them res i s tan t  to the 
h o s t i l e  environment i n  geothermal' we1 lbores. Many researchers have s ta r ted  
work on improved or new in te rp re ta t i on  methods for est imat ion o f  rock and 
f l u i d  proper t ies from we l l  l og  data. 
summarized c e r t a i n  d i f f i c u l t i e s  associated w i t h  formation evaluat ion i n  
geothermal reservoirs.  

Baker e t  a1.l and Sanyal and Meidav2 

This paper presents a new approach t o  ermeabi l i ty  of 
liquid-dominated geothermal reservoirs.  he proposed technique uses a 
comb ina t ion 'o f .d r i l l i ng  data together w i t h  a dual- induct ion la tero log.  
A numerical s imulator o f  wel lbore hydraul ics dur ing d r i l l i n g  i s  used t o  
p red ic t  invasion p r o f i l e s  for-assumed permeabi l i ty  -p ro f i les .  
predicted invasion e f f e c t s  to those indicated by the dual- induct ion 
la te ro log  ind icates whether o r  not the assumed permeabi l i ty  p r o f i l e  i s  
reasonable. The method i s  not believed appl icable t o  o i l  and gas reservoirs.  

Comparison of 

STATEMENT OF THE PROBLEM 

Permeabi l i ty  of  reservo i r  rock i s  an important parameter i n  reservo i r  
Reservoir engineers need the permeabi l i ty  to ca lcu la te  de l i ve r -  assessment. 

a b i l i t i e s ,  t o  estimate in ter ference between wel ls,  and t o  complete an 
ove ra l l  reservo i r  descr ip t ion.  By and large, core analys is  and measurement 

DD 
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o f  pressure t rans ients  are the most common techniques used i n  o i l  f i e l d  
p rac t ice  t o  estimate reservo i r  rock permeabi l i ty .  
t o  estimate formation permeabi l i ty  have resul ted i n  empir ical  cor re la t ions  
which may not be un ive rsa l l y  applicable. A review o f  the l i t e r a t u r e  shows 
tha t  the logging methods proposed i n  the past f o r  est imat ing rock perme- 
a b i l i t y  f a l l  i n t o  one o f  the fo l low ing  categories: 

Attempts t o  use wel l  logs 

1 - methods based on Koteny equations ( e l e c t r i c  log) 

2 - methods based on acoust ic logs 

3 - methods based on f r e e  f l u i d  index (NML) 

4 - methods based on TOT 

It i s  appropr iate tha t  a b r i e f  review o f  e x i s t i n g  techniques be given 
here t o  acquaint the reader w i t h  the 1 im i ta t ions  tha t  these methods may have 
i n  geothermal reservo i r  evaluation. 

1 - Permeabi l i ty  from Kozeny equation 

A general co r re la t i on  between rock permeabi l i ty ,  p s t y  and surface 
area may be w r i t t e n  as shown below: 

B 
K = A &  

where 

K = s ing le  bhase permeabi l i ty  

Q = poros i ty  
I 

= connate' water sa tura t ion  'w i 

A, B, and C = constants 

Table 1 shows some o f  the cor re la t ions  pub1 ished by d i f f e r e n t  investigators3'6. 
I n  the above method i t  i s  assumed ;that the rock contains i r reduc ib le  water 
saturat ion.  This concept i s  v a l i d  on ly  i n  o i l  and gas reservo i rs  where 
hydrocarbon i s  the dominant phase and water sa tura t ion  i s  a t  i t s  connate 
level .  

- 2 -  
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Table 1 

Permeabil i ty Estimates from $I and Sw 

Corre la t ion Author (s) Reference 

K = C g I  Wyl l i c  and Rose3 Jour. Pet. Tech., 
’w i A p r i l ,  1950 

B 

C 
K = &  Timur4 The Log Analyst, 1968 

’w i 

A Brown and Husseini’ SPWLA Trans. 1977 
B P  

’wi c 

K =  

2 - Methods based on acoustic logs 

The use o f  acoustic logs t o  estimate permeabi l i ty  has been suggested 
Lebreton e t  a1.’ proposed the use o f  an equation o f  the i n  the l i t e r a t u r e .  

type : 

k = a’ l og  - + 6’ 
l e  1 0  v 

where a’ and 6’ are approximately constant f o r  a given borehole and 

l e  
peak amp1 i tudes o f  two o f  the f i r s t  arches.) 

= h3/hl obtained from the recorded sonic wave t r a i n .  (hl and h3 a re  

Dowling and Boyd* a l so  proposed use o f  the sonic l og  t o  estimate 
formation permeabil i ty. In  t h e i r  proach the permeabi l i ty  i s  estimated 
f r o m  incremental changes i n  the t r a n s i t  t i m e  due t o  f l u i d  movement caused 
by the sonic v ibrat ions.  

measurement o f  the f u l l  acoustic wave t r a i n ;  t h e i r  work i s  based on the 
theo re t i ca l  work of B lo t ”  and Rosenbaum’’. 

I n  a recent paper, Staal and Robinson’ estimated permeabi l i ty  from 

I n  t h i s  technique formation 

v e l o c i t y  t o  the Stonely Wave. Work t h i s  area i s  i n  the 
s re la ted  t o  the at tenuat ion o f  the acoustic wave t h a t  

3 - The use o f  nuclear magnetic log 

As discussed by SeeverI2, the nuclear magnetic log p o t e n t i a l l y  can 
provide informat ion about rock permeabil i ty. 

s p e c i f i c  permeabi l i ty  o f  a formation from empir ical co r re la t i ons  developed 
TimurI3 demonstrated the use o f  the NML gs for est imat ion of the 

DD 
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f o r  a given f i e l d .  The major drawback o f  t h i s  technique i s  the massive 
amount o f  laboratory data required f o r  each case t o  estimate the empir ical 
coe f f i c i en ts .  

4 - Methods based on TDT 

Several authors have proposed using the Thermal Decay Time log t o  
make a q u a l i t a t i v e  o r  q u a n t i t a t i v e  estimate o f  permeabil i ty. 
Hi lch ie14 showed tha t  i f  the mud f i l t r a t e  has a higher s a l i n i t y  than the 
formation water the Neutron L i fe t ime log together w i t h  po ros i t y  data may be 
used t o  der ive a q u a l i t a t i v e  estimate o f  the invasion p r o f i l e  and determine 
the permeable zones. 
ion spa t ia l  d i s t r i b u t i o n  i n  the formation f l u i d s  and t o  measure the 
r e s u l t i n g  thermal neutron decay time cha rac te r i s t i cs  o f  the formation. 
Comparison t o  a reference rock w i t h  no a l t e r a t i o n  provides an estimate o f  
permeabil i ty. 

Engelke and 

Dowling e t  a1.l’ proposed t o  a l t e r  the natural  charged 

The prob 
reservoi r s  have 

ems associated w i t h  the use o f  the TDT i n  geothermal 
not been reported o r  discussed. 

DESCRIPTION OF THE PROPOSED TECHNIQUE 

During d r i l l i n g  and p r i o r  t o  running wel l  logs, the d r i l l i n g  f l u i d  
percolates i n t o  the permeable sections o f  the we1 lbore ( i f  wel lbore pressure 
exceeds formation pressure). Mud f i l t r a t e  displaces the o r i g i n a l  formation 
f l u i d  near the wellbore; the mud i s  f i l t e r e d  out on the rock face and forms 
a mud cake. 
seal ing propert ies o f  the f i l t e r  cake vary. For o i l  and gas reservo i rs  i t  
i s  imperative tha t  the invasion o f  mud f i l t r a t e  be minimized and thus a mud 
composition w i t h  low f i l t e r  loss i s  desired. Bentonite, a major ingredient 
o f  o i l  we l l  d r i l l i n g  f l u i d ,  has excel lent  seal ing propert ies.  Addi t ion o f  
c e r t a i n  chemicals o r  mater ia ls can f u r t h e r  improve the seal ing propert ies 
of the mud cake and thus minimize invasion of the formation by mud f i l t r a t e .  
Deep invasion i n  hydrocarbon saturated rocks i s  undesirable, because the 
displacement o f  the mobile hydrocarbon from the v i c i n i t y  o f  the wellbore 
may mask the t r u e  po ten t i a l  o f  a formation. Furthermore, mud f i l t r a t e  
invasion o f t e n  damages the na t i ve  producing formation, and may g rea t l y  
lower the p r o d u c t i v i t y  index o f  the wel l .  

Depending upon the composition o f  the d r i l l i n g  f l u i d ,  the 

For a l i q u i d  dominated system the displacement o f  formation b r ine  by 
the mud f i l t r a t e  w i l l  not  cause any problem w i t h  respect t o  f l u i d  saturat ion 
determination. The est imat ion o f  formation water r e s i s t i v i t y  from e l e c t r i -  
ca l  logs, however, w i l l  be sens i t i ve  t o  the invasion radius o f  mud f i l t r a t e  
and the problem o f  formation damage i s  s t i l l  a t  hand. 

In add i t i on  t o  the mud composition, the radius o f  invasion i s  
dependent on rock po ros i t y  and permeabi l i ty  and d r i l l i n g  hydraul ics. 
Ignoring the seal ing propert ies o f  mud and assuming the same pressure 
gradient f o r  a given rock permeabil i ty, the mud f i l t r a t e  w i l l  t r ave l  
f a r the r  i n t o  a formation i f  the po ros i t y  i s  low, and f o r  the same po ros i t y  
a h igh permeabi l i ty  rock w i l l  a l low deeper invasion o f  f i l t r a t e .  Since the 
seal ing proper t ies o f  the mud and the pressure gradient a l so  p lay important 

- 4 -  
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ro les 
depic t  the re la t i onsh ip  f o r  est imat ion o f  invasion radius: 

n the f i l t r a t i o n  process, the fo l low ing  equation may be used t o  

c i APY t, 4, K) 

r = invasion radius 

mc ~= mud compos i t ion 

i where 

ure d i f f e r e n t i a l  between wel lbore and formation 

t = exposure time 

9 = formation poros i ty  

K = formation permeabi l i ty  

I t seems theo re t i ca l l y  poss ib le  tha t  i f  one could estimate invasion 
radius (dual- induct ion la te ro log)  and input t, 0, Ap, and a measure o f  mc, 
the formation permeabi l i ty  may be obtained from the above equation. 

ESTIMATION OF INVASION RADIUS 

The use o f  three r e s i s t i v i t y  devices (small slam) w i t h  d i f f e r e n t  

This i s  based on so lv ing  the fo l lowing three simultaneous equations and 
ob ta in ing  the geometrical factors i n  add i t i on  t o  the cor rec t  est imat ion 

geometric f ac to r  has been proposed as a means o f  est imat ing invasion radius. DI  

o f  Rt. 

G Gi Gt G 
- t -  1 + i + - + - (deep induction) 
R~ LD Rm Ri Rt S 

R 

- 1 = - + - + - + -  Gm Gi Gt Gs (medium induct ion) 
R~ LM Rm Ri Rt Rs 

= G R + GmcRmc + G R + GtRt ‘(s.,a R~~ m m  i i  

The above equations may be reduced t o  three equations 

low focused) 

t’ 

From the geometric factors, the invasion diameter may be 

containing on ly  R 
R .  and G. i f  one assumes tha t  the borehole and adjacent bed e f f e c t s  
a t e  neg l ig ib le .  
determined depending on the too l  spec i f icat lons.  These m u l t i p l e  r e s i s t i v i t y  
devices are  ava i lab le  under d i f f e r e n t  names from d i f f e r e n t  serv ice 
companies. 
Usually the e n t i r e  so lu t i on  process i s  s i m p l i f i e d  by the use of char ts  and 

raphs i n t o  which the r a t i o s  of  - 
R I  Ld 

(Dual-Induction Laterolog o r  Dual-Induction Focused Log). 

R~~ 

invasion diameter i s  read d i r e c t l y .  

- 5 -  
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The Dual-Induction Laterologs g ive  an estimate o f  where the mud 
f i l t r a t e  f r o n t  may be i n  the formations. An i m p l i c i t  assumption i n  the use 
o f  our method i s  the existence o f  sharp f r o n t a l  movement and n e g l i g i b l e  
dispersion and g r a v i t y  segregation e f fec ts .  These logs, however, do not 
t e l l  us how the mud f i l t r a t e  reached there. 

Various parameters which may p lay a r o l e  i n  the extent o f  mud 
f i l t r a t e  invasion i n t o  a given formation have been- the subject  of studies 
by many authors. The f i r s t  attempt t o  in tegra te  a l l  such parameters i n t o  
a simple equation mainly f o r  computer l og  processing was reported by 
Breitenbach.I6 
may be used t o  estimate the invasion diameter: 

He indicated tha t  f o r  a gel-base mud the fo l low ing  equation 

D I  = - E(O.04643 + 0.00002381 Ap)-API* t ' /2  
$) 

2 1/2 [l + 0.0063 (BHT - ST)] + D 

where 

API  = API  s t a t i c  f i l t e r  loss, cc/30 min 

BHT = temperature o f  the formation, OF 

ST = surface temperature, O F  

C '  = dynamic cor rec t ion  fac to r  f o r  gel-base mud 

D = borehole diameter, inches 

$) = poros i ty ,  f rac t i on  

D I  = invasion diameter, inches 

Ap = pressure d i f f e r e n t i a l ,  ps i  

= annular mud ve loc i ty ,  f t / sec  'mud 

t = time, h rs  

As noted by Breitenbach t h i s  equation has l i m i t e d  app l i ca t i on  s ince 
i t  does not include the formation permeabi l i ty  and the initial surge loss 
i n t o  the formation. Furthermore, no e x p l i c i t  and universal  technique f o r  
est imat ion of C '  (correct ion f o r  dynamic e f f e c t )  i s  g iven i n  the above 
paper. I n  a subsequent paper Miesch and A lbr igh t "  indicated tha t  the C '  
may be assumed t o  be 1 f o r  gel base mud. They a lso  presented c o r r e l a t i o n  
equations f o r  estirnatTon o f  invasion diameter from d r i  1 l e r ' s  l og  parameters. 
The general form of the c o r r e l a t i o n  may be shown as follows: 



SPWLA NINETEENTH ANNUAL LOGGING SYMPOSIUM, JUNE 13-16,1978 

J 

J 

Log(DI) = A0 + A l X l  + * * * *  + A 1 5 X 1 5  

The c o e f f i c i e n t s  were given f o r  the deep o r  medium induct ion logs and X 1  
through XIS represent formation and rock propert ies. 
included depth, porosi ty,  Rw, Rm, temperature, Rmf, BHT, mud weight, water 

loss (API ) ,  ho le  diameter and the r e s i s t i v i t y  from an induct ion log. 
co r re la t i ons  were based on 676 zones from 26 wel ls  and the average absolute 
dev iat ion f o r  est imat ion o f  D. was reported a t  41.8 percent. 

Propert ies used 

The 

I 

OTHER INPUT PARAMETERS 

The complete h i s t o r y  o f  d r i l l i n g  process f o r  any segment o f  the 
The program requires borehole may be simulated by a computer program. 

estimate of d r i l l i n g  time, t r i p p i n g  time, and the onset o f  s t a t i c  condi t ions 
i n  the wellbore. I n  add i t i on  mud density, c i r c u l a t i o n  v e l o c i t y  dimensions 

The program 
on path and 

o f  d r i l l  pipe, d r i l l  c o l l a r  and the wellbore i t s e l f  are needed. 
estimates the f l ow  regime i n  d i f f e r e n t  segments o f  the c i r c u l a t  
determines the e f f e c t i v e  pressure against the formation. 

The cumulative volume o f  f i l t r a t e  invaded i n t o  permeable zones as a 
funct ion of t ime i s  then computed. 
ab i l i t y - th i ckness  r a t i o  i s  needed which may be obtained from laboratory 
tests  on core samples. Volume o f  f i l t r a t e  invaded i s  then t rans lated i n t o  
the radius o f  invasion using a knowledge o f  formation porosi ty.  

To do t h i s  a measure o f  mud cake perme- 

DD 
DESCRIPTION OF THE SIMULATOR 

The numerical simulato used i n  t h i s  study cons s t s  o f  two computer 
programs. 
hydraul ics dur ing d r i l l i n g  and estimate the complete h s t o r y  of mud column 
pressure against the d r i l l e d  po r t i on  o f  the formation. 
generated from t h i s  program i s  then used i n  the second program (MUDFIL) 
together w i t h  the proper t ies o f  the formation and the mud cake t o  der ive 
the estimated invasion p r o f i l e .  

The f i r s t  one (MUDPRS) i s  designed t o  model the wel lbore 

The pressure data 

Estimation o f  Pressure P r o f i l e  

The pressure i n  the mud column and against any po in t  of  the formation 
i s  a func t i on  o f  depth, mud density, and the c i r c u l a t i o n  rate.  When the 
mud column i s  i n  s t a t i c  condi t ion,  a c i r c u l a t i o n  r a t e  o f  zero i s  used i n  
the computations. For the dynamic condi t ions (dur ing d r i l l i n g )  the c i r c u l a -  
t i o n  pressure i s  obtained from accounting of  the pressure losses i n  the 
sys tern. 

The input data f o r  t h i s  
sions and lengths, mud propert  
we1 1 bore rad i us. 

computer program consists o f  tubular dimen- 
es, c i r c u l a t i o n  rate,  d r i l l i n g  r a t e  and the 

Estimation of the Invasion Radius 

r e  p r o f i l e  vs. time i s  obtained from the f i r s t  program and 
by a superposit ion method the invasion radius i s  computed f o r  d i f f e r e n t  

- 7 -  
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points  along the wel lbore using the second computer program, (MUDFIL). 
basic data include a k/h vs time tab le  for  the mud cake, mud f i l t r a t e  
v i scos i t y  and compress ib i l i ty  and the formation pressure gradient. I n  
add i t i on  the poros i ty  p r o f i l e  (from poros i ty  logs) and an assumed perme- 
a b i l i t y  p r o f i l e  are needed. 

The 

For the assumed permeabi l i ty  p r o f i l e  the invasion radius i s  
determined and compared w i t h  the invasion p r o f i l e  obtained from the dual- 
induct ion la tero log.  
p r o f i l e  i s  adjusted and the computations repeated u n t i l  a sa t i s fac to ry  match 
i s  obtained. 

I f  the two do not agree, the assumed permeabi l i ty  

The computation of the f i l t r a t e  invaded i n t o  any segment o f  the 
formation dur ing a given time step i s  done by an i t e r a t i v e  procedure. 
i t e r a t i o n  method i s  used because the pressure drop across the f i l t e r  cake 
i s  not  known. 

The 

The main equation which describes the f l u i d  invasion i n t o  the forma- 
t i o n  may be expressed as: 

where P, r, and t are pressure, radius, and time, respect ive ly  and 11 i s  the 

d i f f u s i v i t y  constant. 

boundary condi t ions.  
so lu t i on  which i s  given i n  tabular  f o r m  expressing the dimensionless time 
t vs dimensionless water i n f l u x  Q(t). 

i s  then determined from: 

k 
F.Iw (0 = -). This equation may be solved fo r  c e r t a i n  

I n  t h i s  study we used the Van Everdingen and Hurstl* 

The cumulative invasion a t  any time 0 

W = BCAP x Q ( t )  e 

where 

B = 1.119 x 4 x C x rw2 x h 

Ap = d i f f e r e n t i a l  pressure a t  in te r face  between 
f i l t e r  cake and formation 

The symbol C i s  used here t o  show the superposi t ion e f fec t .  

The computation scheme i n  the (MUDFIL) program fo l lows the i t e r a t i v e  
procedure ou t l i ned  below: 

1 - a value f o r  f i l t r a t e  volume, Q, i s  assumed f o r  the 
time step, 

2 - the expected pressure drop across the mud cake f o r  t h e  given Q 
i s  determined using the mud cake k/h values thereby gi?ring the 
e f f e c t i v e  pressure against the formation, 

i 
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3 - f o r  the given time step the dimensionless time and the 
corresponding Q ( t )  from the Van Everdingen and Hurst so lu t i on  
i s  determined, 

4 - from the Q ( t )  the amount o f  i n f l u %  i s  determined and compared 
w i t h  the assumed value, - Q, 

5 - the process i s  repeated u n t i l  the two i n f l u x  values match 
w i t h i n  a given tolerance, 

6 - by using the p r i n c i p l e  o f  superposi t ion the cumulative i n f l u x  
i s  determined and t rans lated i n  terms o f  invasion radius. 

The basic wel lbore parameters used i n  the s imulator runs shown i n  
t h i s  paper are given i n  Table 2. For s i m p l i c i t y  i t  was assumed tha t  the 
dynamic f i l t r a t i o n  p reva i l s  wi thout any pause u n t i l  the e n t i r e  sect ion i s  
d r i l l e d  through. The t o t a l  s t a t i c  per iod before the commencement o f  the 
logging was ten hours. 

NO MUD CAKE 

I n  the absence o f  any mud cake (such as when d r i  11 ing w i t h  water) the 
invasion radius i s  a func t ion  of formation permeabi l i ty ,  porosi ty,  and the 
time o f  exposure. Fig. 1 shows the invasion p r o f i l e  f o r  a 500 ft. layer 
w i t h  uni form permeabi l i ty  (0.1 md) and poros i ty  (0.2). 
invasion i s  largest  a t  the top o f  the section, which has been exposed t o  a 
longer per iod o f  invasion. For higher formation permeabi l i t ies  d r i l l i n g  
f l u i d  w i l l  invade f a r t h e r  i n t o  the formation. This f a c t  i s  demonstrated i n  
Fig. 2 f o r  permeabi l i ty  varying from 0.1 md to 1000 md. The poros i ty  o f  
the formation a l so  a f f e c t s  the radius o f  invasion s i g n i f i c a n t l y .  Fig. 3 
shows tha t  for a sect ion w i t h  uni form permeabi l i ty  o f  10 md, changing the 
poros i ty  from 0.20 t o  0.1 increases the invasion radius. 

The radius o f  

The cases discussed above i l l u s t r a t e  tha t  i n  the absence o f  a mud 
cake, the invasion radius may vary from a f r a c t i o n  o f  a foo t  t o  50 fee t  or 
higher depending on formation proper t ies and d r i l l i n g  hydraul ics.  As long 
as the invasion radius does not extend beyond the depth o f  inves t iga t ion  o f  
the deep induct ion too l ,  the method proposed i n  t h i s  paper may be used to 
estimate the formation permeabi l i ty  p r o f i l e .  The resu l t s  shown above imply 
tha t  for d r i  11 ing w i t h  water the rock permeabi 1 i t y  low (<lomd) t o  
l i m i t  the invasion radius. 

As i s  customary, the d r i l l i n g  f l u i d  contains bentoni te  o r  o ther  
agents t o  form a cake w i t h  low permeabi l i ty  which impedes invasion 

of the mud f i l t r a t e  i n t o  permeable layers. P a r t i c l e  invasion before the mud 
cake is f u l l y  establ ished w i l l  a1 cause a reduct ion i n  permeabi l i ty  i n  the 
f i r s t  few inches of  the formation 
of such permeabi l i ty  a l t e r a t i o n  Is included i n  the ove ra l l  permeabi l i ty  
b a r r i e r  associated w i t h  the mud cake. 

In t h i s  paper we assume tha t  the e f f e c t  

I - 9 -  
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The e f f e c t  o f  the mud cake-needs t o  be c a r e f u l l y  evaluated i n  l i g h t  
o f  formation permeabi l i ty  and the mud composition. The two major questions 
are the way the mud composition, on one hand, and formation permeabi l i ty  on 
the other in f luence the bui ldup and the proper t ies o f  the mud f i l t e r  cake. 

E f fec t  o f  Mud 'Compos i t ion 

The concentrat ion o f  any c lay  mater ia l  o r  o ther  seal ing agents i n  
the mud d i r e c t l y  a f f e c t s  the f i l t e r  cake permeabi l i ty .  Since, f o r  the 
purpose o f  t h i s  paper and .the app l ica t ion  method discussed here, we are  more 
concerned w i t h  the permeabi l i ty  thickness r a t i o  o f  the f i l t e r  cake than w i t h  
the permeabi l i ty  o r  thickness separately, we sha l l  examine the seal ing 
property o f  the mud cake i n  terms o f  k/h r a t i o .  
t h  i ckness . ) (Note tha t  h i s  mud cake 

The r a t e  o f  f i l t r a t i o n  through an already establ ished mud cake i s  
d i r e c t l y  propor t ional  t o  k/h. Therefore, a decreasing trend i n  k/h 
indicates reduct ion o f  f i l t r a t e  throughput. 

For comparative studies a s t a t i c  A P I  f i l t e r  press i s  normally used 
t o  study mud cake k/h v a r i a t i o n  versus time f o r  d i f f e r e n t  mud compositions. 
The method o f  analys is  consis ts  of p l o t t i n g  cumulative f i l t r a t e  volume 
versus time. Using the slope of  the p l o t  i n  the Darcy equation w i l l  r e s u l t  
i n  an est imat ion o f  k/h versus time. 

Fig. 4 shows an A P I  s t a t i c  t e s t  resu l t s  for three muds w i t h  bentoni te  
concentrat ion o f  10, 50 and 100 g l l i t e r .  As i t  i s  expected, increasing 
bentoni te  content reduces the k/h r a t i o  s i g n i f i c a n t l y .  

Unfortunately A P I  s t a t i c  t e s t  data may not represent actual  wel lbore 
condi t ions.  
and others there are several stages o f  f i l t r a t i o n  i n  the borehole. 
A t yp i ca l  f i l t r a t i o n  schedule may be as i l l u s t r a t e d  i n  Fig. 5. From t h i s  
p l o t  i t  fo l lows tha t  the k/h r a t i o  may go up o r  down depending on the stage 
o f  f i l t r a t i o n .  As discussed by Horner e t  a1.22, the on ly  way to determine 
the dynamic f i l t r a t i o n  behavior o f  a given d r i l l i n g  mud i s  t o  run a dynamic 
test .  No other  tes t ,  such as the A P I  s t a t i c  t e s t  i s  t r u l y  representat ive 
of  actual  downhole behavior. Studies o f  dynamic f i l t r a t i o n  reported by 
Ferguson and Klotz2', Krueger21, and  other^'^,^^ show t h a t  the three main 
fac to rs  c o n t r o l l i n g  the volume o f  f i l t e r  loss are mud composition, pressure 
d i f f e r e n t i a l  and rock permeabi l i ty .  Mud composition and (mainly) the mat r ix  
g ra in  s izes determine the degree of p a r t i c l e  invasion o r  pore plugging2'. 
Pressure d i f f e r e n t i a l  acts  as the d r i v i n g  fo rce  and a f f e c t s  mud cake 
compress ib i l i ty .  The r o l e  o f  formation permeabi l i ty  i s ,  however, somewhat 
obscure. For h igh permeabi l i ty  rocks the i n i t i a l  spurt  loss i s  substant ia l ,  
and there i s  a rap id  bui ldup o f  the mud cake. Large pores o f  such rock 
a lso  lead t o  p a r t i c l e  invasion and possible in te rna l  rock permeabi l i ty  
reduction. Subsequently the mud column acts  against  a low permeabi l i ty  
f i l t e r  cake and the water loss becomes neg l i g ib le .  For low permeabi l i ty  
rock the i n i t i a l  spur t  loss i s  low, and the t r a n s i t i o n  between the format ion 
and the mud column i s  a thickened mud w i t h  proper t ies between f i l t e r  cake 
and mud s lu r ry .  The permeabi l i ty  o f  t h i s  thickened mud i s  i n t u i t i v e l y  

As discussed by O~trnans.'~, Ferguson and Klotz2', Krueger2' 

- 10 - 
i 



SFWLA NINETEENTH ANNUAL LOGGING SYMPOSIUM, JUNE 13-16,1978 

2 2  larger  than the permeabi l i ty  o f  the mud cake. 
paper shows the s ign i f icance o f  rock permeabi l i ty  on cumulative dynamic 
f i 1 t ra t i on .  

Fig. 3 o f  the Horner e t  a l .  

ESTIMATION OF MUD CAKE k/h RATIO 

To ob ta in  t yp i ca l  values for  k/h r a t i o  we tested the u t i l i t y  of 
running API  s t a t i c  f i l t e r  t es ts  by comparing r e s u l t s  t o  dynamic f i l t r a t i o n  
data reported i n  the l i t e r a t u r e .  One s i g n i f i c a n t  observation i s  t ha t  the 
resistance o f  the f i l t e r i n g  medium a f f e c t s  f i l t r a t i o n  behavior, 
f i l t r a t i o n  against permeable rocks resu l t s  i n  d i f f e r e n t  f i l t r a t i o n  
propert ies than those predicted by the API  t e s t  f o r  the same mud. 

S t a t i c  

Current ly we are bu i l d ing  our own dynamic t e s t  f a c i l i t y  f o r  f u r t h e r  
t e s t i n g  o f  d r i l l i n g  muds. I n  the absence o f  dynamic f i l t r a t i o n  data, we 
used the data presented by Ferguson and K l o t t ,  Bezemer and Havenar26 and 
Krueger2'. 

As discussed by Ferguson a'nd K l o t t 2 '  the major f r a c t i o n  o f  the t o t a l  

From the data presented 
f i l t r a t e  t h a t  invades the formation i s  under dynamic condit ions; s t a t i c  
f i l t r a t i o n  contr ibutes on ly  from 10 t o  30 percent. 
i n  Fig. 4 o f  Ferguson and Klotz  we estimated tha t  the k/h r a t i o  dur ing 
dynamic f i l t r a t i o n  w i t h  bentoni te mud drops from an average o f  0.00195 md/cm 
t o  0.000653 md/cm. Krueger's data a lso show an average dynamic f l u i d  loss 
r a t e  o f  0.5 ml/hr/ in2.  Table 3 shows a t y p i c a l  k/h r a t i o  one might expect 
f o r  a h igh bentoni te content mud and f o r  an average rock permeabil i ty. 
Obviously, the concentrat ion and p a r t i c l e  s i ze  o f  the c lay  o r  other seal ing 
mater ia ls o r  water loss addi t ives w i l l  in f luence the k/h r a t i o .  

Dt 

The ideal t e s t  would be t o  conduct a dynamic-static f i l t r a t i o n  t e s t  
using rock permeabi l i t ies  from 1 md to  1000 md (not necessar i ly  rock samples 
from the formation) and input three o r  more tables t o  the simulator and 
in te rpo la te  f o r  permeabi l i t ies  i n  between. 

I n  the absence o f  r e l i a b l e  k/h r a t i o ,  as w i l l  be shown below, the 
proposed technique w i l l  r e s u l t  i n  a q u a l i t a t i v e  p r o f i l e  of  formation 
permeabil i ty. 

Results of S i m i  l a t o r  Runr w't t h  'Mud Cake 

To i l l u s t r a t e  the s imulat ion we assumed a permeable sect ion 500 ft. 
t h i c k  w i th  permeabi l i t ies  varying from 1 md t o  1000 md (as i l l u s t r a t e d  i n  
Fig. 6) and poros i t i es  ranging from 0.05 t o  0.35 (see Table 4). 
simulator assuming the same k/h r a t i o  appl ied t o  a l l  rock permeabi,l i t ies. 
To study the ef fect  o f  changing f low propert ies of the mud cake, we made a 
ser ies o f  runs i n  which the k/h values shown i n  Table 3 were m u l t i p l i e d  by 
a (constant) f a c t o r  varying from 0.01 t o  100. The invasion p r o f i l e s  f o r  
several f ac to rs  a re  shown i n  Fig. 6. With higher permeabi l i ty  mud the 
invasion p r o f i l e  i s  very s i m i l a r  t o  the formation permeabi l i ty  p r o f i l e .  
the other  hand, f o r  lower values o f  mud cake permeabi l i ty  the invasion 
p r o f i l e  tends t o  smooth out  and no longer resembles the formation perme- 
a b i l i t y  p r o f i l e .  
there seems t o  be a trend reversal w i t h  the low permeabi l i ty  rocks showing 

We ran the 

On 

I n  fact ,  when the k/h r a t i o  i s  reduced by a fac to r  o f  0.01 
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deeper invasion. This confounding ef fect  i s  caused by the shape o f  the 
assumed poros i ty  p r o f i l e .  
sect ion was assumed t o  have a low po ros i t y  w i t h  a consequent increase i n  
invasion radius. If one assumes the same poros i ty  (0.1) for  the e n t i r e  
section, regardless o f  the magnitude of k/h r a t i o ,  the calculated invasion 
radius i s  smaller i n  the low permeabi l i ty  sect ion as shown i n  Fig. 7. 

The exposure time, the length o f  t ime the borehold wa l l  i s  exposed 

The low permeabi l i ty  zone i n  the middle o f  the 

t o  d r i l l i n g  f l u i d ,  a l so  s i g n i f i c a n t l y  a f f e c t s  radius o f  invasion. Because 
the mud cake propert ies when the f i l l i n g  f l u i d  i s  c i r c u l a t i n g  d i f f e r  g rea t l y  
from the propert ies when the f l u i d  i s  not c i r c u l a t i n g ,  exposure time during 
both f l ow  regimes (dynamic and Stat ic ,  respect ively)  must be speci f ied t o  
our program. Fiq. 8 shows f o r  the 500-ft. sect ion the calculated invasion 

t 

radius f o r  two exposure times. 
(500 f t / 50  f t / h r )  t o  25 hours (500 f t / 20  f t / h r )  increased invasion radius 
by about 30 percent. 

Increasing exposure t i n e  from 10 hours 

MUD PROBLEMS I N  GEOTHERMAL DRILLING 

F i e l d  experience indicates tha t  dur ing the d r i l l i n g  o f  geothermal 
wel ls  d r i l l i n g  f l u i d  may undergo serious degradation. 
o f  the organic compounds a f fec ts  v i s c o s i t y  and f i l t e r  loss propert ies.  
Also, the high temperatures may cause the mud t o  s o l i d i f y  and r e s u l t  i n  
d r i l l i n g  problems. 
o f  some commercially ava i l ab le  high temperature muds. 
i nd i ca te  tha t  most o f  the water base muds f a i l  t o  r e t a i n  t h e i r  funct ional  
proper t ies a t  temperatures above 350OF. 
e t  a1.28 presented formulat ion o f  an improved d r i l l i n g  f l u i d  su i tab le  fo r  
geothermal appl icat ion.  From t h e i r  data, ind icat ions are tha t  the new 
formulat ion may r e t a i n  i t s  v i s c o s i t y  and water loss proper t ies even a f t e r  
s t a t i c  aging a t  500OF. 
o f  s e p i o l i t e  f o r  a po r t i on  o f  the bentonite. 
and sodium polyacry la te was suggested t o  improve f i l t r a t i o n  contro l  
character is t ics .  Sepio l i te ,  a n a t u r a l l y  occurr ing c lay  mineral, has a 
needle- l ike s t ruc tu re  which makes i t  less e f f e c t i v e  than bentoni te i n  
f i 1 t r a t i o n  contro l .  

Thermal degradatio 

Remont e t  a1.27 reported on’the s t a b i l i t y  and propert ies 
Their  f ind ings 

I n  a subsequent pub l i ca t i on  Remont 

I n  b r i e f  the new formulat ion c a l l s  f o r  subs t i t u t i on  
Furthermore, use of brown coal 

As the newly formulated muds f o r  geothermal d r i l l i n g  tend t o  be lower 
i n  s o l i d  content and somewhat higher i n  f i l t r a t i o n  losses, the technique 
presented i n  t h i s  paper i s  p o t e n t i a l l y  more appl icable w i t h  these newer muds. 

SUMMARY AND CONCLUSIONS 

We have presented a new approach f o r  est imat ing formation permeabi l i ty  
p r o f i l e  using a combination o f  several data bases which are and should be 
ava i l ab le  from the d r i l l i n g  operation. The proposed technique consists o f  
a wellbore simulator making use o f  d r i l l i n g  hydraul ics data and mud composi- 
t i o n  hand i n  hand w i th  wel l  log data t o  der ive a quan t i t a t i ve ,  o r  a t  l eas t  
a q u a l i t a t i v e ,  est imate o f  the permeabi l i ty  p r o f i l e .  The app l i ca t i on  o f  
the technique requires a knowledge o f  dynamic f i l t r a t i o n  behavior of  the 
d r i l l i n g  mud, which i n  our opinion should become a rou t i ne  t e s t  replacing 
the inaccurate and rather  meaningless API  test .  

, 
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i 
The proposed technique i s  most appl icable t o  l i q u i d  dominated 

geothermal reservo i rs  f o r  which low s o l i d  muds are preferred and the forma- 
t i o n  contains only  one f l u i d .  
may provide invasion p r o f i l e s  which a re  re la ted t o  the formation permeabi l i ty  
d i s tr i but ion. 

Muds w i t h  medium t o  low seal ing propert ies 

NOMENCLATURE 

-1 c = f i l t r a t e  compressibi l i ty ,  p s i  

G = geometric f ac to r  

h = mud cake thickness, cm 

H = formation thickness, f t  

k = f i l t e r  cake permeabil i ty, md 

K = formation permeabil i ty, md 

Pc = c a p i l l a r y  pressure, ps i  

Ap = pressure d i f f e r e n t i a l  

Q = cumulative f i l t e r  loss,. cc 

q = f l ow  rate,  cc/sec 

Q(t) = dimensionless i n f l u x  (from Van Everdingen and Hurst) 

Rt = r e s i s t i v i t y  o f  the uninvaded zone, ohm-m 

t y  o f  the invaded zone, ohm-m 

r i  = invasion radius, f t  

r = wel lbore radius, f t  
W 

Swi = i n t e r s t i t i a l  water saturat ion 

t = t ime 

We = cumulative invasion 

0 = porosi ty,  f r a c t i o n  

-=  f i l t r a t e  v iscos i ty ,  cp 

q = d i f f u s i v i t y  constant 

J 
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Table 2 

Basic Data 

Mud densi ty = 9 ppg 

D r i l l  p ipe O.D. = 5" 

D r i l l  p ipe length = 40, 

D r i l l  c o l l a r  O.D. = 7" 

Col lar  length = 30' 

r = 5.875'' 
W 

Circu lat ion r a t e  = 500 gpm 

Formation pressure gradient = 0.460 p s i / f t  

p ( f i l t r a t e )  = 0.6 cp 

-6 - 1  c = 3 x 10 ps i  

U (mud) = 40 cp 

D r i l l i n g  r a t e  = 10 f t / h r  (except f o r  s e n s i t i v i t y  studies) 

Table 3 

Mud Cake k/h Rat io Used For The Example Run 
Table 4 

Time, hrs 

0.2 
0.4 
0.6 
0.8 
1 .o 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 
2.8 

>2.8 

k/h, md/cm 

0.0075 
0.0055 
0.0041 
0.0032 
0.0026 
0.0022 
0.0020 
0.001 8 
0.0017 
0.001 5 
0.0012 
0.001 0 
0.ooog 
0.0009 
0.0009 

- 16 - 

Variable Porosi t ies For The Example Run 

k,md 

1 
10-20 
50 

100 
200 
300 
400- 500 

1000 

4 
0.05 
0.10 

17 
.20 
25 

.28 
30 
35 
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EVALUATIOET OF O I L  WEWS BY LOGGING 
METHODS IN THB uuun 

V. Laptev 

Temperature was the first geophysical parameter to be measu- 
red stibsurface in Russia. These measurements were first 
carried out in Bibi-Eibath oil field (Baku) in 1906. But 
the broad application of geophysical well logging methods 
began in 1929 in G r o w  where for t4e first t w e  the 
Schlumberger resistivity logging method .was introduced. 
Since that time t;he well logging-geophysical service has 
grown up into a powerful branch of ‘the oil industry. It 
provides with valuable Wormation the nost important di- 
visions of the oil industry such a0 geology, drilling pro- 
duction. 
Not only  the USSR Ministry.of Oil Industry, but the Ministry 
of Geology and Gas Ministry also have their own geophysical 
enterprises. In this report we shall consider the well 
logging state of the USSR oil industry. 

work to be carried. Suffice it to say that 546 million tons 
.of oil (including gas condensate) was produced iP 1977 and a 
production of. 620-6W million tons is planned for 1980. The 
geophysical service is directed by the Oil Production and 
Field Geophysical Department of the USSR Ministry of Oil 
Industry. It comprises 16 gqophysical unions called “trustsn 
eituated in all‘the main oil producing; regions of the USSRt 
the research office Tomsk) the research institute (Ufa), 

edition [Moscow) and the logging 
iberian oil fields are operated 

e i s  Ishe carrying 
of logging results 
lixlg and oil pro- 
rersults t? the 
the responsibility 
technological 
of the Oil Pro- 

g and developing 
ell as equipment and 

The de 
range of problems carried out 

of work: 
-open hole logg for determinig the lethological com- 
position of rocks, reservoir identification, estimation 

ent of oil industry continiously widens the 
well logging. At present 

gging is applied in 
orkovm. The most 

cess of drilling, recove- 
e are the following types 
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of t h e i r  s a t u r a t i o n  and q u a t i t a i v e  de te rmina t ion  of bed pa- 
rameters f o r  o i l  r e s e r v e s  es t imat ion;  
-eva lua t ion  w h i l e  d r i l l i n g  of mud f i l t ra te  and d r i l l  c u t t i n g  
parameters t o  d e t e c t  pay beds; 
- d r i l l  pipe formation t e s t i n g  of open and cased holes  f o r  
determining t h e  r e s e r v o i r s  s a t u r a t i o n  and estimating t h e i r  
hydrodynamic parameters; 
-monitoring t h e  t e c h n i c a l  cond i t ion  of w e l l s  for determining 
t h e  d e f l e c t i o n  angle and cu rva tu re  azimuth of a w e l l ,  fo re-  
casting the  complicated zones w h i l r  d r i l l i n g ,  testing the  
cement q u a l i t y  etc; 
-perf o ra t ion ,  w e l l  shoot ing,  packers setting, r e s e r v o i r  
s t i m u l a t i o n  t o  increase the recovery; 
-production logging f o r  determining t h e  c u r r e n t  o i l  satura- 
t i o n  of r e s e r v o i r s ,  detecting oil-water and gas-o i l  c o n t a c t s  
i n  r e s e r v o i r s  and i n  wel ld ,  s tudying  t h e  inf low and ab- 
s o r p t i o n  p r o f i l e s  i n  producing and i n j e c t i o n  wells, measuring 
r e s e r v o i r  p r e s s u r e ,  temperature etc. 

Geological  and Technological Condi t ions  

The range of affected f a c t o r s  t h e  geophysicians come a c r o s s  
while logging is extremely wide, A t  first approach w e  may, 
however, canbine o i l  and gas producing r e g i o n s  i n t o  4 groups 
accord ing  t o  geo log ica l  and technologica l  c o n d i t i o n s  of work. 
Figures I and 2 show t h e i r  t e r r i t o r i a l  p o s i t i o n  and s t a n -  
dart  lithological-stratigraphic columns. 

Grou I. Inc ludes  r eg ions  l o c a t e d  on t h e  platform,  The sec- 
&carbonaceous - t e r r igenous .  The main product ive  bed 
complexes are represented  by t e r r igenous  r e s e r v o i r s  of po- 
r o u s  type and by carbonaceous r e s e r v o i r s  of :;complex s t ruc -  
t u r e  Sedimentary cornplex has a t h i c k n e q  of 1.5-5 km 
The maximum temperature i n  wells is I O 0  U, 
is 50 MPa. 
Group 2, Inc ludes  r eg ions  l o c a t e d  on t h e  depression. The 
s e c t i o n  is  carbonaceous-terrigenous and r ep resen ted  by thick 
halogen strata. The o i l  r e s e r v o i r s  are carbonaceous and con- 
s o l i d a t e d  t e r r igenous  rocks  w i t h  complex s t r u c t u r e  of t h e  
pore space. Sedimentary complex th i ckness  v a r i e s  from 5 t o  
20 ]dm. Depths of wells are 5-7 km, temperature is about 
170 C , p r e s s u r e  is IO0 MPa. Zones of abnorua l  f romat ion  
pressure may occur. 
Group StTo t h i s  group belong r eg ions  l o c a t e d  on t h e  platform. 
The s e c t i o n  i s  te r r igenous .  The o i l  r e s e r v o i r s  are  represen-  
t e d  by p o l p i n e r a 1  sands (feldspar, qua r t z ,  su lph ide )  of 
porous type var ious  c l a y  aontent .  The sedimentary complex 
has 8 t h i c k n e s s  of I,5-7 km. Depth8 of wells are 1.5 - 4.5 
km, temperature is up t o  IOOO- 120 C, ressure is 50-60 ma. 
res s ion .  !Be s e c t i o n  i s  t e r r i g e n o u s  and r ep resen ted  by th i ck  
halogen strata. Product ive complexes are represented by c l a y  

of Geophysical Well L o a E i w  

well pressure 

&OUD 4. 'Po t h i s  group belong r e g i o n s  .E ocated  on t h e  dep- 

and Ehin-bedded sands o f  porous type. Sedimentary complex 
th i ckness  v a r i e s  from 5 t o  20 km. Deep wells of about 7-8 
k m  are t q i o a l  far t h i s  group, t h e  temperature i s  u s u a l l y  
high (230 C), pressure i s  about  150 Ddpa. Zones o f  abnormal 
formation pressure may occur. The well logging s e r v i c e  deals 
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Figure I. 
Geological-geophysical region d i v i  

Group I Group JI Group 111 Group IV 
wolqa- ThlHl-  Pre- Pre- Pripyat West- South-Maqishlack. Pre- Zakavkarje West Dne rwo- 
urals Pechora Caspian Urals Siberlan Ustyurt Cawasus Turkmenia Oonekkaya 

EE 

Figure 2. 
!typical sections of geologic areas 
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w i t h  t h e  whole range of a l l  p o s s i b l e  changes o f  such rocks  
characteristics as l i t h o l o g y ,  thickness, p o r o s i t y ,  o i l  and 
gas s a t u r a t i o n ,  formation water s a l i n i t y  etc. The surface con- 
d i t i o n s  are a l s o  too  various: deserts, taiga, s w a m p s ,  
tundra,  s e a ,  t h e  developed area w i t h  powerful network of 
communication l i n e s .  

Combiuation of Methods 

To so lve  d i f f e r e n t  geologic  and technologica l  tasks, va- 
r i o u s  combinations of methoda are uelRd. We shall g i v e  now 
br i e f  r e fe rences  of typical combinations of methods applied 
i n  well logging procedures mentioned above. 
While open hole  eva lua t ion  t h e  choice of methods a p p l i e d  
depends on special purpose of this or that w e l l .  (pros- 
pecting well, wild cat, o r  producing well), the type of a . 
r e s e r v o i r  (porous o r  w i th  complex s t r u c t u r e ) ,  l i t h o l o -  
gical  composition of rocks  and mud f i l t r a t e  characteristics, 
each reg ion  i s  regu la t ed  by a compulsory minimum number 
of methods which provide i n  normal cond i t ions  the  c o r r e c t  
s o l u t i o n  of a geologic  task. In case, t h e  b a s i c  methods do 
not  provide c a r r y i n g  ou t  t he  r e q u i r e d  tasks, a d d i t i o n a l  
methods are  included i n t o  the combination. 
As basic ones t h e  electric logging methods in t h e i r  va- 
r i o u s  modif icat ions a r e  normally used (i.e. Iateral  
Electric Sounding, SI?, Induct ion  Log, Lateral Log, 
Laterlog, Wmolog); rad ioackive  methods (Gamma-Ray Log, 
Neutron-Gamma-Rag Loa. lPherma1-Neutron Log) a c o u s t i c  methods, 
Caliper b g g i n g  and Dipmeter survey, 
The d i rec t  methods (Gas Logging, D r i l l  P ipe  and Wire Line 
Formation !Pestin@;, 6ide 'Pesters and side-wall co r ing  guns) are 
compulsory, as a r u l e ,  i n  prospec t ing  well e v a l u a t i o n  and 
used i n  o the r  types o f  w e l l s  as a d d i t i o n a l  methods. The 
Dielectric Logging, Nuclear-IVfagnetic Logging, Impulse- 
Neutron Logging are g e n e r a l l y  used as a d d i t i o n a l  methods 
f o r  sane cmplicated problems so lu t ion .  
In order  t o  t e s t  cement q u a l i t y  in cased ho les  t h e  Acoust ic  
and Cement Bond Log are used, For the last y e a r s  t h e  Combination 
of b o t h  methods is widely appl ied.  Using t h i s  combination 
w e  can  r e l i a b l y  d e t e c t  such adverse  cond i t ions  of cementa- 
t i o n s  as baffle coo la r  break o f f s  a long t h e  height  o r  pe- 
rimeter of  annular  space o r  cement collar c learance .  
In t h e  producing the  combination of methods applied is va- 
r ious .  Among them t h e  r a d i o a c t i v e  methods w i t h  s t a t i o n a r y  
and impulse f i e l d  scu rces  based on r e g i s t r a t i o n  of digper- 
sed,  captured and induced r a d i a t i o n ;  methods of f low rate  
r e g i s t r a t i o n  (e i ther  mechanical or  conduct ive) ,  resisti- 
v imeters ,  dielectric t o o l s  determining formation water 
con ten t ,  thermometers w i t h  high r e s o l u t i o n ,  c o l l a r  and 
i n t e r v a l  l o c a t i o n  devices.  
The number of methods applied depends on t h e  problem t o  
be solved, well c o n s t r u c t i o n  and equipment (ex. the  pre- 
sence of p e r f o r a t i o n  a g a i n s t  t h e  i n v e s t i g a t e d  zone, gusher ,  
gas-lif t  or pumping equipment etc), and the d r i v e  of well 
recovery  (whether i t  is canpleted, o r  water i n j e c t e d ,  or 
producing). 

Micro 

- 4 -  



SFWLA NINETEENTH ANNUAL LOGGING SYMPOSIUM, JUNE 1316,1978 

A s  t h e  basic methods i n  t h e  p rocess  o f  e s t i m a t i o n  of cur- 
r e n t  o i l s a t u r a t i o n  of r o c k s I  d e t e c t i o n  o f  oil-water and gas 
o i l  c o n t a c t s ,  t h e  Impulse Neutron Log is used as well a s  
s t a t i o n a r y  neutron methods and the rma l  methods. Induc t ion  
Log is  used i n  open hole eva lua t ions .  As a d d i t i o n a l  
methods t h e  broadband Acoustic Logging, t h e  i n j e c t i o n  of 
r a d i o a c t i v e  tracers a n d  d r i l l  p i p e  and wire l i n e  f o r -  
mation t e s t i n g  are used. 
In  t h e  producing w e l l s  the  i n v e s t i g a t i o n  of in f low p r o f i l e s  , 
d e t e c t i o n  of water environment, formation pressure con- 
t r o l  i s  car r ied  out  by flow rate  r e g i s t r a t i o n ,  Gamma - 
Densi ty  h g ,  diclectic de termina t ion  of format ion  water 
con ten t ,  R e s i s t i v i t y  Log, Thermal methods, p i e z o e l e c t r i c  
and Neutron methods. 

Apparatus and E4 uipment 

The surface equipment of w e l l  logging gangs is provided 
w i t h  the logging l a b o r a t o r y  and t h e  h o i s t  b o t h  t ruck-  
mounted. Analogous r e g i s t r a t i o n  t o o l s  are c h i e f l y  used. 
A t  p r e s e n t  t h e  developing of t he  first digi ta l  computer 
logging  systems has begun. The h o i s t s  are equipped w i t h  
one ,-thress,-seven- conductor mailed cable. 
To c a r r y  on g e d h e m i c a l  i n v e s t i g a t i o n s  wh i l e  d r i l l i n g  t h e  
mobile  gas-logging s t a t i o n s  (AGKS-4AC) are u t i l i z e d  
supp l i ed  w i t h  chromatic t o o l s  which r e s o l u t i o n  is I O 4  
volume pe rcen t  per 6 components and t o o l s  f o r  mud f i l t r a t e  
and d r i l l  c u t t i n e  luminescence ana lys i s .  They a r e  also 
supp l i ed  w i t h  vacuum degassing u n i t s  and analogous and EE 
d i g i t a l  r e g i s t r a t i o n .  
The convent ional  well logging equipment f o r  d r i l l i n g  wells 
i n v e s t i g a t i o n  i s  capable  t o  s u s t a i n  t h e  temperature of 12(r150° 
and t h e  p res su re  of I O 0  &Pa, 
Tools diameter v a r i e s  f rom 54-140 mm, f o r  bottom hole 
e v a l u a t i o n  t h e  p s e c i a l  a p p a r a p s  is  manufactured capable t o  
s u s t a i n  temperature up t o  200 C and preseure of I2Q-I5Ol\rlpaO 
Some tools are capable t o  ope ra t e  a t  240 0. 
Electric logging appara tus  inc ludes  t h e  complex t o o l s  of 
Electric La te r log  and L a t e r l o g  (EI ,  ABK-T), Electric Iater-  
l o g  and Induc t ion  Log t o o l s  (E3,AIK-4) ,  u c r o l a t e r l o g ,  
Hmolog and Caliper t o o l s  (E, MBKU). We have almost  f i -  
nished t h e  developing of multisonde L a t e r a l  and  Induc t ion  
t o o l s .  Besides t h a t  many types of another  appa ra tus  
applied. 
The appa ra tus  of a d i o a c t i v e  methods i s  rep resen ted  by 
Beutr0n-U t o o l  ( I E S l i 3 ) ,  Impulse-Neutron t o o l s ,  Densi ty  

Neutron logging are being developed now, which can  be oombined 
w%th RKS -I and c a r r y  on simultaneous d e n s i t y ,  neutron and 
Gamma measurements, To t e s t  cement q u a l i t y  t h e  combination 
of Gamma-Ray Logging w i t h  r o t a r y  Sonde and t h e  t o o l  deter- 
mining the tube thickness (SGDT -2) is used. 
Open hole  a c o u s t i c  logging i s  conducted by +element' t o o l s  
SPAK-2M and SPAI4; t o  t es t  cement q u a l i t y  i n  cased wells 2- 
element t o o l s  BIGS-I, AKS -3 are used, 
To carry s p e c i a l  i n v e s t i g a t i o n s  the borehole a c o u s t i c  tele- 

are 

Log t o o l s  ? RRS- (2-2). The two-sonde t o o l s  f o r  compensated 
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viewer (KASI) and broadband t o o l s  AKN - I are  used. 
Bill pipe  formation test ing is conducted by one-cycle and 
many-cycle t e s t e r s  (KII and MIK). 
!pools ( "u ra l e t s " )  for many-cycle testing of open and cased 
holes  capable t o  s t o p  a t  any place of t h e  w a l l  of  a borehole  
have been cons t ruc ted ,  which provide testing of s e v e r a l  
objects on one t r i p  i n a  well. 
For sidewall  rock  and f l u i d  samping the wire l i n e  formation 
testers suppl ied  w i t h  d i s t ance  surface monitor ing (m) are  
used as well as c o r e  c u t  t oo l s  and samping gum ( S K h G B S ) ,  
In product ion  Jogging the  list of appara tus  applied is  very 
broad, In o f f  wells investi a t i o n  t h e  t o o l s  diameter  is 

wells equipped w i t h  sucker  rod pumps - abou8 28 l l o O l S  
are capable  t o  sustain temperature up t o  80 -I20 0 ,  pmssue 
= 30-60 Mpa. Tools equipped w i t h  sacket rod pumps are r u n  
i n  i n t o  t h e  space between c a s i n g  and tubing. !Chis technique 
i s  developed by many well l o g g i q  e n t e r p r i s e s  and the  V o l u m e  
o f  .work is c o n s t a n t l y  increas iug ,  I n  I977 such  i n v e s t i g a t i o n s  
were conducted in 18802 wells. &et's g i v e  brief r e f e r e n c e s  
of these too l s .  
For producing w e l l  eva lua t ion  by r a d i o a c t i v e  methods the  
neutron gene ra to r s  (IGN-6) having diameter o f  42 mm and t h e  
ones havine diameter of 32 mm (GNOM) are used. A l s o  used t h e  
d i f f e r e n t  t o o l s  w i th  statipnary gamma and neutron sources ,  
The composition of recovered f l u i d  i n  producing w e l l s  is de- 
termined by gamma d e n s i t y  t o o l d  w i t h  o r  without  packers  
(GGSII ,GGP-IM),  registrating t h e  volume d e n s i t y  and n a t u r a l  
gamma a c t i v i t y .  Density t o o l s  equipped w i t h  packers are u t i -  
l i z e d  i n  case o f  blocking of i n t e r v a l s  by water gathered a t  
t h e  bottom hole. Besides r a d i o a c t i v e  methods f o r  determining 
the composition of recovered f l u i d  the induction r e a i s t i v i t y  
dev ices  (US-421) and dielectr ic  tools determining t h e  f l u i d  
con ten t  are used. !i!he lat ter are u s u a l l y  combined w i t h  me- 
c h a n i c a l  flow rate meters (DB-28, KOBRA-36PB). Induc t ion  
r e s i s t i v i t y  dev ices  provide measurements of s p e c i f i c  con- 
d u c t i v i t y  of oil-water emulsion of formation water of d i f -  
f e r e n t  s a l i n i t y  i n  t he  range of O,I-3OO sa m. By t o o l s  for 
water con ten t  i n v e s t i g a t i o n  w e  determine the volume con ten t  
of water i n  t h e  o i l ,  
Measuremtn of  r e s e r v o i r  product ion ra te  is conducted by 
mechanical flow rate  meters t h a t  can be be w i t h  packers o r  
wi thout  t h e m ,  and by thermoconductive f low rate  traces. As 
a mechanical flow ra te  sensor  t h e  small r o t a r y  t u r b i n 3  is 
used; i n  low producing w e l l  i t s  r e s o h t i o n  is 0.15 m hour, 
In thermoconductive flow r e c o r d e r s  t h e  sensible  element for 
flow rate i n d u c t i o n  i s  t h e  warmed up r e s i s t o r .  Besides that 
there is a senso r  f o r  temperature measurements, The reso-  
l u t i o n  of thermoc nduct ive flow r e c o r d s  i n  w e l l  w i t h  low pro- 
duc t ion  is 0.02 ms 
well p e r f o r a t i n g  i s  va r ious  too. 
We'll j u s t  enumerate t h e  most characteristic types. Fo r  cased 
hole per fo ra t ing ,  Set or b u l l e t  p e r f o r a t o r s  having d i f f e r e n t  
diameter  are used. The new types  of p e r f o r a t o r s  are capable 
t o  gperate i n  very deep wells where t h e  temperature  is about  
250 C and pressure is ISOaaPa. !Po l i q u i d a t e  failures j e t  

abou t  IO0 mm, i n  gusher we1 f s - about 42 mm, i n  pumping 

hour. The list o f  appa ra tus  applied in 

,- 
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t a rpedos  me used. For bed i s o l a t i o n  t h e  blasting packers are 
applied; t o  i n c r e a s e  o i l  recovery and well i n j e c t i v i t y  - t h e  
powder pressure generators .  

I n t e r p r e t  a t i o n  technique. 

Well logging data 
parties i n  every geophysical  un i t .  A customer fs given  
cross -p lo ts ,  charts and well logging conclusions.  Thus, 
d u r i n g  d r i l l i n g  wells e v a l u a t i o n  a customer is suppl ied  w i t h  data 
concerning l i t h o l o g i c  characteristics o f  rocks  , r e s e r v o i r s  
i d e n t i f i e d  i n  a column, the i r  gas o i l  and  water s a t u r a t i o n .  
Some recommendations are g iven  concerning testing of zones 
that can be o f  commercial i n t e r e s t  o r  have unequal well 
logging characteristics . 
After Cement Bond Log is carried out ,  a customer is g iven  
informat ion  of i n t e r v a l s  having bad cement q u a l i t y  and of t h e  
t o t a l  he igh t  of cementation. By Cement Bond Log we o b t a i n  
data of a c t u a l  p’osi t ion of casing elements ( cas ing  cen t r a -  
l i z e r ,  packers ) ,  d e n s i t y  of cementing, e c c e n t r i c i t y  of c a s i n g  
i n  a borehole ,  ca s ing  thickness, 
The same r e s u l t s  are given by gas logging,  inc l inometer  devices ,  
d r i l l  pipe t e s t i n g  and producing w e l l  eva lua t ion ,  
During t h e  p rocess  
are applied which have been t e s t e d  beforehand i n  conc re t e  
geologica l - technologica l  cond i t ions  and have proved t h e i r  
e f f i c i e n c y ,  During i n t e r p r e t a t i o n  t h e  log a n a l y s t s  widely 
use t h e  pe t rophys ica l  r e l a t i o n s h i p s  ob ta ined  by core  samping 
and some o t h e r  v i t a l  geologic  and t echno log ica l  in format ion  
concerning c u r r e n t  state of  f i e l d  prospec t ing  and d e p o s i t  
developing. 
For  t h e  last years t h e  convent ional  lnanual i n t e r p r e t a t i o n  is 
being rep laced  by computer processed i n t e r p r e t a t i o n ,  Fo r  
t h i s  purpose d i f f e r e n t  systems of log i n t e r p r e t a t i o n  have 
been developed determining lithology, p o r o s i t y ,  o i l  sature- 
t i o n  of r o c b ,  caoable  t o  t e s t  cement q u a l i t y ,  compute 
hydrodynamic strata parameters ans to interprete production 
logging r e s u l t s ,  As an experience t h e  computer processed 
i n t e r p m t a t i o n  is being taken r o o t  i n  the Tumen Geophysical 
W u s t  (lhmenneftegeophysica) i n  Samotlor o i l  f i e l d  and i n  
Ila tar Geophysical W u s t  ( m t a r n e f  tegeophysica) i n  tar o i l  
fields. In  ,both cases, besides, ord inary  c rps s -p lo t s  a cus- 
tomer is given  in d i g i t  and analogous form such r o c k s  p.arameters 
as p o r o s i t y ,  l i t h o l o g y  and o i l  s a t u r a t i o n .  
The internal t h i c k n e s s  of detailed i n t e r p r e t a t i o n  i n  bo th  
cases is  about  600-800 m, b u t  however, t h e  W t a r i a n  s e c t i o n  
is carbonaceous, w h i l e  Western S i b e r i a n  - t e r r igenous .  
Besides  l o g  i n t e r p r e t a t i o n  t h e  r e g i o n a l  i n t e r p r e t a g i o n  
program systems have been developed,are being tested now; 
Erst o f  a l l  t h q  a r e  a p p l i c a b l e  t o  r e s e r v e s  est imat ion.  
They provide determina t ion  of computed r e s e r v o i r  parameter, 
charts drawing and spec i fy ing  deposit reserves. 
IPakirg into account the advantages of computer processed 
i n t e r p r e t a t i o n  over manual and the  p rogres s ive  development 
of automatic  monitoring systems t h e  a p p l i c a t i o n  of computer 
machines i n  t h e  f i e l d  o f  well logging geophysics is expressed 
t o  be extensive.  

p rocess ing  is conducted by logging 

, 

of i n t e r p r e t a t i o n  only such  techniques  
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W f i c i e n c s  

it is  u i t e  natural that a longs ide  wi th  subsequent develop- 
ment o P o i l  p rospec t ing  the zones of i n v e s t i g a t i o n  become 
more complex, 
For  example, if' 10-15 years ago t h e  main product ive  comple- 
xes were- discovered i d  g r a n u l a r  t e r r igenous  and carbonaceous 
r e s e r v o i r s  w i th  p o r o s i t y  more than  IGI5%, t h e  last  Years, 
as t h e  w e l l s  have become deeper and new r e g i o n s  have been 
i n v e s t i g a t e d  
t e r r igenous  product ive zones w i t h  p o r o s i t y  less  than  15% and 
w i t h  complex geometry of pore space ( f r a c t u r a u s ,  cavernous, 
porous and mixed porous type). 
In West S i b e r i a n  and Mangishlak areas t he  log ana lys t s  forr 
t h e  first time came a c r o s s  t h e  t e r r igenous  clay reservo&s 
having polymineral  matrix composition and abnormally low 
electric r e s i s t i v i t y .  For t h e  l a s t  years t h e  pay beds were 
discovered i n  tufa r e s e r v o i r s  and even i n  shales. 
It is obvious t h a t  i n  such cond i t ions  t h e  e f f i c i e n c y  of  
geo log ica l  problems s o l u t i o n  by logging methods is d i f f e r e n t ,  
Tn g ranu la r  r e s e r v o i r s  of low and medium clay content  wi th  
p o r o s i t y  more than Is151 and format ion  water s a l i n i t y  
more than  I O 0  gr. per  l i t r e ,  t h e  e f f i c i e n c y  of l o g  r e s u l t s  
is 95-97%. !this index i s  t o  be got  by comparison of interpretation 
data w i t h  t h e  results of t e s t i n g  i n  a cas ing ,  
Ixlring r e s e r v e s  e s t ima t ion  f o r  these r e s e r v o i r s  such  w e l l  
logging  parameters as effective th i ckness ,  o i l  s a t u r a t i o n ,  
o i l  water and oi l -gas  c o n t a c t s  p o s i t i o n  are chiefly basic 
parameters.  
As far as t h e  cmplex r e s e r v o i r s  are concerned t o  which we 
refer  f r a c t u r o u s ,  cavernous, and clay rocks w i t h  porosity 
less than  Io%, t h e i r  e v a l u a t i o n  p r e s e n t s  some d i f f i c u l t i e s ,  
'Phe thing i s  that in t h i s  p o r o s i t y  range t h e  r e s o l u t i o n  of 
a number of  methods according t o  s a t u r a t i o n  i s  compatible 
w i t h  t he  l e v e l  of error measurements. That is why l o  
p r e t a t i o n  in these c o n d i t i o =  can be unequal (3%3% B . 
To avoid missing of pay beds i n  such  i n t e r v a l s  w i t h  unequal 
geophysic responces,  s p e c i a l  direct methods w e  a p p l i e a  in 
accordance withgeologic s e r v i c e ,  By special methods we under- 
stand i t e r a t i v e  well measurements by electric or radioactive 
methods t h a t  are conducted a f te r  t h e  bed i s  d r i l l e d  i n ;  thl16r 
can b e  done w i t h  two mud f i l t ra tes  of d i f f e r e n t  conduc t iv i ty  
o r  d i f f e r e n t  n u c l e a r  p r o p e r t i e s ;  before  o r  after the w e l l  
pressure is changed etc. 
The a p p l i c a t i o n  of d r i l l  p ipe  fo rma t ion  testers, co re  s l icers ,  
wire l i n e  formation tes ters  and t he  above mentioned methods 
of i n v e s t i g a t i o n  provide t h e  s u b s t a n t i a l  growth of e f f i c i e n c y  
of complex s e c t i o n s  study. But a p p l i c a t i o n  of such uethods 
i s  very expensive and i t  takes too much t i m e .  Tha t  is w h y  
the  problem of increase i n  geologic  efficiency of complex 
r e s e r v o i r s  s tudy  is t o o  u rgen t  and works of its r e a l i z a t i o n  
are related t o  search for new methods and appa ra tus  as we l l  
as more profound pe t rophys ica l  i n v e s t i g a t i o n  of t h e s e  types 
of r eservoi  rs. 
!be n e x t  u rgent  e f f i c i e n c y  problem connect ing cased and 
Qncased holes  i n  t h e  problem of s e p a r a t i o n  of o i lbear ing  

are cha rac t e r i zed  by consol ida ted  carbonaceous and 

i n t e r -  
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and waterbearing r o c k s  a t  low format ion  water salinit ies,  
Log a n a l y s t s  come across t h i s  problem d u r i n g  i n t e r p r e t a t i o n  
o f  measurements ob ta ined  i n  w e l l s  which have been d r i l l e d  in 
such  developing  areas where d r i l l i n g  i s  accompanied by i n t e n s i v e  
water i n j e c t i o n  o r  i n  areas w i t h  low i n i t i a l  water s a l i n i t i e s  
A c e r t a i n  p r o g r e s s  i n  t h i s  
Impulse Neutron, d ie lectr ic  Nuclear Magnetic, Broadband 
a c o u s t i c  and D i r e c t  methods u t i l i t y ,  However, a l o t  of  as- 
pects o f  t h i s  problem are no t  y e t  so lved ,  
Among t he  p roduc t ion  logg ing  problems t h e  most v i t a l  is t h e  
problem o f  de te rmining  t h e  c u r r e n t  o i l  s a t u r a t i o n  of r o c k s  
i n  producing  wells, It is connected w i t h  such  problems o f  
o i l  r ecove ry  i n c r e a s e  as wa te r  i n d e c t i o n  (even f r e s h  water) 
(gas i n j e c t i o n ,  therm1 i n f l u e n c e ,  etc),  
Here t h e  most applicable are t h e  nuc lea r  methods, But  L-lierinal 
methods, a c o u s t i c  l ogg ing  are  st i l l  applied i n  t h i s  f i e l d ,  
During open hole i n v e s t i g a t i o n  or cased  hole  w i t h  non- metal- 
l i c  string, t h e  Electric Logging is a d v i s a b l e ,  especially 
t h e  I n d u c t i o n  Logging, 

problem s o l u t i o n  is achieved by 

Fu tu re  of Loaginq 

The most impor t an t  t r e n d s  of improving wel l  l ogg ing  methods 
are t h e  fo l lowing:  
I, Crea t ing  t h e  complex equipment f o r  open ho le  logging ,  
cement bond logg ing  and producing  well e v a l u a t i o n ,  
Developing t h e  surface t o o l s  f o r  d i g i t  r e g i s t r a t i o n  and well 
l o g g i n g  data p rocess ing ,  The main purpose of  these works i s  
t i m e  s h o r t e n i n g  d u r i n g  w e l l  l ogg ing  and log  i n t e r p r e t a t i o n  
and the increase i n  ou tpu t  data q u a l i e .  
2. Developing t h e  new logg ing  methods and  d i r e c t  methods 
improving, p rov id ing  d e t e r m i n a t i o n  of bed parameters i n  
compound r e s e r v o i r s  and i n  s t ra ta  s a t u r a t e d  w i t h  low-mine- 
ra l ized water, 
3. Crea t ion  and improvemnt of au tomat ic  s t a t i o n s  f o r  geolo- 
g ica l ,  geophys ica l  and t e c h n o l o g i c a l  d a t a  g a t h e r i n g  and pro- 
c e s s i n g  w h i l e  d r i l l i n g  t o  solve geologic tasks and d r i l l  
d r i v e  op t imiza t ion ,  
4, Improving p roduc t ion  l o g g i n g  methods equipment and' Ce- 
ment Bond Log t o o l s  f o r  de t e rmin ing  the  current o i l  satura- 
t i o n  o f  rocks, d e t e c t i n g  t h e  water f looded  i n t e r v a l s  and monitor - 
i n g  t h e  producing wells d r i v e ,  Developing t h e  technique  for 
s y s t e m a t i c  p r o d u c t i o n  logg ing  i n  a n  o i l  f i e l d ,  
5. Improving compound i n t e r p r e t a t i o n  methods ( i n c l u d i n g  com- 
p u t e r  p r o c e s s  i n t e r p r e t a t i o n )  t o  i n c r e a s e  t h e  e f f i c i e n c y  
of g e o l o g i c  and t echno log ic  problems s o l u t i o n  and t h e  accuracy  
of pa rame te r s  de  termina t i o n ,  
6 .  Developing a p p a r a t u s  and a p p l i a n c e s  capable t o  o p e r a t e  
i n  such  adve r se  borehole  c o n d i t i o n s  as h igh  tempera ture  
and pressure, s l a n t  o r  h o r i z o n t a l  wel ls  and producing  wells, 
equipped w i t h  c e n t r i f u g a l  pumps e tc , )  
7. Creating and improving t h e  t e c h n o l o g i c a l  means for. metro- 
l o g i c  a p p a r a t u s  m o n i t m i n g  and i n c r e a s e  i n  a p p a r a t u s  relia- 
b i l i t y ,  

$J 
i 
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R e a l i z a t i o n  of t h i s  program would r i s e  g e o l o g i c  and economic 
e f f i c i e n c y  of w e l l  l ogg ing  methods and is of great commercial 
i n t e r e s t  for our o i l  i n d u s t r y ,  It seem t o  u s  t h a t  some of 
t h e  above mentioned problems and brends  c a n  a l s o  be of ie- 
terest  t o  l o g  a n a l y s t s  o f  d i f f e r e n t  c o u n t r i e s  and could  s e r v e  
as  t h e  founda t ion  f o r  mutual c o o p e r a t i o n  and  i n f o r m a t i o n  
exchange, . A t  p r e s e n t  such  mutua l ly  b e n e f i c i a l  c o o p e r a t i o n  
w i t h  many f o r e i g n  companies i s  c o n s t a n t l y  and  s u c c e s f u l l y  
developing,  

ABOUT 'PHE AU!L'HOR 
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O i l  and Gas I n s t i t u t e  i n  1960, For I8 year6 he works a t  t h e  
problems of improving logg ing  data i n t e r p r e t a t i o n ,  I n  I967 
he g o t  his cand ida te  degrees a t  t h e  All-Union Research  
I n s t i t u t e  of Nuclear Geophysics and Geochemistry (Moscow), 
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c a t i o n .  
A t  p r e s e n t  he works as a deputy  s c i e n t i f i c  d i r e c t o r  of t he  
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impalse neu t ron  methods appli- 
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FORMATION EVALUATION CONCEPTS FOR 
GEOTHERMAL RESOURCES 

BY 
T. W. Ehring, L. A. Lusk, J. M. Grubb, Aminoil USA 

R. 6. Johnson, M. R. DeVries, W. H. Fertl, Dresser Atlas Division, Dresser Industries, Inc. 

ABSTRACT 
The first successful well logging operation in a 500°F live geothermal steam well was carried out 
in the Castle Rock Springs Field in northern California on August 6, 1977. 

At the present time, special high temperature equipment for geothermal wells includes the 
Gamma Ray/Neutron Log, Compensated Densilog@, and Caliper-Temperature Log, run on a 
special 5/16-inch single conductor cable. 

The present paper discusses the geologic environment of geothermal steam reservoirs and presents 
several interpretive concepts, such as identification of lithology, determination of reservoir 
porosity, location of steam entry points, and estimation of steam quality. . 

GEOLOGIC FRAMEWORK OF THE GEYSERS AREA 
The Geysers geothermal area is located 80 miles north of San Francisco in the Mayacmas 
Mountains along Big Sulfur Creek in the northern Coast Ranges of California as shown in Figure 
1. In addition to showing the Geysers location, 15 miles south of Clear Lake, Figure 1 also 
illustrates the northwest trending structural grain of California geology which is prominently 
evidenced by the Sierra Nevadas, Great Central Valley, and the celebrated San Andreas Fault. The 
Northern Coastal Province of California contains a belt of branching, interlacing, and roughly 
parallel faults to the main San Andreas Fault. The majority of these faults are normal and 
demonstrate similar right lateral movement to the San Andreas. Within this geologic province, the 
majority of large normal faults have the downthrown side on the southwest. Movement on these 
faults has not occurred along one smooth plane, but on numerous arcuate segments. These major 
faults produce a graben-horst type geology with complex cross faulting and thrusting between the 
major units. The Mayacmas Mountains are a large horst, bounded on the northeast and southwest 
by structural as well as topographic expressions resulting from these major faults. Within this 
province lies the geothermal steam field. 

For a detailed surface geologic map of the Geysers and surrounding area, the reader is directed to 
the U.S. Geological Survey Open File Map 74-238 by Robert J. McLaughlin entitled "Preliminary 
Geologic Map of the Geysers Steam Field and Vicinity, Sonoma County, California."' This study 
represents, in the opinion of the authors, a monumental work in geologic mapping of a highly 
complex province and is far too detailed to be reviewed in this paper. However, a generalized 
geologic map, after McLaughlin, serves as Figure 2 to demonstrate the major structural units in 
Franciscan Rocks within the Geysers area. 
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GENERALIZED GEOLOGIC MAP SHOWING MAJOR FAULTS AND STRUCTURAL 
UNITS IN FRANCISCAN ROCKS OF THE GEYSERS AREA 

A f i w  R. J. Yc Laughlln 
1974 

PROVEN LIMITS OF GEOTHERMAL FIELD 
LATE TERTIARY AND QUATERNARY VOLCANIC ROCKS 
UNNAMED LATE TERTIARY GRAVELS 
LOWER FRANCISCAN STRUCTURAL UNtT ( GRAWACKE OF LITTLE SULFUR CREEK 1 
UPPER FRANCISCAN STRUCTURAL UNIT ( MELANGE 
OPHlOLlTE 

---- 

FIGURE 2 

FF 
Superimposed on this generalized geologic map (Figure 
geothermal steam field. Although the field is sti l l  being explored and numerous stepout 
discoveries will be forthcoming, the northwest-southeast elongation is apparent. To date, the 
preponderance of the field lies within McLaughlin's Upper Franciscan structural unit. This 
structural unit is bounded on the southwest by the Mercuryville Fault and goes beneath the 
Squaw Creek - Burned Mountain thrust faults. Farther to the northeast and off the map lies the 
Collayomi Fault zone present in the Collayomi and Cobb Valleys which may provide the ultimate 
terminous for steam development toward the east. The rocks of the Franciscan in the Geysers 
area may be generally characterized as consisting of graywacke, interbedded argillite, chert, 
greenstone, and schist. These rocks show metamorphism and, in some areas, hydrothermal 
alteration. Intrusive serpentine is present in the formation with most of the serpentine in thrust 
fault contact with adjacent rocks. McLaughlin has broken these rock types into units for mapping 
and provides a detailed lithologic description. The steam field is producing from f 
the Franciscan metagraywac a t  depths of 2,000 to 10,000 feet. 

is  the present proven limit 

' 

Geysers geotherma eld is one of two producing vapor-dominated ( 
world. The other is located in Italy. This field produces more "on-line" electrical power tha 
dry steam or hot water geothermal area in the world, producing approximately 502 megawatts. 
The power is generated by turbines driven by superheated steam produced directly from the 
wells. The proven area outlined should double the capacity of the field when developed and, as 
stated above, stepout development and exploratory efforts are in a continuous process 
may result in ultimate field capacity of 2,000 to 3,000 megawatts. 
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CASTLE ROCK SPRINGS AREA 
Geysers Steam Field 
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RQOMING STEAM WELLS 

The Castle Rock Springs area is  located on the southeasterly end of the Geysers geothermal field 
encompassing sections 26, 27, 34, and 35, Township 11 North, Range 8 West. Aminoil has 
dedicated an area of approximately 1,000 acres (Figure 3) to provide the steam reserves 
(709,560,000,000 pounds of steam) required for the 30-year life of Pacific Gas and Electric 
Company's Unit 13 geothermal plant. Unit 13 will be the largest single geothermal unit in the 
world and the first in Lake County, California. Pacific Gas and Electric Company's current 
construction schedule calls for the power plant to begin generating electricity on October 1, 
1979. Unit 13 will be powered by Aminoil's first steam production for an electrical generating 
plant and, since their exploration operations in the Geysers were initiated over ten years ago, it 
appears to be the end of a long struggle. The plant design is for 135 megawatts, which will require 
approximately 2,770,000 pounds of steam per hour to operate. To provide a reasonable safety 
margin and allow sufficient flexibility to service individual wells, it is Aminoil's plan to develop a 
minimum field capacity producing rate of 3 million pounds of steam per hour. To provide this 

nt of steam, it will take approximately 20 wells, 16 of which have already been drilled and 
tested for a total current capacity of 2,245,000 pounds per hour. During 1978, Aminoil will drill 
'an additional four wells, and at that time will have a total of 20 wells providing an average of 
150,000 pounds of steam per hour per well. individual flow rates for the wells vary from a low of 
65,000 pounds of steam per hour to a high of 300,000 pounds of steam per hour. The 20 wells 

in  the 1,000-acre dedicated area will result in a well spacing pattern of 50 acres per well. 
he life of the field, replacement wells will be required to maintain the desired rate of 

3,000,000 pounds of steam per hour. It is Aminoil's current forecast that one replacement will be 
required every three years. The steam reservoir conditions include a pressure of approximately 

pounds per square inch and 500°F temperature. Aminoil's McKinley No. 1 well, successfully 
d by Dresser Atlas and the basis of this paper, is  one of the 16 wells which will supply steam 

to Unit 13. 
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The Diagrammatic Section in Figure 4 demonstrates the complex surface geology in a northerly 
direction across the Castle Rock Springs area. in  addition, the relationship of this surface geology 
with the Aminoil McKinley No. 1 producing well drilled to 7,059 feet is demonstrated. McKinley 
No. 1 encountered metagraywacke at 3,060 feet and continued in this lithology to the total 
depth. Without the use of downhole logging, subsurface geologic control such as that used for 
correlation in the oil industry is meager and interbedding within the Franciscan graywacke has 
not been consistently delineated. The general procedure for drilling in Castle Rock Springs area is 
to drill with mud to 3,000 feet, cement 9-5/8-inch casing at that depth, and then drill 8-3/4-inch 
hole with air until sufficient commercial steam is encountered. Commercial steam is something 
greater than 65,000 pounds per hour, depending upon steam price and drilling depth. Because of 
the high tempe O F )  and the large volume (135,000 Ib/hr), these steam wells heretofore 

c 

WELL LOG ANALYSIS CONCEPTS IN GEOTHERMAL STEAM WELLS 
During the latter part of 1977, McKinley No. 1 was successfully logged a t  500°F over a number 
of producing intervals utilizing a logging suite that included the Gamma Ray Log, a Compensated 
Densilog@, and a Neutron-Neutron Log. As expected, the initial inspection of the logging 
information showed that there was indeed a difference in the philosophies of interpretation 
between a metamorphic and sedimentary province. For example, in metamorphic formations, 
there exists no classical stratigraphy. Beyond a general view of the makeup of an area, structures 
are mostly short range and complex. Important metamorphic features are mineral associations, 
chemical associations, and short range structure. Initial attempts at interpretation also brought 
out some fundamental differences in interpretation concepts between mineralized intervals and 
geothermat reservoirs. For example, mineral interpretations are frequently concerned with 
delineation of a particular mineral or group of minerals under essentially equilibrium conditions. 

Ff 
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After selecting the best from all the interpretive philosophies involved, a geothermal Epilog@ 
analysis model was developed. It pinpoints several of the important reservoir parameters 
including lithology, porosity, steam entry intervals, and steam quality while still providing room 
for expansion into geologic subsurface controls. 

The following is an outline of the digital geothermal Epilog analysis format and a review of 
several of the formidable interpretation problems encountered. 

The interpretive value of the Dresser Atlas well logs becomes immediately apparent upon 
inspection of the Epilog for the McKinley No. 1 well. 

Track I of the Epilog (Figure 5) is simply a repeat of basic information, i.e., bulk density from 
the Densilo8 and the Gamma Ray curve. Tracks 3 and 5 represent the results of two different 
computational approaches to the interpretation problem. 

i 

Track 3 is composed of two curves that give information as to the location of steam entries into 
the wellbore, steam exits ("thief zones"), and/or steam pockets. The solid curve represents the 
water-normalized Densilog porosity (@d) as described by Equation 1. 

(Equation 1) 

where: 

pma = matrix density in gm/cc 

Pb 

pw 

= bulk density as measured by the Densilog in gm/cc 

= water density -at a given temperature and pressure in gm/cc 

The dotted curve represents apparent porosity (@a) (Equation 2) as derived from both the 
Densilog and Neutron Log.2 

@a  ma - Pb + @n Pw)/Pma (Equation 2) 

where: 

@n = the neutron porosity in per unit values. 

Although it may not be immediately apparent, if the entire pore space is water-filled, then @d is 
equal to cja.  On the other hand, if the pore space is  filled with water-vapor or water and 
water-vapor, @d is greater than @a. This apparent contradiction can easily be seen by referring to 
Equation 3 and recognizing that if pf is less than pw, the denominator of the equation is greater, 
or @T is less than @d. Of course, @T equals @a in this case. 

@T '(Pma - Pb)/(Pma Pf) (Equation 3) 

where: 

@T = true porosity in per unit values 

p f  = fluid plus vapor density in gm/cc 

This anomaly has been accentuated in Track 3 of the Epilog format by darkening in the positive 
separation between the curves. 
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Since it is now possible to calculate the fluid density (pf) and, therefore, the specific volume, Vlp, 
lvQ=l/pf), the steam quality can be computed directly from a standard set of steam tables for 
any given temperature or pressure. This is easily seen by referring to the pressure-volume diagram 
or water-phase diagram shown in Figure 6. The reader should recall that steam quality is defined 
only for the points between the saturated liquid line and the saturated vapor line. For points to 
the right of the saturated vapor line and to the le f t  of the saturated liquid line or above the 
critical point, pf and VQ can st i l l  be determined, but both the temperature and pressure need to 
be specified. However, one does not use quality as a defining term for the working fluid in these 
cases. The resulting steam quality, based upon the previously discussed anomalies as shown in 
Track 3 is  presented in Track 2 of the Epi1of)analysis as shaded offsets for an average 
temperature or pressure over the open hole interval. 

Although unexpected, a third possibility exists in this curve comparison: namely, @a can be 
greaterthan@d. In this case, reference to Equation 2 strongly suggests that the Neutron Log 
response is being strongly influenced by some matrix or fluid mineralization. Recognizing that 
the mineral influence mechanism is more closely related to absorption of neutrons rather than 
moderation of neutrons, a correlation number derived from the difference between the apparent 
porosity (@a) and the Densilog@ porosity (@d) is presented by the influence factor. The influence 
factor is illustrated by the lightly shaded offsets in Track 4 of the Epilog analysis. 

- 
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Track 5 of the Epilogerepresents the standard Dresser Atlas approach to interpretation, based 
upon pattern recognition. Figure 7 defines the various matrix points for the Neutron Log and 
Oensilo&)responses, which form some of the more probable phase triangles. Track 5 displays the 
lithologic composition and associated apparent porosity. Although this interpretive model 
produces formation bulk volume information more akin to stratigraphy, the presentation lends 
itself well to correlation with phase diagrams and other concepts used in mineral exploration, as 
will be outlined in the following paragraphs. 

The magnitude and general shape of the steam quality curves were found to be both reasonable 
and consistent with known conditions and the various models used in the interpretation. The first 
serious question that arose was how to treat the equilibrium state of steam and water under these 
temperatures and pressures. Perhaps it is  easier to visualize this question from a viewpoint taken 
from a comparison of the formation and borehole models. 

4.( 
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It is relatively easy to picture steam or vapor in equilibrium with a water film within the confines 
of the porespace. It is more difficult, however, to picture steam bubbles and water in equilibrium 
in the borehole. Whereas the former is a view of static equilibrium, the latterdescribes dynamic 
equilbrium or steady flow conditions. In other words, the formation might be viewed to be in a 
static condition, but the borehole environment must be viewed to be in a dynamic condition. An 
acceptable working model is to view the borehole as a long convection cell extending from the 
lowest subsurface steam entry point to the wellhead. 

Qualitatively then, one would expect the Densilog@ measurements to be not unlike those found 
in petroleum exploration, since counter-flow water of the convection cell everywhere wets the 
annulus of the borehole. This may even cause some invasion into the rock over porous intervals 
that are not subjected to steam flow into the borehole. Neutron measurements, however, will be 
adversely affected. In intervals where the convection cell is dominated by steam, the calculated 
porosities and the steam quality will be low. Furthermore, the lowest steam quality will be found 
a t  the deepest steam entry point in the borehole. Such conditions are consistent with 
observations over the logged interval in the well, McKinley No. 1, which allowed improvement on 
the calculated steam quality values without reconstructing the convection cell in detail. 

A simple model of a steam entry interval would place the steam on top and water on the bottom 
with a nearly exponential decay of steam quality from top to bottom depending upon capillary 
pressures, the degree of fracturing, and other factors. The steam entry is shown in Track 2 of the 
Epilog@ (Figure 5). For a steam-filled borehole interval, the steam entry tends to fit the simple 
model inasmuch as there is  an asymetrical distribution of steam quality vertically with a relatively 
rapid rise at the top of the interval followed by a less rapid fall toward the bottom of the interval. 
The quality increase could to some extent be explained in terms of instrument resolution. The 
nearly linear decrease in steam quality with increasing depth downhole in the steam-filled 
borehole interval suggests that the simple model may have to be modified. Such modifications 
would include superimposing a radial steam flow pattern which might explain both the increase 
and decrease of the steam quality with depth. The lower steam quality intervals following a major 
steam entry interval suggests some vertical communication, perhaps due to possible natural 
fracture systems and possible crossflow patterns too complex to be discussed a t  present. 
Likewise, this simple model does not fit the steam quality shapes found in water-filled intervals 
of the borehole, probably because of invasion effects, and will not be discussed at  present. 

Although the reader may surmise that focusing on these steam quality values is perhaps 
somewhat academic, it must be recognized that this very same information, along with some 
thermodynamic consideration, will be used to estimate the geothermal reservoir capacity. 

A detailed study of the well log data suggests that the minimum average Densilog porosity tends 
to be somewhat on the high side relative to other in-house mineral exploration data. This does 
not present any serious problems to the present interpretation. However, it does point out that 
any detailed interpretation of the data will require close attention to even small effects like the 
variation of water density with temperature. This becomes even more apparent when dealing with 
the influence factor. 

One of the most interesting aspects of this geothermal well interpretation model has been 
unraveling the true meaning of the influence factor. A variety of approaches have been tried for 
assigning the proper attributes to this correlation number or influence factor. The most successful 
has been to assume that the Neutron Log response is being influenced by some type of c 
mineralization. 
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In general, one can qualitatively correlate the influence factor shown in Track 4 with the clay 
fractions shown in Track 5 of the Epilog@ (Figure 8). Unfortunately, the Gamma Ray Log does 
not consistently correlate with the influence factor. These conditions suggest that the Neutron 
Log is not responding to  either the clay mineral assemblage, as indicated by the first correlation, 
or to  the bound water of the clays. 

FF 

FIGURE 8 
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Considering for the moment that the mechanism influencing the Neutron Log more closely 
responds to absorption than moderation effects, two possible neutron absorbing candidates 
emerge from the geologic column penetrated by the McKinley No. 1 well: namely, Pyrite and 
Hornblende. 

This correlation may not be initially obvious because of mechanical sampling difficulties in 
describing and constructing the geologic column of the wellbore. The data represent a 
microscopic evaluation of drill cuttings gathered at the wellhead. These cuttings range in size 
from small chips to powder. Since an air drilling operation was used over the interval logged, it is 
suspected that the samples have been both fractionated and offset in depth. Without accounting 
for fractionization or bunching of the materials, one will find a general offset in depth from 20 to 
30 feet. Such displacements become more obvious at steam entry points and will, of course, vary 
with depth. 

t 

Further consideration of the two mineral species Pyrite and Hornblende shows that the latter 
would exhibit a log response that falls close to the clay matrix point used in the phase diagrams 
af the formation bulk volume curves. In addition, the higher density values of the minerals in the 
Actinolite - Tremolite series of the Hornblende are more in line with the high average densities 
observed in the logged section. Unfortunately, this assemblage does not completely specify the 
attributes needed to understand the influence factor, but it does strongly suggest that the 
information presented has significant chemical implications. Furthermore, it should be 
recognized that the delineation of such a mineral assemblage is only a short step away from 
mineral stability diagrams and a host of other approaches more closely related to the description 
of metamorphic rocks. 

The presentation of the Formation Bulk Volume as shown in Track 5 of the Epilog@ may to 
some degree be misleading to log analysts and to geologists specializing in clastic and carbonate 
rock analysis. It must be re-emphasized that this track does not describe a stratigraphic section, 
but rather groupings of mineral assemblages and fractions thereof. Furthermore, this presentation 
should not be looked upon as a compositional diagram. With a l i t t le thought, one will realize that 
almost any point on the presentation represents 50 percent or more of silica. A t  present, the best 
analogy or descriptive name that can be applied is a phase diagram. This name, of course, 
aleviates the resistance to calling water or steam a mineral, but is  not truly descriptive. The 
important point, however, is that the matrix points represent groupings of physical and possibly 
mineral properties which are important to the interpretation. It goes without saying that water 
and steam are important. Sand, of course, is a name for those physical properties favoring steam 
production. Heavies (2.65 to 2.75 gm/cc) is  a name for those physical properties favoring flow 
restrictions (Le., caprock). Clay is a name, as previously discussed, that favors the chemical 
properties of the medium. Names, of course, can be changed and probably will be in the future, 
but this should not inhibit one from proper interpretation. 

It should suffice to say that we have only started to learn how to evaluate geothermal resources. 
We have already found, however, that the log-derived information is very useful. 

CONCLUSION 
The first part of this paper describes the surface geological and geophysical exploration, providing 
us with the general setting and subsurface regime of the area. The second part of the paper 
focuses on two different interpretive approaches to well log data which support both reservoir 
evaluation and subsurface control. Obviously, completion of the effort will not come until we are 
able to make models of the subsurface that are consistent with all the data available. Since this L 

- 12 - 



SPWLA NINETEENTH ANNUAL LOGGING SYMPOSIUM, JUNE 13-16,1978 

/ .  

i’ 

! 

i t  
! 

J 

requires not only more well log data, but also a better understanding of the instrument responses 
in metamorphic rocks, the final evaluation of key reservoir parameters and ideas presented here 
will depend upon additional research and field experiences. These data will be presented at a later 
date. 
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I A Practical Shale Compensated 
Chlorine Log 

By J.W. Fletcher, J. Walter 
NL McCulloughlNL Industries, Inc., Houston, Texas 

ABSTRACT 
casing, which required substantially no corrections 
for shaliness or porosity. Since commercial introduction on a limited basis 

in June 1977, shale compensated chlorine Jogging 
(SCCL) tools in 3% and 1 % inch diameters have been 
run successfully on more than 20 wells along the 
Louisiana Gulf Coast. This modern neutron-gamma 
spectral survey has provided accurate, quick-look 
water saturation measurements through tubing and 

In this text, SCCL instrumentation and principle of 
measurement are discussed along with interpreta- 
tion equations and nomographs. Two selected log ex- 
amples illustrate the presentation and interpretation 
of this new cased hole log. 

INTRODUCTION 

ron-gamma spectral logging to 
measure water saturations behind pipe dates from 
the late 1950's, when several chlorine or salinity log- 
ging systems were introduced to the industry.'-' The 
utility of these early systems, however, was limited 
both .by instrumentation and by their sensitivity to 
shaliness. With the advent of pulsed neutron logging 
in 1963, interest and investment shifted away from 
spectral methods toward chlorine measurement by 
the now well-known neutron die-away techniques. , 

One group to continue research in spectral logging 
was the Texaco Research and Technical Department 
at Bellaire Laboratories in Houston. Their efforts 
resulted in the development of apparatus and tech- 
niques known as the Texaco Shale Compensated 
Chlorine Logging System? A key feature of the Tex- J 

aco system was the development of a detector made 
by enclosing a sodium iodide scintillator in a high cap 
ture cross-section rare earth material which served 
as a thermal neutron converter. A subsequent em- 
pirical selection of counting windows was then possi- 
ble which minimized not only the effect of shaliness, 
but also the effects of porosity, lithology and borehole 
fluids on the salinity measurement. 

The commercial SCCL was developed from the 
Texaco system through important refinements in tool 
design, technique and presentation. The commercial 
casing tool is 3% inches OD and ten feet in length. 
The tubing tool is 1 inches OD by twelve feet. Tools 
in both sizes are rated for 15,000 psi and 325°F. 
Readings may be taken with either tool within 1% feet 
of TD. 
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FUNDAMENTALS OF THE SPECTRAL 
MEASUREMENT 

Figure 1 illustrates the functional blocks of the 
SCCL system. The tool introduces neutrons of 
average energy 4.5 MeV to the wellbore at the rate of 
4 x lo7 per second from an americium beryllium 
source. The neutrons are slowed by successive colli- 
sions, particularly with the hydrogen atoms of the 
wellbore and formation fluids. 

Source neutrons slowed to thermal energy are 
captured by nuclei of nearby formation and wellbore 
elements in accordance with the distribution of each 
element, weighted by its thermal neutron capture 
cross section. Thermal neutrons in the immediate 
vicinity of the detector are captured by the sleeve of 
samarium oxide (Sm,OJ in which the scintillation 
crystal is enclosed. 

The neutron captures by the constituent elements 
of the tool, wellbore, and the formation result 
statistically in emission by each element of its 
characteristic spectrum of neutron capture gamma 
rays. Four such spectra are shown in Figure 2. The 
statistical sample of gamma rays striking the SCCL's 
scintillation Crystal results in transmission to the sur- 
face of an agg~egate spectrum of neutron capture 
gamma rays representing the assorted contributing 
elements. 

Table A: Selected microscopic neutron 
capture cross sections. 

Element 
Hydrogen 
Boron 
Carbon 
Oxygen 
Sodium 
Aluminum 
Silicon 
Chlorine 
Calcium 
Iron 
Samarium 

_ .  

0.332 
758.8 (n, U) 

0.0034 
0.0002 
0.534 
0.234 
0.160 

33.34 
0.44 
2.56 

5820. 

In the behavior of the aggregate spectrum over an 
interval of constant well geometry, three factors 
predominate: 

1. Porosity-The occurence of hydrogen in the 
formation pore space determines the slowing down 
length of the source neutrons, hence the population 
distribution of thermal neutrons with respect to the 
detector. 

2. Shaliness-The existence in shale of the high 
capture cross section trace element boron presents 
an exception to the neutron-capture gamma- 
emission reaction mode. Neutron capture by boron is 
followed by alpha particle emission. This uncount- 
able result complicates both neutron die-away and 
spectral analysis techniques. 

3. Salinity-The concentration of the element 
chlorine which combines a high thermal neutron cap 
ture cross section with a preponderance of high 

Figure 1. Block diagram of the SCCL system. 
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C.  
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m c m 
C 
c. 

- 
energy capture gamma emissions, may be measured 
by either neutron dieaway or by spectral methods 
provided porosity and shaliness (boron) are known. 

The particular advantage of the SCCL apparatus 

and technique is that chlorine concentration, hence 
water saturation, can be measured for clean or shaly 
formations in the 20-30% porosity range without 
specific knowledge of either porosity or shaliness. 

Figure 2. Selected neutron capture gamma ray spectra. 
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SPECTRUM 
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Figure 3. The aggregate gamma spectrum observed 
at the surface with the tool inside 7 inch casing and 
reacting to a 30% 4 sand saturated with 150,000ppm 
NaCI. salt water. 
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Figure 3 shows an aggregate gamma ray energy 
spectrum transmitted to the surface instrumentation 
in pulse height code from the SCCL tool. The portions 
of the spectrum compared in order to determine 
chlorine concentration are indicated as the hydrogen 
window 1.32-2.92 MeV, and the chlorine window 
3.43-8.0 MeV. Selection of optimum windows was 
accomplished through computer-aided empirical 
methods which located the “best” chlorine response 
consistent with shale, porosity and lithology com- 
pensation, for the particular counter geometry and 
efficiency. 

From the counting windows, the two neutron- 
gamma counting rate curves are recorded: (1) the 
chlorine curve from the portion of the spectrum most 

GG 

1 
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affected by the high energy gamma rays from 
neutron capture by chlorine, and (2) the hydrogen 
curve which serves as a reference indicating the 
population of thermal neutrons available for capture. 

Qualitatively the hydrogen curve behaves as a 
conventional neutron log reacting to porosity and 
shaliness, while the chlorine curve responds to 
porosity, shaliness and chlorine. When the two 
curves are normalized for well geometry by deflec- 
tion matching through a reference water sand, the 
chlorine curve may be subtracted electronically from 
the hydrogen curve in real time to produce a Delta 
curve that responds only to the concentration of 
chlorine relative to hydrogen, and thus reflects water 
saturation (Sw). 

Figure 4 illustrates the cross plot technique for 
comparison of the hydrogen and chlorine counting 
rates to determine Sw. Also illustrated are the 
schematic responses of the hydrogen, chlorine and 
Delta curves to a shale, water, oil, gas, shale 
sequence. 

In the SCCL measurement, typical Gulf Coast 
shales appear to have chlorine concentrations 
relative to hydrogen averaging 60% that of nearby 
water sands (shales adjacent to hydrocarbon zones 
often appear fresher). Since water saturation 
decreases are recorded as deflections to the right, 
the Delta curve will trace the well's SP or natural 
gamma ray through water sands and shales, and 
deflect opposite to those curves in hydrocarbon 
zones. 

The visual simplicity of the Delta curve response is 
illustrated in Figure 5 which compares an SCCL run 
June 1977 with the well's electrical log run July 1968. 
The well was drilled with a9% bit. The casing is 7 inch, 
29 Ib. Salinity of the formation water is 120,000 ppm 
NaCI. 

The SCCL confirmed that the existin$ perforations 
from 4317 to 4354 have watered out. A gamma ray 
log (not shown) revealed radioactivity from deposited 
potassium salts indicating water had moved through 
the shaly stringers 4276 to 4300, accounting for their 
50% Sw. The original oil-water contact shown by the 
electrical log at 4150 has moved to41 26 due to offset 
production. 

The well was perforated July 1977 at 4094-4102, 
with initial production of 216 BOPD with 85 MCF. In 
February 1978, perforations were made 4064-4074 
with initial production 223 BOPD with 82 MCF. 

It may be noticed in Figure 5 that the productive in- - 

t tervals vary significantly in porosity and shaliness, 
but show little variation in water saturation. 

Figure 4. Schematic response of SCCL. 

a. The hydrogen - chlorine crossplot 

/ 
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b. The hydrogen, chlorine and Delta curves. 
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Figure 5. The SCCL in a South Louisiana oil well. 
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THE DELTA CURVE WATER SATURATION 
SCALE 

The water saturation (Sw) response of the Delta 
curve is scaled according to the chlorine fraction of 
the bulk thermal neutron capture cross section of the 
gamma ray emitting elements in the formation. 

4 is the zone’s porosity, 

a 

Sw 

is the salinity of the formation water, 

is the zone’s water saturation, 
Equation I 

H(4) is the clean zone hydrogen window 
counting rate at porosity 4, 

Dt is the test Delta for the appropriate 
geometry, 

is the fractional neutron captured by 
chlorine, 

is the macroscopic capture cross 
section of chlorine in the formation 
water, 

where q 

%I 

+t is the test porosity, 

Ht 

a t  

is the test hydrogen counts, 

is the test water salinity, 

is the total cross section of the for- 
mation water and Iw are func- 
tions of water salinity a), 

q(a.+) is the fractional capture by chlorine 
from Equation I at salinity a ,  porosity 
4. 

I h c  is the cross section of the hydrocar- 
bons, In the Gulf Coast porosity range, however, 

is the cross section of the clean 
matrix, 

and the ratios !I@&- and dSwa2#’) are sub 

stantially porosity independent permitting the 
simplification, 

d a  t14) d a  4) 4 

sw 

is matrix porosity, 

is water saturation. 

The geometry factor in the Delta curve response is 
expressed as a test Delta, Dt, defined as the chlorine 
axis separation in counts per second from a 100% to 
a 0% water saturation in a 30% porosity sand at a 
formation water salinity of 250,000 ppm NaCl in the 
particular geometry- casing size, bore size. 

Equation Ill 

Coast 

where the fractional captures by chlorine are 
calculated at 30% porosity. 

As a function of Sw, deflection of the Delta curve in 
chlorine axis countslsecond from a 100% water sat- 
uration reference line is predicted by the expression 

Figure 6 shows the scalefactor 
Equation I I  

dswa 49 
D(Sw)=Dt[-] p-] [I- q(i3.4) ] 

where D(Sw) is the Delta curve deflection in 
counts/second from the 100% Sw 
line, 

ted versis water salinity for curves representing 
water saturation of 80,60,4Cl, 20, and 0%. 

Values of Dt for assorted geometries are listed in 
Table B. The Sw scale placed on the Delta curve is 
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calculated by multiplying the Sw scale factors at the 
appropriate formation water salinity by the Dt value 
for the appropriate geometry. 

Notice that the scale factors for values of Sw in the 
range 20% to 100°/~ remain virtually constant for 
salinities above 100,000 ppm NaCI. This leads to a 
further simplification in the interpretation of the 
SCCL. For formation salinities in excess of 100,000 
ppm NaCI, a water saturation scale may be deter- 
mined from a reference water sand without knowing 
the water salinity. 
- - 
(D 

Salinity, a, ppm NaCl 

Table B: Delta curve test response, Dt in assorted 
geometries. Values recorded in cemented 
casing, centered tubing, wellbore fluid 
100,000 ppm NaCI. Formation 0 30%, fluid 
250,000 ppm NaCI. 

Geometry-inches Test ReSDOnSe Dt-ds 
3.5 SCCL 1.6875 SCCL 

Series 1 Bore csg Tbg Series 1 

4% 333 188 
5% 246 138 
4% 284 166 

8 5% 230 125 
2% 90 

4% 246 1 23 
5% 200 100 

7 170 100 
2% 63 

80 

7 1 39 88 

6 

10 

IL 

216 4% 
Dual 

Figure 6. Delta curve scale factor versus formation 
water salinity. 

SCCL GAS ZONE CORRECTION 

To.the SCCL, the reduced hydrogen index of a gas 
zone causes the zone to appear to have a porosity 
that is too low and an apparent water saturation that 
is too high. The required Sw correction in a gas zone 
is related directly to the hydrogen index of the reser- 
voir gas, essentially a function of reservoir 
temperature and pressure, and gas specific gravity. 

on chart of Figure 7 is based upon the 

Swc is the corrected Sw, 

HI is the hydrogen index of the reservoir 
gas, and 

Swa is the apparent gas zone water 
saturation from the Delta curve. 

The SCCL response to gas is illustrated in Figure 8. 
This offshore Louisiana well has 7 inches 35 Ibs. cas- 
ing. The salinity of the formation water is in excess of 

following relationship. 

Equation IV 150,000 ppm NaCI. 
H lSwa 

1 -Swa + HlSwa 
swc = 

GI  
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L 
The resistive zones shown by the electrical log 

13830-13769 and 13580-13490 are gas bearing and 
have been produced through the existing perfora- 
tions indicated on the SCCL. Reservoir pressures of 

approximately 6000 psi have been maintained by 
water drive. The apparent water saturations from the 
Delta curve on the order of 35% for 0.65 gravity gas 
at 6000 psi, 210°F, correct to 20% Sw. 

Figure 7. The SCCL gas zone correction. 
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STATISTICS, LOGGING SPEED AND TIME 
CONSTANT 

se 
-R+ - 

< c 

As a concession to counting rate statistics, all 
nuclear well logs require a compromise to’be 
reached relating repeatability and thin bed resolution 
to logging speed and time constant. Recommended 
SCCL logging speeds are 12 to 15 feet per minute for 
the casing tool, and eight fpm for the tubing tool log- 
ging casing. A logging speed of 5 fpm is recom- 
mended for logging tubing inside casing. 

The time constant for the hydrogen and chlorine 
neutron-gamma counting rate curves is selected to 
equal the number of seconds required for the tool to 
move one foot in the well bore. The accumulated time 
constant applied to the Delta curve is equal to the 
number of seconds required for the tool to move 3 

Bed boundaries and water-oil-gas contacts are 
determined more precisely from the hydrogen and 
chlorine curves. In beds of thickness less than 6 feet, 
the Delta curve response should be corrected from 
the hydrogen and chlorine curves. 

The statistical accuracy of the Delta curve 
response is given by: 

Equation V 

where UO/~D is the standard deviation in 
Delta as a percent of full scale 
deflection Da, 

is the logging speed in feet per 
minute, 

a 

bed thickness over 
which Delta is averaged, 

w),(Hw) are resp vely the chlorine 
and hydrogen counts per se 
cond in a reference water 
zone, and 

Figure 8. The SCCL response in an offshore South 
Louisiana gas producer. 

m is the slope ACIIAH of the 
100% Sw line (see Figure 4). 
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In ordinary applications a standard deviation of 
5% for a 6 foot zone is acceptable. For applications 
requiring great statistical precision and excellent thin 

bed resolution, the SCCL may be used to good advan- 
tage as a stationary reading tool. 

CONCLUSIONS 

Modern instrumentation and such key concepts as 
the samarium neutron converter have revitalized the 
technique of cased hole reservoir evaluation by spec- 
troscopic analysis of neutron-capture gamma rays. 
The Shale Compensated Chlorine Log is an attractive 
alternative to conventional pulsed neutron surveys in 
Gulf Coast lithologies since the SCCL measurement 
requires no correction for either porosity or 
shaliness. As a result, interpretation of the SCCL is 
uniquely straight-forward permitting quantitative 

reservoir evaluation by quick-look inspection. 
Because the SCCL must be normalized to well 
geometry, however, its application should be 
restricted to wells in which 50 or more feet of like 
geometry exist adjacent to zones of interest. 

The ability of \he SCCL to evaluate zones based 
upon low statistical stationary readings is a promis- 
ing feature which has not yet been commercially 
exploited. 
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CARBON/OXYGEN LOG APPLiCATlONS IN SHALY SAND FORMATIONS CONTAMINATED 
WITH TUFFITE MINERALS 

BY 
E. L. Sacco 

-Dresser Atlas Division, Dresser Industries, Inc. 
Buenos Aires, Argentina 

ABSTRACT 
Log evaluation of the oilfields located in the San Jorge basin (Southern Argentina) is one of the 
most difficult to perform. Shaly sand formations are contaminated with considerable amounts of 
tuffites. Salinities of formation waters are very low. 

The Carbon/Oxygen system was introduced during 1976 as an attempt to solve the problem of 
locating overlooked pay zones behind the casing. 

This paper describes the results of the first 15 wells logged and how it was necessary to develop a 
cross-plot technique with the Spectralog in order to solve the complex lithology problem. 

INTRODUCTION 
The San Jorge basin, located in southern Argentina, has been known to be oil productive since 
1903. Since that time, more than 12,000 oil wells have been drilled. 

This is a most difficult area to evaluate by logging. The log analysis requires the help of the core 
or sidewall core analysis to which too much attention is given by the geologists and engineers. 

This basin (Figure 1) is  of a continental type and can be defined as a thick sequence of shale, 
interbedded with lenticular shaly sandstones. The salinity of the formation water is low, ranging 
between 1,000 to 30,000 ppm. The salinity also changes erratically from one sand body to 
another. 

FIGURE 

This picture is complicated by the fact that the shale and sands originated from pyroclastic rocks. 
As a result of volcanic action, tuff and tuffites are always present in the formations. 
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Teruggi and Lesta (1,5), among many others, have described the geology and lithology of this 
area. Figures 2 and 3 represent a composite log of a representative well of this area. 

Other authors (2) have described the evaluation problem that is  summarized here: 

- Problems related with low salinity formation waters. 

- Small salinity changes cause wide variations of water resistivity. 

- Since the effect of clay on resistivity is more important a t  low rather than a t  high salinities, a 
good evaluation of clay content becomes essential. Unfortunately, the natural radioactivity of 
some sands and tuffites cause the Gamma Ray and the sand streaming potentials cause the 
Spontaneous Potential to become unusable as clay indicators. 

- Problems related to tuffites content. 

An increase in tuffite content in a sand will. increase the resistivity, decrease the permeability 
and increase the possibility of being water bearing. 

Due to the reduced areal extension of the sand bodies, the reservoirs (lenses) are depleted rapidly. 
It is therefore necessary to frequently recomplete the old producing wells, trying to locate new 
pay zones. 

As recognized before (2), it is very difficult to differentiate oil from low salinity water zones in a 
new well, whereas in open hole conditions, it is  possible to run the most sophisticated logging 
tools. It is therefore understandable that it appears to be nearly impossible to locate pay zones 
behind the casing under these types of conditions. 

was tested in a first attempt to solve the problem. 
Success was limited because this system requires formation waters of salinities higher than 30,000 
ppm, rarely found in the area. 

The Carbon/Oxygen system was initially introduced in the country during 1976 in order to solve 
the problem. Since the beginning, results have been very encouraging. 

Determining the presence of significant amounts of tuffites contaminating the shaly sandstones 
was the first problem that required a solution. This paper describes how the Spectralog was used 
to differentiate non-productive tuffites from shaly sands. 

The present status of the evaluation method allows for the exact determination of pay zones as 
distinguished from the wet ones, independent of salinity and shaliness. 
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i 
BRIEF DESCRIPTION OF THE LOGGING SYSTEMS AND MEASUREMENT OF THE 
CARBON/OXYGEN RATIO 
The C/O measuring method is  based on the detection of 4.4 million electron volt gamma rays 
which are emitted by carbon nuclei when bombarded by high energy neutrons. These gamma 
rays, which are produced by inelastic scattering of 14 million electron volt neutrons, are detected 
by a scintillation spectrometer in the well logging instrument. The neutrons are produced by a 
miniature ion accelerator which operates in a pulsed mode to produce bursts of neutrons by the 
nuclear reaction of high speed deuterons with a tritium target. Gamma rays fr0.m oxygen as well 
as those from carbon are selectively detected and measured. The ratio of carbon to oxygen has 
been found to be a sensitive and reliable indicator of oil saturation in reservoir sands (3). 

Also, by selective timing within the instrument, gamma ray responses indicative of silicon and 
calcium can be recorded to aid in interpreting the C/O Log in areas of unknown lithology or in 
mixed lithology environments. This instrument has the capability to obtain information on the 
hydrocarbon content of a formation in addition to differentiating sandstone from carbonates and 
clean sands from limey sands. 

The Carbon/Oxygen Log finds i t s  primary application in areas where other commercial logs fail 
or are marginally acceptable (4). 

SPECTRALOG 
The Spectralog system measures the individual contributions of the primary sources of natural 
radiation (6). 

An important improvement in the system is the ability to quantitatively define volumetric 
percentages of the three main radioactive elements that compose the natural ray spectrum. These 
elements are potassium - 40, uranium and thorium. 

The Spectralog has proven to be a very useful instrument for the determination of clay content in 
those areas where the Gamma Ray Log shows anomalous readings. The radioactive sands in thc 
Southern Patagonia oilfields are a good example. 

CASE HISTORY 
As was mentioned in the literature (7), the measurement of the C/O ratio is directly proportional 
to oil saturation in high porosity clean sandstones. Where this lithology becomes more complex 
and complicated with limestone, previous experience indicates use of the cross-plot technique of 
Carbon/Oxygen ratio vs. Silicon/Calcium ratio for evaluation. 

These cross-plots, plus the experience of hundreds of observations accumulated by McWhirter 
and Thompson, comprised the method used locally during the first 10 tests of the C/O system in 
the San Jorge basin (8). 

Results of this utilization in the area were very impressive. Regardless of the fact that the wells 
were old and had been worked over many times, the C/O system located more than twice the 
amount of oil than the conventional open hole logging system would have been capable of 
locating . 
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However, the quantitative evaluation of the C/O system was less accurate than that of the 
conventional method. The cross-plots of C/O vs. Si/Ca were not definitive in this complex 
lithology. The accuracy of our predictions suffered. While large numbers of oil zones were 
predicted due to high C/O value, many of these were tested wet (see Figure 4). 

The Spectralog was also run during this project. During the initial evaluation, we attempted to 
use it only for detecting water zones with a high uranium content. A review of the Spectralogs 
showed a strict correspondence between the low potassium readings and the tuffite formations 
determined by the customer's core analysis. 

Since the "Chubutiano" formations are altered pyroclastic rocks, this relation with the potassium 
content gave us the tool to separate the non-permeable pure tuffites from the more or less shaly 
ones altered and transformed in sandstones. 
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Figure 5 presents the cross-plotting of R t  versus %K for those points where sidewall cores were 
obtained. On the Z-axis, we have presented the lithology of such points by a symbol. In order to 
be clear, we are showing only those points that are classified as neat sandstones (0) or tuffites 
(0 1. 

It is shown that a definite separation exists between both types of rocks. The few exceptions are 
explained by incorrect evaluation of the cores (points 211) and probably the only clean 
sandstone (point 5). 
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From Figure 5, we obtained the value of K = 0.6% as a limit of potassium. Points to the left  of 
the K cutoff line fall on the tuffite zone. 

We define tuffite as a compact rock, generally non-porous, composed of fine grain vitroclastic 
and volcanic ash. Tuffite only sporadically produces fluid, generally water, and probably from 
. secondary porosity. 

On the right side of the graph fall the points classified as sandstones. Regardless, their grains are 
quartz or mainly other minerals originating in the tuffite weathering. These sandstones-become 
more shaly as the K-content increases. 

In Appendix I, the mineral composition of these rocks is  presented. 

With this lithological or pseudo-lithological classification, we developed the following cross-plot 
technique. 
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HYDROCARBON DETECTION BY THE C/O RATIO VERSUS K-CONTENT CROSS-PLOT IN 
SHALY SAND AREAS 
The solution consists of the cross-plotting of C/O measurements versus the % potassium reading 
of each point tested. 
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We have classified the production test results with the corresponding symbol according to the 
customer definition: 

SYMBOL: 

x = Dry 

0 = Gas 

(> = Oil and water (S, from 40% to 69%) 

@ = Water and oil (S, from 70% to 89%) 

0 = Water (s, from 90% to 1000~0) 

- 7 -  



SPWLA NINETEENTH ANNUAL LOGGING SYMPOSIUM, JUNE 13-16,1978 

The envelope of the oil points is  a rectangle whose limits have a strict justification from the 
geological and reservoir point of view (refer to Figure 7). 
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FIGURE 7 POTASSIUM, '10 

Vertical line "a" separates the formations into two types: the left zone, of tuffites, hard rocks 
(non-porous), and the right zone, granular rocks (generally tuffaceous shaly sandstones) with an 
increasing shale content to the right. 

At each of these zones, we give a different treatment during the quantitative analysis. For 
example, for the tight zone (left), we use 

R W . -  2 1 
sw = 7 R t  

and a shaly sand formula for the granular points. 

Line "b" corresponds to a C/O ratio of 1.66 and is the lower limit of the C/O readings. Below 
this line, there are no oil productive zones of commercial interest. 

We have tentatively established line "c" to correspond to a C/O ratio of 1.71. This value is  the 
upper limit of the C/O relation. Above this line, oil production would be very difficult. It must 
be pointed out that very high C/O values will generally produce water. This fact was also noticed 
by McWhitter and Thompson, who performed the first 11 logs. 

We are looking for an explanation for this anomaly. It is  possibly due to a high calcareous cement 
(very rare here) or to the presence of some other element near the carbon in the inelastic 
spectrum. 

Line "d" is the shale cutoff limit for the zone. Contents of potassium greater than 1.40% make 
the relative permeability to water greater than that relative to oil. In this case, the formation will 
produce water regardless of whether or not the C/O reading confirms a good oil saturation. 
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COMMENTS J 1. The limits that we have suggested are susceptible to slight displacement, as the utilization of 
the C/O system will give more data. 

2. The limits can also change for other areas. This paper covers the results of five oilfields of 
the Golfo San Jorge basin and i t s  application is unique. 

The C/O system is  only applicable for hydrocarbon detection in new wells where the 
invasion of drilling fluid has dissipated. 

3. 

CONCLUSIONS 
The application of the Carbon/Oxygen Log measurements for the detection of hydrocarbon in 
cased holes has proven to be successful in the tuffaceous shaly sandstones with formation waters 
of very low salinities. The Spectralog appears to be a very useful instrument in complex lithology 
areas. In our case, the potassium curve must, however, be carefully calibrated. 

The cross-plot of C/O versus %K provides an easy "on-site" method of evaluation. This is  a must, 
taking into account that generally the workover job immediately follows the C/O logging 
operation. 

The utilization of C/O Log and the Spectralog has provided 91% accuracy in the evaluation of 10 
cased hole wells in the San Jorge basin. The accuracy with open hole log analysis in the same area 
rarely surpasses 80%. 
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i APPENDIX I 

According to analysis of more than 120 samples taken from a representative outcrop of tuffite 
formations (5), the composition of these rocks can be a variable combination of the following 
minerals: 

Mineral 

Quartz 

Plagioclases 

Albite 

Anorthite 

Kaolinite 

Alkali Feldspar 

Ca Ici t e  

Dolomite 

Analcime 

Montmorillonite 

I l l i te and Mica 

Composition in weight Chemical composition 

Higher than 25% Si 0, 

Less than 25% (a continuous series of Feldspars, ranging from 100% Albite 
and 0% Anorthite to 0% Albite and 100% Anorthite) 

Si308  Na AI 

Si, Os Ca AI, 

Si, O5 AIz (OH l4 Less than 25% 

Less than 25% Sig Os AI K 

Normally absent Cog Ca 

Normally absent (Cod, Ca Mg 

Normally absent 

Less than 25% (Si4 O1 l 3  (AI,Mg)s (OH), o-12Hz 0 

Normally absent - 

Si, O6 Na AI-H, 0) 

From this study, we can realize that the abundance of the elements in the tuffites is: 

Major Si, 0, AI 
Medium H 
Minor 
Rare Fe, Li, F 

The minor presence of the K element, almost only present in the Alkali Feldspar, widely justifies 
the very low reading of the potassium curve in front of a tuffite formation given by the 
Spectralog instrument. 

Ten sidewall core samples taken in these oilfields are being analyzed in order to support this 
study. Results are not available a t  the time of this paper. 

K, Na, Ca, Mg, C 

. HH 
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COAL EXPLORATION IN WEST GERMANY 
BY WELL LOGGING 

K. Otto 
Dresser Atlas Division, Dresser Industries, Inc. 

Bremen, Germany 

ABSTRACT 

With the increased emphasis on the potential shortage of energy sources, large-scale, precise 
exploration methods are being required of the coal mining industry. New drilling methods as well 
as advanced well logging techniques are providing mining operators with valuable assistance. 

Accurate well log analysis methods provide in-situ evaluation of coal seam parameters such as 
depth, thickness, impurities, dip direction and environmental lithology. 

This paper briefly describes the current drilling methods and standard logging procedures and 
interpretation techniques being employed. A comparison of well logs and laboratory evaluation 
of cores is also presented. 
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