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ABSTRACT 

Tselentis, G.-A., 1985. The processing of geophysical well logs by microcomputers as 
applied to the solution of hydrogeological problems. J. Hydrol., 80: 215--236. 

Recent developments in microelectronic technology have provided very powerful 
microcomputers for use at the well site by hydrogeologists or geophysicists to provide 
timely answers to important hydrogeological questions. 

This paper gives a brief and generalized description of the philosophy and the 
problems involved in applying microcomputers to the organization and processing of 
borehole geophysical measurements to evaluate various hydrogeological problems. 

INTRODUCTION 

Boreho le  geophys ica l  m e t h o d s  p rov ide  vital  i n f o r m a t i o n  regarding the  
l i tho logy ,  s t r a t i g raphy  and phys i co -chemica l  p rope r t i e s  o f  the  f luids filling 
the  b o r e h o l e  and  its su r round ing  f o r m a t i o n s  (Table  1). This  i n f o r m a t i o n  is 
essent ial  fo r  the  so lu t ion  o f  a grea t  va r ie ty  o f  hydrogeo log ica l  p rob l ems .  

Thus ,  areas o f  high p o r o s i t y  and  p e r m e a b i l i t y ,  which  wou ld  p r o d u c e  the  
m o s t  wa t e r  can  be  ident i f ied ,  as can zones  o f  sal ini ty;  the  m a g n i t u d e  and  
d i r ec t ion  o f  f low t h r o u g h  a well  and  regional  g r o u n d w a t e r  f low pa t t e rn s  
migh t  also be  ind ica ted .  

M a n y  o f  the  app l ica t ions  o f  geophys ica l  logging t echn iques  in h y d r o -  
geo logy  are s imilar  to  those  used  in the  oil indus t ry ,  where  the  t echn iques  
were  first  d e v e l o p e d  and  where  a dazzl ing var ie ty  o f  p h y s i c o c h e m i c a l  
m e a s u r e m e n t  t echn iques  have  been  a d a p t e d  to  the  bo reho l e  e n v i r o n m e n t .  

*Present address: Engineering Geophysics Hellas Ltd., 8 Anastasaki Street, Zografou 
157 72, Athens, Greece. 
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TABLE 1 

F o r m a t i o n  
s tudies  

pa rame te r s  measured  by  geophysica l  logs dur ing  hydrogeologica l  

Proper t ies  to  be  measured  

d e p t h  of  c o n t a c t  of  aquifers  
and  associa ted  rocks  

aqui fer  to t a l  po ros i ty  

clay or  shale c o n t e n t  

f ractures ,  so lu t ion  open ings  

mo i s tu re  c o n t e n t  

ve loc i ty  o f  wa te r  f low in 
well 

wate r  en t r ance  in well  

chemica l  cha rac te r  of  
f o r m a t i o n  wate r  

specific yield of  
u n c o n f i n e d  aquifers  

hydrau l i c  conduc t iv i t y  

Type  of  log 
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Pf Cw Uw Sm dp 

+ + 

f 
Um T ] SP D 7 

i 

+ + 

÷ ÷ 

÷ 

+ 

+ 4- 

+ + 

l 

_ _ 1  
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I i 
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a p f  ~ f o r m a t i o n  resis t ivi ty;  Cw = fluid electr ic  conduc t iv i ty ;  Uw = fluid veloci ty ;  S m : 
mo i s tu re  c o n t e n t  above  the  wa te r  table ;  • = poros i ty ;  U m = elast ic-wave ve loc i ty ;  T =  
fluid t e m p e r a t u r e ;  S P  = self po ten t i a l ;  D = bo reho l e  d iamete r ;  7 = na tu ra l  gamma  
radia t ion .  

Hydrogeologists have for many years used simple logs, typically a rather 
common combination of  measurements of  formation resistivity, natural 
gamma radiation, and spontaneous potential of  the formation surrounding 
the borehole, together with changes of  the borehole diameter. For many 
years there has been a notable lack of  equipment specifically designed for 
work outside the oil industry but recently some companies have provided a 
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Fig. i. Typical arrangement for the automatic processing of geophysical logs. 

fairly good selection of  purpose-designed equipment  of  minimal diameter for 
use in various hydrogeological applications (Robinson,  1974; Tselentis, 
1983).  In the water industry the use of  logging devices and interpretive 
methods  for the evaluation of  various hydrogeological parameters is 
increasing and many of the highly sophisticated logging tools used by the 
oil industry are now available to small organizations. 

The geophysical log, a continuous measure of  some geophysical variable, 
contains more information than can be utilized by conventional methods of  
manual interpretation. Only computer- implemented mathematical tech- 
niques are powerful  and fast enough to perform the task. A typical hard- 
ware arrangement used for the automatic processing of  geophysical logs is 
shown in Fig. 1. 

The applications of  microcomputers  in hydrogeophysical  well logging are 
so many and so diverse that  it is impossible to make an exhaustive survey. 
However,  a discussion of  the problem of processing geophysical logging data 
by a microcomputer  is followed by a few examples with which the author 
has had some personal experience. 

It is not  enough to have all the necessary computer  programs for the 
processing of  the logs. It is also very important  to optimise the way in which 
these programs can be combined for fast effective evaluation of  the logs. A 
critical factor in this process is the general memory  structure of  the micro- 
computer  (memory map), since the operator  has to define the parts of  the 
memory  which will contain the data, the programs and the intermediate 
and final results. 

Figure 2 is a representation of  the processing of  the log data. The data from 
the digitized logs, kept  in memory  locations D1, 2 , . . . ,  can either be used 
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Fig. 2. Operation of  the software package. 

directly with the programs kept in memory locations P1, 2 , . . .  ; where 
filtering is necessary, the data are passed through a filtering process. For 
example suppose that LOG1 is a normal resistivity log. The data can either 
be filtered with the help of  program "FILTER" or pass directly through a 
zonation process performed by program "ZONE". Next,  program "COR- 
RECT" could be used to compensate for changes of  the fluid conductivity. 
The data are then ready for evaluation of the geoelectric parameters of  the 
formation through a process performed by "FORM". 

Obviously the data from all the intermediate stages could be stored in 
memory locations R1, 2 , . . .  , or sent to an output device (magnetic tape, 
disc, printer). 
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THE PROCESSING OF BOREHOLE GEOPHYSICAL DATA BY MICROCOMPUTERS 

Log sampling and reconstruction 

A microcomputer  works with discrete values rather than with the 
continuous signal recorded on a geophysical log. When a continuous geo- 
physical log is to be represented by a set of samples, the precision with 
which the log should be sampled and the frequency of sampling must be 
decided. If the sampling rate is too low, information about the detailed 
fluctuations will be lost; if it is too high, an unnecessarily large number of 
samples will have to be stored or processed. 

The minimal sampling rate for adequate representation of a continuous 
signal must be at least twice that  of the highest frequency which is to be 
maintained in the signal. Frequencies higher than the limit imposed by the 
sampling rate will not  only be lost, but they will also produce a false signal 
which will appear as much lower frequency: this effect is described as 
aliasing (Kulhanek, 1976). 

Figure 3 illustrates a 64-inch normal resistivity log together with recon- 
structed logs sampled at 2, 4 and 8 m intervals; the accuracy of the resulting 
log depends upon the digitization interval. 

A digitization interval of A m and a vertical log scale of B m cm -1 implies 
that  a sample is taken every A/B cm of  actual log record and that  for H m 
of logged formation,  one takes H/A numbers. If a sample is taken every 
0.2 m, which is usually adequate to prevent any aliasing effects, and a depth 
scale of 2 m  cm -1 is considered, then a number is taken every 1 mm of 
actual log record and 1000 numbers correspond to 200 m of  logged forma- 
tion. If these 1000 numbers are scaled between 0 and 255 in value then it 
is possible to allocate only a single byte of  computer  memory per number 
instead of  four (a set of  numbers stored in this way is called a byte vector). 
This is especially useful when the available memory is restricted as in a 
microcomputer.  Thus in the above case, the memory requirement for storing 
data corresponding to 200 m of formation is 1 kbyte.  

Digital filtering of  geophysical logs 

The processes of smoothing, predicting, separating signals and removing 
the noise from geophysical logs are very common to the log analyst. Often 
such processes are linear transformations on the data; they are thus equivalent 
to digital filtering since a digital filter is an arbitrary linear operation on the 
data. 

A well log may be defined as the sum of  a great number of individual 
components,  each being the result of an impulse generated by some for- 
mation condition. Factors which distort the ideal log signal, such as random 
impulses, equipment noise, formation fluids, filter cake and bed thickness, 
will each have their particular effect on the response. To a certain extent,  the 
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Fig. 3. Example of log digitization with different sampling intervals. 

effects of each may be determined and separated; this is at tempted to 
achieve an understanding of the phenomena underlying the observations; 
digital filters are the main processing tools. 

The recorded analogue geophysical signal can be represented by a number 
of  equally spaced samples Pn, of  some property P(h), where n is an integer 
and h is a continuous variable i.e. depth. If the parameter Yn is computed by 
the formula: 

Y. = ~ ck " P . - ~  + dk " Y.-t~ (1) 
k = - O o  k = l  
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Fig. 4. Example of a 16" normal resistivity log filtered by 5-, 10-, 15-, and 20-term 
moving average filter and comparison with the 64" normal resistivity log. 

then this fomula defines a digital filter. Thus a digital filter may be merely a 
linear combination of equally spaced samples P . -k  of some property P(h), 
together with the computed values of the output Y.-k. For each succes- 
sive n, the formula shifts one data point along the string of data points ,  
Pn -k. 

Figure 4a represents a 16-inch normal resistivity log smoothed in Fig. 4b, 
c, d, e by 5-, 10-, 15- and 20-term moving average filtering respectively, while 
Fig. 4f represents the 64-inch normal resistivity log of the same borehole. 
Increasing the number of terms in the filter emphasizes the long-term features 
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Fig. 5. Example of 5-, 10-, and 15-term moving average filtering of a caliper log. 

of the log at the expense of shorter variations. The 20-term filtering version 
of the 16-inch normal resistivity log is similar in appearance to the 64-inch 
normal resistivity log. 

Figure 5a is the caliper log of the same borehole smoothed in Fig. 5b, c, 
d by 5-, 10- and 15-term moving average filtering respectively. The high- 
frequency content  of the caliper log is reduced drastically when the moving 
average filter is more than five terms long. To avoid the loss of useful 
information contained in the caliper log during a moving average filtering 
process some other simple types of digital filters may be effective. Figure 
6c shows the result of the application of  a 21-term "Spencer" filter defined 
by the equation: 
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Fig. 6. Example of a caliper log filtered by 7- and 21-term (Spencer) filters. 

350 [60Pi + 57(Pi+1 + P~-I)  + 47(Pi+2 + Pi- : )  + 33(Pi+a + Pi-3) 

+ 18(PI+4 + Pi-4) + 6(Pi+s + P~-s) -- 2(Pi+6 + Pi-6)  -- 5(Pi+7 + Pi-7) 

- -  5(Pi+ 8 + Pi-8) -- 3 (Pi+9 + Pi-9) -- (PI+ lo -}- Pi-  1o)] (2) 

and Fig. 6b shows the  result  o f  the  applicat ion o f  a 7-term filter def ined by 
the equat ion:  

~ = 1__ [7P~+6(Pi+l + P i - l ) +  3(Pi+2 +Pi -2 ) - -2 (P i+3  -{- P i -3 ) ]  (3) 
21 
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Log zonation 

A common technique in the interpretation of geophysical logs is a 
zonation process. Log analysts have long used the concept of large con- 
centrated changes in several log properties as indicators of boundaries 
between adjacent rock units. By this method,  boundaries that  divide the log 
into intervals are selected such that the measurement being considered is 
relatively constant compared to the change in the measurement from that  
interval to the depth-adjacent intervals. 

Although this has proven effective as a means of dividing well log data 
into groups of measurements corresponding to individual formations, there 
are many drawbacks to the method when it is applied by hand. Clearly, a 
need exists for an automated procedure which is fast, efficient, easy to use 
and yields reproducible results. 

Most computer techniques for the automatic zonation of logs are based 
on algorithms designed for the automatic zonation of sequences of data for 
use with large digital computers and although valuable to the oil industry, 
they are of limited use for other geotechnical logging applications because 
of limitations of  portable microcomputers (Testerman, 1962; Webster, 
1978; Hawkins and Krooden, 1979). 

An algorithm for automatic zonation of a sequence of data representing a 
geophysical log, uses the variation of the data versus depth, by locating 
different boundaries at points where the data exceed a predefined threshold 
value or some functional relation of  the data themselves such as their 
standard deviation or their mean value. Sounder and Pickett (1973), used the 
N-point moving average method to perform the automatic zonation of 
geophysical logs. A similar technique, used by the present author, compares 
the standard deviation of a segment of N data with the standard deviation of  
the adjacent segment. If the difference between the standard deviations is 
greater than a predefined threshold value D, the program assigns a zone 
boundary at the corresponding point, divides the zone by three and 
computes the mean value of  the central portion, assigning the latter to the 
total interval. Figure 7 is an example of the application of  the method to the 
automatic zonation of  a 16-inch normal resistivity log. 

By using different threshold values D, one can achieve different levels of 
accuracy for the zonation of the geophysical log; instead of  calculating the 
formation evaluation parameters for every digitizing increment of  depth they 
can be carried out speedily on a zonal basis, which results in far fewer 
calculations and in much more meaningful results. 

VARIOUS APPLICATIONS 

Calculation of  the true formation resistivity 

Theory and experience demonstrate that  the formation resistivity when 
measured with a normal resistivity device depends upon the conductivity of 
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Fig. 7. Example of the zonation of a 16" normal resistivity log. 

the fluid column and the diameter of the well. The functional relation 
between the apparent resistivity shown by the logs, the true formation 
resistivity, the conductivity of the fluid column and the diameter of the well 
is given by Schlumberger (1950); it involves the evaluation of a Fourier 
cosine integral (Fillon, 1928), which is impracticable for a small micro- 
computer system. 

Although there are in the literature powerful algorithms for the automatic 
correction of resistivity data {Scott, 1978), a useful method is to approximate 
departure curves already in the literature (Schlumberger, 1950, 1972; Lynch, 
1962; Dresser Atlas, 1979) by a cubic polynomial of the type: 

Poor = P f [ A  " (Pa/Pf )  3 + B "  {Pa/Pt)  2 + C "  (P~/P~) + D ]  (4) 
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where Poor, P~ and Pa is the correct, fluid and apparent resistivity, respec- 
tively. The constants A, B, C and D can be calculated by a least squares 
process. 

Lithology discrimination of an aquifer using acoustic and density logs 

Acoustic logs measure the shortest time T for a sound wave to travel 
between transmitter and receiver. The interval transit time T is related to the 
total porosity of  a clean consolidated formation by formulae such as that of  
(Wyllie and Rose, 1958): 

ATlo, -- qb • ATfluid + (I- qb) • ATmatri x (5) 

where: ATlog = reading of acoustic log in s ft -l ; ATmat,~x = transit time of 

the solid rock framework; and ATnuid = transit time of the interstitial fluid. 

For a clean formation of  known matrix density Pmamx, having a porosity 
(I), and containing a fluid of  average density Pfluid, the formation bulk 
density Pb will be, rigorously (Schlumberger, 1972): 

P b  = (P " Pf lu id  + ( 1 -  q)) " Pma t r ix  ( 6 )  

Porosity and density logs can be synthesized from a conventional acoustic 
travel time log by solving eqn. (5) for (I): 

(p = AT, ol -- ATmatr= 

ATf lu id  - -  A T m a t r i x  

and substituting this result in eqn. (6): 

[ ATlo~ -- ATmatrix 
Pb = !\ATnuid--ATmatrix ) 'Pfluid + ( 1 -  

(7) 

ATlog - -  A T m a t r i  x 

ATf l u i d  - -  ATmatn~ ] "  P m a t r i x  (8) 

Programming a microcomputer  to perform the above calculations is easy. 
Figure 8 applies the above procedure to a carbonate aquifer in NW Greece. 

From other wells in the area it is known that the aquifer contains dolomite 
sections with high hydraulic conductivity.  This can be explained by the 
increase in porosity and permeability caused by the mineralogical trans- 
formation of  calcite to dolomite since the crystal lattice of  dolomite 
occupies about  12% less space than that of  calcite (Hohlt,  1948). 

In Fig. 8 the acoustic log is shown on the left. At the right, the density 
measurements obtained from a density log are plot ted on the same scale as 
the synthesized density log. Comparing these two logs helps to define 
lithology changes in regions where individual logs show little variation in 
response. In the limestone interval the computed and observed density 
curves are nearly coincident. In the dolomite sections, however, there is a 
significant separation between the two curves. 
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Fig. 8. Comparison between density log and the synthetic derived density log from an 
acoustic log (velocity of  sonic pulses in the matrix was assumed 22,000 ft s -1 , and fo r  
the fluid 5300 f t s  -1 ). 

Resistivity-derived porosity of an aquifer 

The generally accepted relationship between formation factor F,  and 
fractional porosi ty ~ is: 

F = 0.62 • ¢-2-1s (Humble formula) (9) 

for sands, and: 

F = ~ -2  (10) 

for carbonate rocks or rocks that  are not  granular. 
Since the formation factor F is defined as the ratio of  the saturated 

formation resistivity pf ,  obtained from a logging tool,  over the formation 
water resistivity Pw,  the above equations can be used to calculate porosity.  

Usually in freshwater logging applications, the electrolyte salinity is not  
sufficiently high to suppress the effects of  ionic-exchange surface conduct ion 
(Tselentis, 1985a),  and the measured formation factor varies with the 
resistivity of  the pore fluid. This occurs mainly when clay and/or  organic 
matter  are present. An empirical formula such as that  of  Hill and Milburn 
(1956),  is necessary to reduce the measured apparent formation factor Fa 
to that  which would be observed with a very low electrolyte resistivity of  
0.01 ohm m: 

Fa 
F0.01 (100pw)(o ]og,0)(100pw) (11) 
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Fig. 9. Comparison between the porosity log derived from acoustic and resistivity logs 
(velocity of the sonic pulses for the matrix was assumed 18,000 fts  -1 and for the fluid 
5300 ft s -1 ). 

w h e r e  b is a m e a s u r e  o f  t h e  e f f e c t i v e  c lay  f r a c t i o n  and can be  c a l c u l a t e d  
f r o m :  

b = - -  0 . 1 3 5  • (Ke/A)-- 0 . 0 0 5 5  ( 1 2 )  

w h e r e  K e is t h e  c a t i o n  e x c h a n g e  c a p a c i t y  in m e q  per  1 0 0  g o f  d r y  s a m p l e  and 
A is t h e  w a t e r  c o n t e n t  in g per  1 0 0  g o f  dry  s a m p l e .  
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For a combination 16-inch normal resistivity log/acoustic log from a sand- 
stone aquifer in Greece, a porosity log was synthesized from the acoustic log. 
Laboratory investigation of  core-samples suggested a mean value of  b = -- 
0.04. By applying eqns. (8) and (10) the resistivity-derived porosity was 
calculated and plotted on the same scale. Figure 9 demonstrates that  the two 
porosities are essentially the same for most of the aquifer apart from its 
lower part where the resistivity<lerived porosity shows a large excursion to 
the left, indicating saline intrusion. 

On-site processing o f  a resistivity log for the location o f  fissure zones in an 
aquifer 

Electrical resistivity well logs are now an almost universal adjunct to 
standard groundwater drilling practice; electrical well logs are a valuable tool 
to evaluate the hydraulic characteristics of  an aquifer and supplement 
information obtained by more laborious and expensive pumping tests. 

In certain cases the direct evaluation of the formation's geoelectric 
properties can provide an indication of  the aquifer's hydraulic properties. 
The process followed for the automatic evaluation of  a new useful geo- 
electric parameter known as T-L (Transverse-Longitudinal) log, (Tselentis, 
1983, 1985b) from a normal resistivity log will be illustrated. 

A resistivity log (after a zonation process), can be interpreted in terms of  
a series of beds, each having a specific thickness and resistivity; for any 
specific section (H), of formation it is easy to compute transverse and 
longitudinal resistivity values using the following equations: 

Ptr = ~ (hi " Pi)/H (13) 
1 

tl  

P1 = ~ (hi/Pi)/H (14) 
1 

where h~ is the thickness of layer i and P~ is its resistivity. 
The procedure used here is based on the fact that  the sums involved in 

eqns. (13) and (14) were not  ordered; thus several beds with the same 
resistivity could be replaced by a single bed having the same resistivity and 
thickness equal to the sum of  the thicknesses of the single beds. By random 
sampling of a specific section H of the log, one can estimate the equivalent 
portion of  the section having any particular resistivity and from this con- 
struct a resistivity frequency distribution, with a density function N(p) .  The 
transverse and longitudinal resistivities may now be computed as follows: 

f**p " N(p )dp  
Pt~ = 0 (15) 

H 
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Fig. 12. Caliper, different ial  t empera tu re  and T-L log f rom a borehole  sunk in a Chalk 
aquifer.  

H 
P] :- (16) 

f ~ g  (p )/p ] dp 

A computer algorithm was designed to perform all the above operations 
and Fig. 10 shows diagrammatically the way in which the data were manipu- 
lated. 

Figure 11 applies the above procedure to a 16-inch normal resistivity log 
from a fractured Chalk aquifer in SE England. The difference between 
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transverse and longitudinal resistivities tends to decrease with depth;  this is 
shown more clearly when a regression line is fitted. This result is consistent 
with those from other wells in the area; suggesting that the degree of  
fissuring of  the aquifer decreases with depth.  

Figure 12 represents the T-L log derived on-site by the above process, for 
a well in the same area. A detailed analysis of  the calculation of  the T-L log 
for this specific example is given in Table 2. The T-L log obtained suggests a 
change in the geoelectric properties of  the formation at depths of  50 and 
80 m. Since the formation is homogeneous (Chalk), one would suspect the 
existence of  fissure zones at these levels. A differential temperature log run 
in the same borehole identified fissure zones at 50 and at 76 m. The caliper 
log also confirmed the existence of  the fissure zones suggested by the T-L 
log. 

CONCLUSIONS 

Computer-orientated log interpretation techniques have been used for 
many years in the oil industry but  their application in hydrogeological 
problems has been restricted. 

It is possible for a microcomputer  to handle, by relatively simple 
operations, complex analytical processes which may be used to advantage by 
the well log analyst in many hydrogeological problems. Discussion of  a 
number  of  such applications has shown that in geophysics, linked to the data- 
handling facilities of  microcomputers ,  the water industry has a powerful  and 
underdeveloped logging technology that  is ripe for development as a low- 
cost quantitative investigation technique. 
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