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5          This invention relates to methods of investigating earth
formations traversed by  5 a borehole. More particularly, the invention
relates to the processing of well logging data derived from apparatus
lowered in a borehole for investigating subsurface earth formations. In
seeking to determine the presence and depth of hydrocarbon bearing zones 10
(oil or gas) that may exist in the subsurface earth formations adjacent a
borehole drilled  10 into the earth, various types of exploring devices may
be lowered into the borehole for measuring various properties of the
formations adjacent the borehole. The three principal types of such
exploring devices are electrical exploring devices (using either electrodes
or induction coils), sonic exploring devices, and radioactivity exploring
15     devices (gamma ray, neutron, etc.).
15 The electrical exploring devices measure the electrical resistivities
(or conductivi- ties) of the earth formations. These electrical
resistivities are determined primarily by the amount, distribution and
resistivity of the fluids contained in the formation pore spaces. The sonic
exploring devices, on the other hand, measure the time required for 20
sonic waves to travel across a given span of the earth formation. This
sonic travel time  20 is determined primarily by the nature of the rock
structure and particularly its porosity. The radioactivity exploring
devices measure either the natural radioactivity of the formations or the
radioactivity induced therein by bombardment of the formations with
radioactivity particles or rays. 25          Two particular radioactivity
exploring devices used to investigate formations are  25 the formation
density logging tool and the neutron logging tool. The formation density
logging tool emits gamma rays which are diffused through the formation and
the number of diffused gamma rays reaching one or more nearby detectors are
counted to provide a measure of the electron density of the adjacent
formation. Moreover, it is 30     known that this electron density is very
closely proportional to the bulk density of the  30 formation in
substantially all cases. (For cases where this proportionality does not
apply, appropriate corrections can be made.) The neutron tool on the other
hand utilizes a source for emitting neutrons into the adjacent formations.
In one form of neutron device, these neutrons lose energy 35     by
collision with atoms in the formation. When the energy level of these
neutrons is  35 reduced to the epithermal energy range, they can be
detected by a nearby detector which counts the number of epithermal
neutrons. Since hydrogen atoms are the only ones whose weights are almost
equal to that of the neutron, they are the most effective in reducing the
energy level of the neutrons to enable their capture. Thus, it can be 40
said that this type of neutron log is essentially a record of the hydrogen
atom density  40 of the rocks surrounding the borehole. Since the formation
pore spaces are generally filled with either water or liquid hydrocarbons
which both have about the same amount of hydrogen, the neutron log does not
distinguish between oil and water, but is prim- arily affected by the
formation porosity. Gas, on the other hand, will alter this porosity 45
determination by the neutron log.
45 In general, none of these measurements taken alone give a direct and
positive indication as to the presence or amount of hydrocarbons in the
formations or the rela- tive difficulty in removing these hydrocarbons. The
various factors which affect each measurement have to be taken into account
and an interpretation or deduction made [Price 25p] Price 75p  
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2 as to the probable existence of hydrocarbons. Among the factors which are
considered to be important in determining the location, amount, and ease of
removal of oil is the porosity of the formations. Porosity is the fraction
of the total volume of a given por- tion of the formation which is occupied
by pores, or void spaces. Other such factors 5       are the make-up of the
solid formation material, the water and hydrocarbon saturation,  5 and
permeability (ease of fluid to flow in the formation). It is known that by
combining the measurements derived from various exploring devices that
these factors can usually be obtained. However, when a shaly sand formation
is being investigated, the usual interpretation techniques do not apply
very well since the responses of most of the 10     tools are affected by
shaliness. For example, the true formation resistivity is generally  10
high in an oil or gas bearing formation and low in a water bearing
formation. How- ever, in oil or gas bearing shaly sands, the resistivity
may very well be low since the shale or clay dispersed in the pore spaces
of a sand will tend to have a low resistivity. Moreover, if the formations
contain a significant amount of hydrocarbons, and especi- 15      ally gas,
additional complications are introduced into the log interpretation process
due  15 to the variations in response of the various exploring devices to
these hydrocarbons. Two logs which are useful in distinguishing between
sand and shale formations are the spontaneous potential and gamma-ray logs.
The spontaneous potential logs gives a measure of the naturally occurring
potential of the formations. This potential will be 20      different in
shale formations than in sand formations. The gamma-ray log is a mea-
20 sure of the natural radioactivity of the formations and is usually the
greatest in shales. However, just distinguishing between sand and shale
formations is not enough. It is becoming more and more necessary to
evaluate these formations for their lithological make-up as well as for the
presence, amount and type of hydrocarbons and their ease 25      of
removal. It is therefore, an object of the present invention to provide new
and     25 improved methods for processing well logging data to enable
evaluation of earth forma- tions and more particularly, shaly sand
formations. The way shaliness affects well logging measurements depends on
the proportion of shale, the physical properties of the shale and the way
it is distributed in the forma- 30      tion. In the past it has been
assumed that shale is distributed in formations in the form  30 of shale
laminae between adjacent layers of sand or of shale dispersed in the sand
grains. In the case of laminated shale, the shale is considered to be in
large continuous chunks in the formation. For the dispersed shale case, the
shaly material is considered to be dispersed throughout the sand in the
intergranular structure of the sand. The 35      dispersed shale may be in
the form of accumulations adhering to or coating the sand     35 grains, or
they may partially fill the smaller pore-channels. Dispersed shale in the
pores significantly reduces the permeability of the formation. In the past,
formation models assuming either laminated shale or dispersed shale have
been individually utilized to enable interpretation of shaly sand
formations. It 40      has been found, however, that either model alone
does not adequately cover all forma-   40 tion conditions thus rendering
interpretation of the measurements difficult. It is therefore another
object of the present invention to provide new and improved methods for
processing well logging data which assume formation models which more
nearly fit all formation conditions. 45          In accordance with the
well logging data processing methods of the present inven-   45 tion, a
plurality of well logging measurements are combined in a new manner to pro-
duce data useful in evaluating earth formations. For a better understanding
of the present invention, together with other and further objects thereof,
reference is had to the following description taken in connec- 50      tion
with the accompanying drawings, the scope of the invention being pointed
out in    50 the appended claims. Referring to the drawings: FIGURE 1
illustrates exploring apparatus in a borehole for deriving a plurality of
well logging measurements along with apparatus at the surface of the earth
for 55      digitally recording and processing the derived measurements;
55 FIGURES 2, 3, 11 and 15 are crossplots of certain of the derived
measurements useful in explaining certain features of the present
invention; FIGURES 4, 5, 6 and 7 illustrate models of certain types of
formation which models are useful in understanding certain features of the
present invention; 60           FIGURES 8, 9 and 10 are crossplots of
certain derived measurements which           60 



together are useful in understanding features of the present invention;
FIGURES 12 through 17 are illustrations of certain statistical analyses
performed in accordance with certain additional features of the present
invention; FIGURE 18 is a flow diagram representation of the "preliminary
pass" portion 65      of a computer program embodiment of the present
invention;                             65    3
1,344,194                                         3 FIGURES 19A, 19B and
19C are flow diagram representations of a first sweep of "interpretation
pass" portion of the computer program which figures will herein-    1 after
be referred to simply as Figure 19; FIGURES 20A and 20B are flow diagram
representations of a second sweep 5      of the interpretation pass and
which will be hereinafter referred to simply as Figure 20;  5 FIGURES 21A,
21B and 21C are flow diagram representations of a "hydro- carbon analysis"
routine found in sweep 2 and subsequently described sweep 3 and which will
hereinafter be referred to simply as Figure 21; FIGURES 23A and 23B
illustrate a flow diagram representation of a third sweep 10     of the
interpretation pass and will be hereinafter referred to simply as Figure
23;  10 FIGURES 24A and 24B are flow diagram representations of a "prepare
data for output" routine which forms a portion of sweep 3 and which will
hereinafter be referred to simply as Figure 24; FIGURE 25 is an
illustrative example of a presentation of the computations made 15     in
accordance with the teachings of the present invention;
15 FIGURE 26 is a graphical representation depicting an operation performed
in the "prepare data for output" routine of Figure 24. Referring to Figure
1, there is shown an investigating apparatus 20 located in a borehole 21 on
the end of a multiconductor cable 22 which is raised and lowered in 20
a borehole by a suitable drum and winch mechanism (not shown).
Investigating appara-  20 tus 20 includes exploring devices for obtaining
measurements of the acoustic travel time [err], bulk density [err] the
porosity [err] derived from a neutron exploring device, the natural gamma
ray content GR of a formation, the diameter of a borehole, the spon-
tancous potential SP, and deep and shallow resistivities, [err] and [err].
25          An acoustic exploring device for deriving a measure of[errcan
be found in U.S.  25 Patent No. 3,231,041 granted to F. P. Kokesh on
January 25, 1966. An example of an exploring device for obtaining a measure
of the neutron derived porosity [err]can be found in U.S. Patent No.
2,769,918 granted to C. W. Tittle on November 6, 1956. An exploring device
for obtaining a measure of the bulk density can be found in U.S. 30
Patent No. 3,321,625 granted on May 23, 1967 to John S. Wahl. An exploring
device  30 for obtaining measurements of the spontaneous potential and deep
and shallow resistivity can be found in U.S. Patent No. 3,453,530 granted
to G. Attali on July 1, 1969. Measurement signals derived from the
exploring device 20 are transmitted to 35     suitable signal processing
circuits 25 at the surface of the earth. The signal processing  35 circuits
25 prepare the signals for application to a digital tape recorder 26 which
con- verts the well logging signals to digital form for recording on
magnetic tape. The resulting magnetic tape is either carried or transmitted
via a telemetry link to a digital computer 27 which is programmed in
accordance with the teachings of the present 40     invention to process
the data in a manner to provide valuable information relative to  40 the
nature of the earth formations 23. While all of the measurements to be used
in practicing the present invention have, in Figure 1, been shown derived
from one explor- ing device, it is to be understood that these measurements
could be derived from a plurality of exploring devices which are run
through the borehole at different times. 45     In this event, the data
from each run would be recorded on individual magnetic tapes  45 and the
data on each tape would be merged onto a single tape for use by the digital
computer 27. The neutron tool responds to the amount of hydrogen in the
formations. It is scaled to read porosity directly in mixtures of limestone
and water. Through the use 50     of suitable correction factors, it can be
adjusted to read porosity correctly in water  50 filled formations of other
types of lithology. It is known that the neutron tool will indi- cate close
to the true porosity in formations containing oil, since oil has
approximately the same hydrogen content as water. However, in the
formations containing gas, the neutron tool will give a value of porosity
which is too low because of the low hydrogen 



55     concentration in gas.
55 In addition to deriving a measure of formation porosity from the neutron
tool, the bulk density and acoustic travel time measurements can also be
converted to measures of formation porosity. The bulk density measurement
can be converted to a porosity measurement if the matrix and fluid
densities[err] and[err] are known. The equation for 60     converting this
bulk density measurement to a porosity measurement is:             60 [err]
(1)    4                                           1,344,194 In fresh muds
the fluid density pr is usually set equal to 1. However, in light hydro-
carbon and gas bearing formations, the fluid density p, will be less than
1, and thus the value of porosity p,) derived from the density tool will be
higher than the true porosity. 5           The acoustic travel time can
also be converted to a measure of porosity provided    5 the acoustic
travel time of the rock matrix and fluid, At,,, and At, respectively are
known. The relationship for the acoustic or sonic derived porosity in terms
of At is: At-at,,, 1" = At1  Atml (2) The resistivity tools used here
measure the formation resistivity in a zone radially 10      near the
borehole and a zone radially spaced from the borehole. Either an induction
10 logging tool or a deep reading focused electrode tool can be utilized to
give a measure of resistivity of the zone radially spaced from the
borehole. A pad type focused elec- trode tool or a focused or unfocused
electrode array mounted on the central support member can provide the
resistivity of the zone near the borehole. The resistivity read- 15     ing
provided by the shallow investigation devices is called R.. and is usually
primarily  15 representative of the resistivity of the formation zone which
has been invaded by mud filtrate from the borehole. The deep reading
resistivity devices provide a measurement designated Rt which usually is
primarily representative of the resistivity in the un- invaded or virgin
formation zone. 20          The spontaneous potential measurement provided
by the exploring apparatus 20        20 gives the difference between the
potential of an electrode on the exploring device and the potential of an
electrode located at the surface of the earth. Opposite shale forma- tions,
the spontaneous potential will usually remain fairly constant and thus tend
to follow a straight line on the log, called the "shale base line".
Opposite permeable 25      formations, a spontaneous potential will show
excursions from the shale base line. In   25 thick permeable beds free of
shale, the spontaneous potential will also reach an essen- tially constant
value, defined as the "sand line". The gamma ray measurement provided by
the exploring apparatus 20 gives a measurement of the natural radioactivity
of the formations. Shaly formations generally 30     tend to have a high
radioactivity content because radioactive elements tend to concen-   30
trate in shales. Clean formations usually have a very low level of
radioactivity. Thus, the gamma ray log can usually distinguish between
clean sand and shaly formations. It is the purpose of the described
embodiments of the present invention to com- bine the measurements derived
from the exploring apparatus 20 in such a manner 35      as to provide
information relating to shaly sand formations. The measurements derived
35 from all of these exploring devices are affected in one way or another
by the shale content of formations, thus complicating the interpretation of
these measurements in such formations. Moreover, when oil or gas is
contained in these shaly sand formations, the interpretation of the
measurements becomes even more complex. By combining the 40
measurements derived from many exploring devices, it is possible, in
accordance with    40 the present invention to accurately interpret the
measurements. However, before dis- cussing how these measurements are
utilized in accordance with the present invention, it would first be
desirable to discuss the nature of shaly sand formations. Shale is made up
of a combination of silt and wet clay where wet clay is a com- 45
bination of dry clay material called colloids and water. The relative
proportions of silt  45 and clay usually vary from one formation to the
next. In the past it has been assumed that shale is distributed in
formations in the form of shale laminae between adjacent layers of sand or
of shale dispersed in between the sand grains. In the case of laminated 



shale, the shale is considered to be in large continuous chunks in the
formation. For 50     the dispersed shale case, the shaly material is
considered to be dispersed throughout    50 the sand in its intergranular
structure. The dispersed shale may be in the form of accumulations adhering
to or coating the sand grains, or they may partially fill the smaller pore
channels. It has been found that either model alone does not adequately
cover all formation conditions thus rendering interpretation of the
measurements diffi- 55      cult.
55 In accordance with an important feature of the present invention, both
laminated shale and dispersed shale models are combined into one model to
enable a more accurate interpretation of shaly sand formations. Moreover, a
third form of shale is added to the laminated and dispersed shale models to
provide a shaly sand model 60      which more accurately represents true
formation conditions in shaly sands, This third   60    5
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called "structural shale". In this structural shale model, shale may exist
as grains which replace sand grains in the formation matrix. This
structural shale is considered to have properties similar to those of
laminated sale. It has been found that all of these forms of shale may
occur simultaneously in 5      the same formation. Frequently, however,
shale in only one form is predominant but        5 this can change from one
depth level to the next. Thus, a good interpretation technique must be
universal enough to handle situations where any one form of shale occurs as
well as those cases where two or even all three forms occur. After much
experimentation it has been found that over large sections of any given 10
borehole, certain shale parameter values used for interpretation will
remain relatively  10 constant, although the particular form of shale may
change. Thus, regardless of the particular form of shale, the shale
parameter values can be related to those of an aver- age shale for large
sections of a borehole. Responses of the radioactivity tools (gamma ray
measurement, neutron, and 15      density) are not affected by the way the
shale is distributed in the formation, whether  15 in laminated, dispersed,
or structural form. However, the responses of the sonic, resis- tivity and
SP tools are affected by the shale distribution. As will be set forth
later, these distinctions are utilized in accordance with the present
invention to provide valu- able information concerning the character of the
shaly sand formations. 20           A cross-plot of the density-derived
porosity [err] versus neutron derived porosity     20 [err] is valuable in
evaluating shaly sand formations. Referring now to Figure 2, there is shown
such a cross-plot. In Figure 2, certain points can be readily placed on the
cross-plot. It is known that in the water, both the density and neutron
derived porosi- ties will read values of one. Thus, the water "w" point can
be placed on the cross-plot. 25      It is also known that pure silt, which
is made primarily of quartz, will be at the same  25 point as quartz,
designated "Q-S" on the cross-plot, and dry clay designated [err] will be
at the point [err] on the cross-plot. A triangle can thus be drawn on the
cross-plot connecting these three point. In water-bearing formations, all
plotted [err] points will fall within this triangle. Furthermore, the
relative distances of the plotted point 30      from the three apexes of
the triangle give the relative proportions of water, silt and   30 quartz,
and dry clay for the formation from which this plotted point is derived. By
plotting a plurality of [err] points from a formation interval, certain
charac- teristics of the formation can be ascertained. For example, assume
that formation inter- val has produced the plotted points shown in Figure
2. Those points falling in the area 35      x are known to correspond to
shale formations. Thus, a line can be drawn through the     35 center of
gravity of these shale points from the origin. This line is called the
"shale line". Since it is known that pure shales generally have almost no
porosity, this shale line will correspond to zero porosity. Thus, any point
plotting on the shale line can be said to have zero porosity. The
intersection of the shale line with the line between the 40      points
[err] and W  gives the tool response characteristics for wet clay
associated with   40 this shale and is thus designated [err]. The position
of this point [err] relative to the water "W" and dry clad Cld points gives
the amount of water associated with clay, [err]. It is known that clean
sand formations affect [err]and [err] equally. Thus, any points 45
falling on or near a line which subtends an angle of [err] with the [err]
and [err] axes are    45 derived from clean sand formations. Those points
falling in the area y between the sand and shale lines correspond to shaly
sands. These points in the area y exhibit a 



definite trend between the sand and shale lines. A line which best fits
these points can be drawn between the sand and shale lines. The
intersection of this shaly sand trend 50      line with the sand line
defines a point designated [err]is the maximum     50 porosity associated
with the formations considered in this example of Figure 2. The
intersection of the shaly sand trend line with the shale line gives a point
designated [err]. The fact that this trend line with the shade line points
toward a unique point on the shale line indicates that the shale normally
associated with the sand has the unique 55      composition represented by
the point [err]. After a great deal of research, it has been    55 found
that for most all levels in the formation interval represented by the
Figure 2 example, the type of shale, whether dispersed, laminated, or
structural, associated with shaly sand formations in this interval can be
defined in terms of the response of the density and neutron tools by this
point [err]. The neutron and density derived porosity 60
characteristics for this type of shale are designated [err] and [err]
respectively.   60 The points plotting in the area Z above the clean sand
line most likely represent hydrocarbon bearing formations since
hydrocarbons and especially gas decrease [err]and increase [err]. It is
known that the effective porosity [err] and the volume or amount of shale
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6 in a formation at any given depth level can be ascertained by the
location of the plotted [err]  point on the [err] cross-plot. Thus, turning
to Figure 3, there is shown a por- tion of the cross-plot of Figure 2
reproduced to illustrate this. In the Figure 3 cross- plot, a plurality of
lines can be drawn parallel to the shale line and each of these lines 5
will indicate a given constant effective porosity. As stated earlier, the
shale line itself  5 indicates zero porosity. Thus, as one moves away from
the shale line, the amount of porosity will increase. In the same fashion a
plurality of lines indicating the volume of shale can be drawn parallel to
the clean sand line. Obviously, any point falling on the clean sand 10
line itself indicates a shale volume of zero percent. As one moves away
from the clean   10 sand line, the volume of shale will progressively
increase. Taking an example of how [err] and [err] can be obtained from the
[err] crossplot, if [err] and [err] measurements should give the point 30'
of Figure 3, a formation having an effective porosity of 15%  and a shale
volume of 15% would be indicated. 15          The influence that each mode
of repartition of shale has on the formation porosity   15 will be
discussed now. Figure 4 represents a unit volume of clean sand for which
each grain is quartz. The porosity is the ratio of the area in white to the
total area of the figure. This is the porosity [err] which is called
framework porosity. Figure 5 represents the same sand but a quantity VD of
dispersed shale has been introduced in the pore 20      space. The
remaining porosity designated [err] has been decreased such that [err]
20 Figure 6 represents the same sand but for which a quantity [err] of
structural shale has been substituted for the quartz grains. Although the
sand contains shale, its porosity has not been changed by the presence of
structural shale. Thus,[err]. Figure 7 represents the same sand but for
which a part of the sand has been 25      replaced by a quantity VL of
laminated shale. The porosity in the sand fraction has      25 not changed
but only (1 -[err)[err] Concerning the effect of each type of shale on the
[err] crossplot, if dispersed shale is added to a clean sand formation it
occupies part of the framework porosity of the sand. Thus the effective
porosity will decrease. Thus, referring to Figure 3 and 30      assuming a
sand formation of porosity [err] the addition of dispersed shale to this
sand  30 formation will tend to move the plotted [err] point in the
direction indicated by the dispersed shale effect vector, i.e. such that
[err]. Structural shale, since it takes the form of clay grains replacing
sand grains of the same or similar size, will not affect the effective
porosity [err]. Therefore, as shown in 35      Figure 3, the structural
shale effect will tend to move the plotted [err] point to the  35 right
parallel to the shale line (i.e., along a constant [err] line), as
indicated by the struc- tural shale effect vector. An increase in the
laminated shale in the formation will tend to decrease the effective
porosity [err] because shales have no porosity and laminated shales replace
part 40      of the sand of porosity [err]. Since the formation is presumed
to have shale of type [err]  40 laminated shale will move the point towards
the [err] point as illustrated in Figure 3. The addition of hydrocarbons,
and especially gas, to this clean sand formation will 



tend to move the plotted[err] point to the northwest in the Figure 3
crossplot as represented by vector 29a. This is evident since, as stated
earlier, an increase in hydro- 45      carbons will increase the density
derived porosity [err] and decrease the neutron derived  45 porosity [err]
especially if the density of this hydrocarbon is low as in the case of gas.
Higher density hydrocarbons have very little affect on the neutron tool and
thus the data point will tend to move in a more northerly direction, as
represented by the vector 29b. 50           As stated earlier, any given
formation can contain shale in all three forms and,    50 at the same time,
can also contain hydrocarbons. Thus, through the use of the neutron density
crossplot alone, it is not possible to properly evaluate both the
hydrocarbon and shale effects. Let us consider a series of clean sands for
which structural porosity may be between 55      [err]and [err] due to the
geological process. As stated earlier, it was assumed in the past  55 that
either dispersed shale or laminated shale would be associated with these
sands. In the dispersed shale model only the points falling between the two
"dispersed shale" lines for [err] and [err] could be truly taken into
account and still fit the model (Figure 8). In the laminated model, only
the points falling between the two "laminated 60      shale" lines could be
truly taken into account (Figure 9). In particular it was not pos-  60
sible to explain the presence of points falling to the right of the ([err])
line except by assuming a [err] larger than the one truly created by
geological sedimentation. The addition of the structural shale model
permits us to justify and understand why such points may exist. 65
The simultaneous presence of the three types of shales permit justification
of the  65    7                                          1,344,194
7 position of any points inside the area of Figure 10. However, it was
found by a great deal of research that structural shale cannot replace all
quartz grains (the point 31a in Figure 10). Thus, it has been found that
the position of the shaly sand points on the plot was in practice limited
to the right by a curve (dashed curve 30 between [err] and 5      [err])
well approximated by a parabola as shown in Figure 10. The parabolic
represen-     5 tation of this limit of the domain of shaly sand was
developed by empirical analysis and is not obvious. Its physical meaning is
that the amounts of structural shale and laminated shale which can be
associated with the sand are not independant from one another. On the
contrary, it indicates that for points falling on this limit and which 10
do not contain dispersed shale, the smaller the amount of shale, the larger
the relative  10 amount of structural shale with relation to laminated
shale; and the larger the amount of shale, the smaller the relative amount
of structural shale. Now turning to Figure 11, there is shown the neutron
density crossplot of Figure 3 redrawn to illustrate the various areas or
sections of the crossplot and their signifi- 15      cance. The area
defined by the letters SS (standing for shaly sand) defines an area for  15
which all plotted points should fall when derived from formations having a
charac- teristic shale given by the point [err] and a sand framework
porosity which is practically constant. In terms of exploring tool
readings, this type of shale is defined by the[err] and[err] values of the
[err] point, designated [err] and [err]. Any points falling in the 20
shale area designated Sh define their own characteristic shale type,
depending on the  20 particular location of the point within this shale
area. Likewise, any point plotting within the dispersed shale area to the
left of the dispersed shale line will, in accord- ance with its position on
the crossplot, define a specific type of shale. Nonetheless, most shaly
sand data points fall in the hatched line area and the definition of one 25
characteristic shale type for all points in this area represents a dramatic
improvement  25 in shaly sand interpretation. If a point should fall to the
left of the dispersed shale line for [err]    it indicates that the
formation has a lower [err] than [err] at that level and thus [err]  should
be changed to account for this. Thus, assume the plotted point 33 in Figure
11. The dispersed shale line would then move over to accommodate this new
30      point as illustrated by the line 33a to thus give a new framework
porosity of [err].    30 In discussing types of shale, one parameter that
is informative is the relative pro- portion of silt and wet clay in the
shale. To define the relative proportions of silt and wet clay, a linear
relationship between the plotted point on the shale line relative to the
silt and wet clay points will define the type of shale. In this connection,
a term 35      defined as the "silt index" SI of the shale is used
throughout the discussion here and  35 can be defined as the ratio of silt
to shale and thus the ratio of the distance between 



the designated point on the shale line and the wet clay point Cl, to the
total length of the shale line between the silt and wet clay points. Thus
the silt index of the shale type associated with the shaly sand area SS in
Figure 11 will be Sh0-Claw/O6-ClL. The 40      silt index of this shale
point Sho is designated SI..                                  40 Since
shale consists of silt and wet clay the following relationship holds: Vl =
Vsilt + Vay The silt index defines the ratio of silt to shale. Thus: vail t
SI=- (4) 45      Combining equations (3) and (4), we have:
45 VC1.,=Vsh(1-SI) (5) Points falling in the shale area X of Figure 2 are
essentially shales. These shales do not have uniform composition. Their
composition (i.e. the relative amount of clay and silt) is related to the
partition of the shale part in this area. To define the composi- 50
tion of this shale it has been found that one may draw a limit parabola
equivalent to (30)  50 but which passes through the plotted rp, 4'n point
under evaluation, using the maximum framework porosity point (z)hMlax as
the pivot point. Thus, for example, assume that the plotted q',x, OD point
is given by the point 32 in Figure 11. The parabola 30 would then be swung
to the position given bythe dashed line parabola 30a which passes 55
through the plotted point 32 and intersects the shale line at the point
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8 case, the type of shale associated with the plotted point 32 will be
defined by the shale point Sh1. As before, the point Sh, is defined by the
characteristic tool responses, desig- nated (0x)sh and (1D))s). It is
possible that ON, OD points could also fall in the area to the right of the
shaly 5       sand area SS and above the shale area Sh. As stated earlier,
the parabola 30 defines the   5 practical limit for Ox, 5D points in shaly
sands. Therefore, if points fall to the right of this parabola and are not
close enough to the shale line to designate the investigated formation as a
shale, it is assumed, in accordance with another feature of the present
invention, that the porosity data does not correspond to a shaly sand or to
a shale. It 10      may correspond either to a different type of lithology
or to a level for which the ON, 01)  10 data is bad due to borehole effect
on the measurements. Therefore, this area to the right of the parabola 30
and above the shale area is designated the "unlikely area". (Unlikely to be
either shaly sand or shale.) In accordance with still another feature of
the present invention, data falling in this unlikely area is verified and,
if necessary, 15      corrected using data derived from other exploring
devices. How this is accomplished        15 will be described in detail
later. Having now discussed the density and neutron responses in view of
the density- neutron crossplot, it would be desirable to discuss the
responses of these tools in mathe- matical terms. The equations for the
density and neutron derived porosities OD and O. 20      in terms of the
effective porosity, ,e) shale volume, Vsh, water saturation of the invaded
20 zone, S,., and the characteristic neutron and density response to shale
and hydrocarbon are: fD = e + VshA(sh) + Ae(1 - X) ($D(hy)y-)     (6) 44 5
V4shSh+ *       SV0 R(djy- iJXi + 2fiesXo)   07) 25      where
25 (OD)sI, is the characteristic density derived porosity reading in the
shale associ- ated with the sand, (ipi)sh is the characteristic neutron
derived porosity reading in shale, (+,,))", is the characteristic density
derived porosity reading for hydrocarbons. 30      (OD)sh and ('x)sh have
been discussed above, and (OD)Jly and (ON)iiy are unknowns.         30 In
the absence of hydrocarbons, S., is equal to "1" and equations (6) and (7)
become: (8) ON= T e + Vsh(Orc)uh (9) 35      In the absence of
hydrocarbons, the density and neutron derived porosity readings q1,      35
and 0q, provide sufficient information to solve for effective porosity O,,
and shale volume 



Vs,. The mathematical solution of equations (8) and (9) is analogous to the
graphical solution depicted in Figure 3. The selection of (fD)sI, and
(Q,3-)8, determines the scaling for this graphical technique depicted in
Figure 3, i.e., the shale point Shb gives the 40      VSh= 100%  point and
thus if -the type of shale associated with the particular formation   40
under investigation changes, the scale will change correspondingly. It is
obvious by inspecting equations (6) and (7) that when hydrocarbons are pre-
sent in the formation, the density and neutron derived porosity readings OD
and OPN will not provide sufficient information by themselves, and thus
other steps must be 45      taken to properly analyze the formation.
45 Before deciding whether to utilize other input parameters to correct
equations (8) and (9) for hydrocarbon effect, it must first be known
whether hydrocarbons do in fact exist in the formation under investigation.
The location of the plotted OD, 9s point on the crossplot does not indicate
whether hydrocarbons are present or not. From Figure 50      3 it can be
seen that hydrocarbons have the effect of pulling plotted points in a
north-   50 westerly direction on the crossplot. However, the effects of
structural, laminated, and dispersed shale tend to displace the points to
the right and parallel to the shale line. In clean or non-shaly formations,
the effect of hydrocarbons will be readily dis-    9
1,344,194                              4            9 cernible because all
of the plotted points would fall to the northwest of the sand line if the
tool readings are accurate. (Of course, if the tool readings are
inaccurate, the plotted points could fall anywhere.) However, since it is
usually not initially known how much shale, if any, is present in any given
formation, it is not known how much 5      the effect of shale offsets the
effect of hydrocarbons. As seen from equations 3 and 4,  5 if hydrocarbons
affect the tool readings at all, the values of effective porosity, O., and
shale volume, VSh, given by equations (8) and (9) and the crossplot will be
inaccurate. To overcome this inability to produce correct answers when
hydrocarbons are present, two additional pieces of information are
utilized. One is a value of VAh derived 10     from other logs which are
sensitive to the amount of shale present in the formation    10 under
investigation. These are called shale indicators. The second additional
piece of information is an assumed relationship between (OD)hy and (0x)hy
which reduces these two variables to one. This relationship can be
described by writing the expressions for (0D)by and (0)M  in terms of
hydrocarbon density pay as follows: 4 Phy 15
(+>l=+5/7 (1-9                 filly)                           1S 32-
5p,,y (10) 8-5Phy (+y)iiy = 9PII, 32-5Phy (11) Equations (10) and (11)
comprise another aspect of the present invention and have been derived from
considerations of the chemical composition of hydrocarbons and its relation
to its physical properties. The value of hydrocarbon density Phy is an
unknown 20      and is determined by the analysis described hereinafter.
20 Before discussing how the various formation parameters can be determined
when hydrocarbons are present in the formation under investigation, it
would first be desir- able to discuss the shale indicators mentioned above.
These shale indicators are logging parameters or combinations thereof which
are strongly influenced by shale content. 25      An approximation of V~h
is computed from each shale indicator in such a manner that   25 it is
supposed to always be equal to or greater than the true VSb. Accordingly,
the smallest of these values of VAh derived from the shale indicators will
be the closest to the true Vs1, and is, therefore, retained to represent
the value of Vsh in the equations discussed above. 30          These shale
indicators are: (1) spontaneous potential; (2) gamma ray; (3) the    30
value of resistivity in hydrocarbon zones; (4) gas-sandline limit; (5) the
saturation ratio S../S,; (6) a relationship between porosity derived from
the neutron log, Nr and the value of qN for the shale point, (4N)^Il; and
(7) the hydrocarbon density. Taking first the spontaneous potential as a
shale indicator, it has been found that 35     the spontaneous potential
varies in a linear manner with the ratio CEC/W  where CEC   35 is the
cation exchange capacity of the clay material and W is the total water of
the shaly 



sand in the zone of ionic diffusion. It has been found that the cation
exchange capacity is proportional to the volume of day V,,,,, in the
formation and that W is always equal to or less than the volume of water in
the invaded zone W1o which is equal to: 40
WX=O.eSx +VciayWciav                                     40 (12) In
equation (12) the term e8Sx0 gives the total water content of the invaded
zone and the term W,,,y gives the amount of water bound to the clay
particles. To determine the magnitude of W.jy the following equation can be
used: Pwet clay=(l  Wclay)Pdry ciay+Wciay (13) 45      The density of dry
clay, Pdrycays is usually of the order of 2.85 although other values  45
may be used according to geological experience. The density of wet clay can
be deter- mined from the CID-PN crossplot by utilizing the value of or, for
wet day and solving equation (1) for Pa,. To determine the magnitude of
Vt.iay, it is only necessary to know the silt index and V91 to find V,,ay
from equation (5). 50          It has been found that the relationship
between Vc1Jy/Wx0 versus the spontaneous  50    74 bit
1,344,194                                          10 potential can be
approximated with a linear relationship. Thus, if this relationship is
known and W., is known, then the measure of spontaneous potential at each
depth level can be used to find Volay. Then, using equation (5), Vs., can
be determined. However, it is first necessary to determine the relationship
between V,,1,,/W,, and the spontaneous 5      potential.
5 In accordance with another feature of the present invention, this is
accomplished by plotting V.,.,/WO versus spontaneous potential and drawing
a line which incorpor- ates the best fit to the plotted points. Such a plot
is shown in Figure 12. Rather than consider all spontaneous potential
values, i.e., those falling along the 10      entire length of the
calibration curve 33 of Figure 12, it has been found preferable to  10
consider only those points corresponding to pure shales and clean sands,
and define the center of gravity of both clouds of points. Then, a
calibration line can be drawn between these two centers of gravity. In
Figure 12, the points 34 and 35 represent the center of gravity for the
clouds of points corresponding to shale and sand, respectively. 15      The
reason for this center of gravity approach is that if all points were
considered,  15 an excess of either shale or sand points could unduly
influence the position of the cali- bration line 33. Once the position of
the calibration line 33 is known, measured values of the spontaneous
potential can be utilized with the plot of Figure 12 to determine the mag-
20      nitude of V,,,./W,, for each depth level. Values of qe., S.,, and
SI can be determined  20 with other data in a manner to be described later
and equations 5 and 12 can then be solved for V,,,. As will be set forth in
detail later, the characteristic spontaneous potential in clean sands and
shales should be determined. The characteristic spontaneous potential in 25
shales is designated (SP),1, and the characteristic spontaneous potential
in sands is  25 labeled the "static spontaneous potential" or SSP. In the
past, it has been necessary to obtain such values from a visual inspection
of a spontaneous potential log. However, such a visual inspection method
does not always give accurate values of these two para- meters. For
example, a shale or sand bed must be fairly thick before an accurate value
30      of (SP),h and/or SSP can be determined. If the shale or sand beds
are not thick enough,  30 the chosen values of these two parameters may be
in error. SSP is the SP value in clean sands and (SP),h is the SP value in
a formation of 100% shale. It has been found that neither of these
parameters will vary significantly over the length of a borehole provided
the water salinity remains constant. Thus by 35      determining these two
parameters, the SP calibration for all depth levels in terms of  35 Voa, is
known. In accordance with another feature of the present invention, values
of (SP)0,1 and SSP can be determined from the V,,a,/Wn versus SP crossplot
of Figure 12 in the following manner. To determine the value of (SP).,,,
Vol,,, is set equal to "1" to 40      give the quantity 1/W,,Ia on the
vertical axis of the Figure 12 crossplot. Then the    40 value I/W.,.,, is
utilized in conjunction with the calibration line 33 to determine the value
of (SP)01,. To determine the value of SSP, the fact that V011. must equal
zero in clean sands is utilized. Thus, the intersection of the calibration
line with the 



V~010y/W~=0 axis gives the value of SSP. 45          Knowing (SP),,, and
SSP which gives the position of the calibration line 33 of     45 Figure
12, Vc,,, can be determined. Then, combining equations 5 and 12, Vh from
the spontaneous potential log, (Vsh)sr, can be written as: ( 1 SIX   WC1d
SSP-(SP)         (15) Another log which can provide an indication of the
amount of shale is the gamma 50     ray log. In this regard, it has been
found that the relationship for the magnitude of the  50 gamma ray log
normalized for bulk density in terms of the volume of silt and clay, V,,it
and Vca,, respectively, can be written as: GR - p,,=A+B V1,; +C Vd,;y (16)
where: "A" is a calibration coefficient giving the background radiation,
i.e., the gamma 55      ray count rate in clean water sands; and "B" and
"C" are calibration coefficients relat-  55 ing to Vlt and Viay,
respectively. By multiplying the natural gamma ray count rate GR by the
bulk density Pb, the gamma ray count rate is normalized for variations in
11                                           1,344,194
25           11 bulk density. By combining equations 3, 4, 5 and 16, the
volume of shale given by the gamma ray log, i.e., (VQ),uR is given by the
relationship: Pb * GR-A (VEII)Gw -(17) B(SI) + C(1-SI) Before using the
gamma ray log to provide a quantitative indication of the shale 5
volume, it is first necessary to determine the calibration coefficients A,
B, and C. To   5 accomplish this, in accordance with still another feature
of the present invention, a statistical fit is made between the gamma ray
measurement and the amount of silt, clay and background radiation in the
formations. Turning now to Figure 13 a three-dimensional plot of gamma ray
versus V 10      and V11lt is illustrated. The gamma ray axis is the
vertical axis in Figure 13, while the  10 Vsilt and Vd11, axes are the
horizontally aligned axes to the left and right respectively in Figure 13.
By utilizing measures of Vii, and Vcay derived from the 0OOD cross- plot in
conjunction with the gamma ray count rate, GR, for each depth level, a
point can be plotted on the three-dimensional plot of Figure 13 for each
depth level. A plane 15      of best fit can then be drawn in Figure 13.
The intersection of this plane with the GR   15 axis gives the magnitude of
the calibration coefficient "A" since the GR axis coincides with
V81t=V,,,,=0, i.e., clean sands. To determine the calibration coefficient
"B", it is only necessary to set V~lit equal to "1" and V0,,, equal to "0"
in equation 16 which corresponds to looking at the axis 20      Vsii,=l in
Figure 13. The total length of the vector from the V1il axis at the point
20 V~ilt=1 to the plane of best fit gives the total normalized gamma ray
reading in this case. Thus, since in this case, V9i,, is equal to "1", the
length of this vector from the V",, axis to the plane of best fit along the
Vs1,,1=1 axis will be equal to A+B from equation 16. Since A has already
been determined by the intersection of the plane of 25      best fit with
the GR axis and can be projected onto the V1ilt=1 axis, as indicated in
25 Figure 13, the remainder of the length of this vector is equal to "B".
The same reason- ing applies to the determination of the calibration
coefficient "C" from the vector between the Vcn, axis and the plane of best
fit along the Vc,,,=1 axis, as shown in Figure 13. 30          If all the
gamma ray measurements were indiscriminately plotted in Figure 13,
30 it would be conceivable that there would be a great many more points
plotting near one apex of a triangle which defines the plane of best fit
than the others, thus giving rise to the possibility of points derived from
one type of formation unduly affecting the position of the plane of best
fit. To alleviate this problem, the plotted points are segre- 35      gated
into three groups corresponding to clean sand formations, shales having a
pre-     35 dominance of clay, and shales having a predominance of silt.
Clouds of points corres- pounding to clear sands, predominantly clay
formations and predominantly silty shales are indicated generally in Figure
13 by the designations 37, 38 and 39 respectively. The centers of gravity
for each of these three clouds of points are then computed and 40      such
centers of gravity are utilized to define the plane of best fit. Thus, the
points 40,  40 41 and 42 represent such centers of gravity. The
determination of the calibration co- efficicnts A, B and C is then made in
the manner described above. 



Once the calibration coefficients A, B and C are determined, these
coefficients can be used in conjunction with the measurements of gamma ray,
GR, and bulk density, 45      pi,, and values of silt index, SI, derived
from the fD-qs crossplot, for each depth level  45 in the borehole in
accordance with equation (17), to give indications of the volume of shale
indicated by the gamma ray measurement, i.e., (VS.I)Gn. A third indication
of shale volume can be derived from the measurements of resis- tivity in
hydrocarbon zones. In hydrocarbon zones of irreducible water saturation,
the 50      following expression applies:
50 1     WirrVsh      Wirr2 _=                -+I
(18) R,        eRsh      8R(1 where Rt is the resistivity of the
non-invaded portion of the formation; Rr is the resistivity of the connate
or natural formation water which can be derived 55              from water
tables supplied by geologists or by other well-known techniques;       55
and Wirr=<)eSirr                          (19) where Si,., is the
irreducible wvater saturation.    12. If1,344,194
12 Irreducible water takes the form of water which clings to the grains of
the formation material because of capillary forces and which cannot be
displaced. In clean formations, Wir, tends to remain constant and can be
described by the relationship: 5                         jcleon = (-8Rw)
1/2                          (20)                      5 ' RIt In shaly
formations, the irreducible water volume can be described by the relation-
ship: Wirr VWclean+i Vs1( (21) where i is usually chosen to be 0.1. 10
After computing a lower limit of W,1,1, by using in equation (2) the
highest resis-  10 tivity recorded in the hydrocarbon zone, a value of Vsh
derived from the Rt tool, (V8,,)R,, can be found by simultaneously solving
equations (18), (19), (20) and (21). Since the lowest limit of WoIcazn was
selected, (V,,,),, will be equal to or greater than the true value of Vs.,.
15          Another shale indicator based on the maximum volume of shale
permissible for         15 clean sands fully saturated with gas can be
derived. On the PN-1'D crossplot, clean sands fully saturated with gas will
fall on a straight line passing through the origin of the crossplot. The
slope of this gas sand line depends solely on gas properties. As will be
set forth in detail later, the data points on the +-'--  crossplot are
corrected 20      for shaliness in accordance with the amount of shaliness
indicated by the shale indica-  20 tors. If this shaliness correction moves
the 'Pn,'#d data points beyond this gas sand line limit, it is known that
the amount of V8,, indicated by the shale indicators was too high. Since
all of the shale indicators are presumed to indicate maximum limits of
shaliness, the magnitude of Vsh which would correct the data points to the
gas sandline limit: is 25      chosen to be the most accurate indication of
shale volume. It has been found that the    25 relationship for the volume
of shale given by the gas sandline limit shale indicator, (Vah)g, can be
written as: 0   X  - O (V$h)        =                               (22) 30
7  [(85()Iim)  +3(Og)Jim                   (23) The lower limit of gas
density (pg)it,j is computed as a function of depth in accordance with the
following expression: 5  Dep,   /Depb2   2 (Pg)iim         2 I    1000
+2000)          (24) 10 D0+    ep'h D(epth where "depth" is in feet. 35
Another upper limit on the volume of shale can be found based on the fact
that      35 



the invaded zone water saturation S.,. must always be equal to or greater
than the uninvaded zone water saturation S,,. The reason for this is that,
before the borehole is drilled, both the uninvaded zone and the region
called the invaded zone after the bore- hole is drilled have the same water
saturation. When the borehole is drilled, the drilling 40      mud will
invade a portion of the formation called the "invaded zone" displacing the
40 naturally occurring fluids therefrom. The effect of this invasion is to
increase the water saturation if oil was present and displaced by the
invading fluid and to cause little change if no hydrocarbons were initially
present.    13                                             1,344,194
2 The water saturation of the uninvaded zone, S,, can be found from the
following relationship: 1    V~hS1   0e2SW2 R,      R~h      .8R, (25) The
terms of equation (25) have all been previously defined. 5            The
saturation of the invaded zone, S.~, can be obtained  from  the following
5 expression! 1     VAhS..~ 'So Rx.    (Rsb)ZO      .8Rfn (26) where R.,.
is resistivity of the invaded zone, (R,,,).. is the invaded zone
resistivity of shale formations, R,, is the resistivity of the mud filtrate
which invades the invaded 10      zone. Rf can be determined by well known
techniques. If an R,,. device is not avail-          10 able, the invaded
zone water saturation can be approximated from Sw in accordance with the
following expression: (27) Since, as discussed above, S., must always be
equal to or greater than S., S.,, in 15      equation (26) can be set equal
to Sw in equation (25) and these equations solved for          15 V.,,, to
give an upper limit on V~h based on the water saturation ratio. By so
doing, V,,, given by the saturation ratio shale indicator, i.e., (V,,,),,
is given by the following relationship: RmF _Rw (Vs)          Rx0      Rt
(8 Ws-Sw    R~f    Kw                            (8 S Xo    Rsh 20
Another indicator of the upper limit of shale volume is derived from  the
ratio          20 between the neutron derived porosity 'on to this porosity
in shale. Thus O~n)I (29) The reason why this gives an upper limit on V.,,
is obvious from equation (7) since -p is minimal when shale is the
greatest. 25           A seventh indicator of the upper limit of shale
volume can be derived from the           25 fact that a solution of
equations (6), (7), (10), (11) and (26) should give a value of hydrocarbon
density phy which is equal to or greater than the gas density limit
(p,)iijni. Reciprocally setting Pty = (Pg)iihn permits us to compute from
the same set of equations, a value (V.,h),y which is at least equal or
larger than the true value thereof. 30           The terms R.,, and
(R~h),,O have been used in a number of equations expressing           30
the shale indicators discussed above. In the past, the determinations of
R,, and (R.,,),. have been brought about by inspection of R, and R.4, logs
in front of what was esti- mated to be representative of shale zones. In
this prior technique, values of Rt and R0 in shale zones was assumed to
represent R.,, and (R~h)x0, respectively. 35           Thus, in accordance
with another feature of the present invention, more accurate         35
values of R~h and (R,,),,. are computed. These values of R~h and (R~h)10,
can, in accord- ance with the present invention, vary from one depth level
to the next according to the composition of shale. To determine a
representative value of R,,, at each depth level, in accordance with 40
the present invention, a statistical routine is utilized to determine the
resistivity of a    40 formation as if it had 100% clay. It has been found
that the resistivity of the clay, RC(,usually does not vary from one
formation to the next in any geological area. How-  



1,344,19'                                            14 ever, as discussed
above, the resistivity of the shale, R.,,, will vary in dependence on
distribution of the clay and silt. Thus, the statistically derived value of
Rtiay can be utilized in conjunction with the silt index SI to determine
the value of RW,, at each depth level. 5           It has been found that
the relationship between Rl,,, R. and SI is:                    5 Rclay
R=,, - (1- SI)' (32) By plotting the resistivity R, derived from a deep
investigation resistivity tool in shale beds versus 1/(1-SI)2, a family of
points such as shown in Figure 14 will result. A line 45 can then be drawn
in a manner to represent the best fit of all of the plotted 10      points.
In a 100%  clay filled formation, the silt index will be zero and thus the
term    10 1/(1-SI)2 will be equal to one. Thus, by projecting a line from
the "one" point on the 1/(1 - SI)2 axis to the line 45 and from there to
the R, axis, a value of Rv.,y is established. Then, as will be discussed
later, a value of the silt index, SI, at each depth level is computed and
used with the statistically determined value of R,,.y in equation 15
(32) to determine R.,, at each depth level.
1I The same technique is used to find the value of (         except that a
shallow investigation R.. tool is utilized in place of the Rt tool. This
value of (R0la,1)So can be utilized with values of the silt index, SI, to
compute (R.h)X0 at each depth level in the same manner as for R1,,. The
relationship for (R,,),,o is: 20
(R511)y0=                                                  20 (1-SI)2 (33)
Having explained how the various shale indicators can be derived, the
overall inter- pretation method of the present invention can now be
discussed. For this purpose, refer to the 4D-#1N crossplot of Figure 15
where the sand and shale lines and limit parabola 30 have been reproduced.
As discussed earlier, the #l,-4O crossplot can be utilized 25      to
determine the parameters VEI and #e in the absence of a hydrocarbon effect.
In         25 mathematical terms, this means that there are as many
unknowns in equations (8) and (9) as equations. As discussed earlier the
shale terms (0,)sh and (011),b in equations (8) and (9) constitute the
values of O., and OD at the point on the crossplot where the limit parabola
30 intersects the shale line (See Fig. 11). If this point of intersection
is to the 30      left of the shale point Sh,.,, Si. is taken to be the
characteristic shale point and (itp), and  30 (0IOBI will thus become (
and (OD),s, . As discussed earlier, the silt index is deter- 0 mined from
the location of this characteristic shale point. Mathematically, this
operation can be performed as follows. The limit parabola 30 in Fig. 3 can
be expressed as: 3ON (     hDsbD (0)sh = b   1-    (4- E)   (34).35 35  ($N
(h -                   -D)sh  L     (   (sh-(00)sh)2 (OD)sh can be
expressed in terms of the 6)s value of the wet clay point, (   and silt
index SI as: (+D~ll=D~lny(1 -SI) (35) Likewise, (Ps)1l1 can be expressed in
terms of the .0 value of the wet clay point, (0PN)eIly, 40      and the
silt index SI as:
40 (fiX)II(4Nelly(1 -SI) (36) Since (OnD)aay, (    are known parameters,
equations (34), (35) and (36) can be solved    15
1,344,194                         2!)               15 for (PD).h,      and
SI. If SI is greater than SIt (the silt index of point SILO), it is limited
to SI, and ('piXli and ('x,,, are set equal to ('p)4,1 and (Px),i- If there
is a hydrocarbon effect, the crossplot will give inaccurate values for Vsh
and <sp. In mathematical terms, this means that there are more unknowns in
equations 5      (6), (7), (10), (11) and (26) than there are equations. To
eliminate one unknown para-    5 



meter, the lowest value of Vh, produced by a plurality of the shale
indicators discussed above is utilized. This lowest value is designated
(V8h)ind. Since (V81,)ind is an upper limit value and not always the actual
value, it must be checked. To accomplish this, it is initially assumed that
there is no hydrocarbon effect and equations (8) and (9) are 10      solved
for '. using (VA,1)ind. The new shale corrected values for 'PN and '1) are
desig-  10 nated 'P1 and wD. Thus, iAx and AD can be written as: '2=CN
(Vbh)ind (GP,)Nh                     (37) 4D='pD-(V-hy)ind ('PD)%h
(38) These shale corrected readings X, and AD are then compared to
determine the location 15      of the new Ox,, MAD point relative to the
clean sand line.                               15 Graphically, referring to
Figure 15, this operation is depicted by moving the original plotted 0p,,
'ps point parallel to the shale line by an amount dependent on the computed
value of V.h from the shale indicators, as represented by the vectors 47,
48 and 49 in Figure 15. These equations cause the plotted point to move
parallel to the 20      shale line, and thus along one of the 1)p lines
(see Figure 3). The slope of this line will be  20 (OPD).), (''PX)h
Initially, only one value of the shale indicators (Vh))sp, (VoioI)G
(Vsh)nt, (Vsh)x and (Vs,)g, is retained for the purpose of this correction.
As noted before, the volume of shale computed for each shale indicator has
been derived in such a way that it must 25      be always either equal to
or larger than the true volume of shale. Consequently, the     25 lowest
value obtained from any of the shale indicators must be the closest to the
true value and is the one retained for subsequent use. If the correction
provided by (V8h1)ind causes the plotted '1), e's point to move to the 450
clean sand line it normally signifies the absence of a hydrocarbon effect
on the 30      tool readings, provided that the tool readings are
themselves correct. (Correct tool read-  30 ing refers to the absence of
such upsetting factors as borehole enlargement, thick mud- cake, etc.) An
example of this is shown in Figure 15 where the log readings give a plotted
point 50 and the amount of shale, given by the shale indicators moves the
data point by the length of the vector 47 to the point 51 on the sandline.
In other words, the 35      amount of shale given by (V8,)1nd was most
likely correct since the points should plot   35 on the sandline in the
absence of shale and hydrocarbons, i.e., the shale correction given by
vector 47, in effect, moves the plotted point 50 to a position on the
sandline where the point would have plotted in the same formation if free
of shale. This being the case, the initial point 50 can be utilized in
conjunction with the OD-O,, crossplot to 40      determine V.,,, e,) and SI
(and from SI, V0,,, and Vii,) in the manner represented in   40 Figures 2,
3 and 11. Mathematically speaking, equations (8) and (9) are solved for V.h
and he using the values of ('pD),,, and ('x), determined from equations
(34), (35) and (36) for the original, measured values of 'p. and OpD. The
solution of equations (34), (35) and (36) for the measured values of AXT
and IDr also gave SI which can be combined 45      with Vs., in equations
(4) and (5) to compute V,1,. and V6il,.                            45 Now
consider the case where hydrocarbons are present and do have an effect on
the tool readings OD and aps. It will be recalled from Fig. 3 that
hydrocarbons move the data point to the northwest. Thus, assuming that
(VAh)ind is accurate, the shale correc- tion given by (V8h)i>d will move
the point across the 450 clean sand line. Thus, assume 50      that
hydrocarbons were added to that formation which gave the data point 50. In
this     50 case, the data point 50 would be moved to the northwest and the
shale correction would move the point across the 450 clean sand line.
Taking an example of this, assume that 'p, and OpD plot at the point 52 in
Figure 15 and that the shale correction provided by the shale indicators
moves the plotted point 55      the length of the vector 48 to a new
position represented by the point 53. In this case,  55 the fact that the
shale correction has moved the point beyond, or to the northwest, of the
clean sand line indicates that the tool readings are probably affected by
hydro-    16                                         1,344,194
16 carbons in the formation. However, this must be verified since it is
also possible that the magnitude of the shaliness correction given by the
shale indicators may be too great. To verify that the lowest possible value
for (Vh)ind has been computed, in accord- 5      ance with another feature
of the present invention, a test is made to determine if S..  5 is less
than S. v. If it is, as discussed earlier, something is wrong since S.,
should never 



be less than S,,. It is then assumed that (V~h)ind is too large and a new
shale indicator is introduced. Since S.O or S. appears to be in error, the
water saturations in the invaded and uninvaded zones are computed with
equations (25) and (26) and used to compute 10      a value for (V.h)8 with
equation (28). Since V.,, and 0, are not known at this time, the  10 V.,,
value provided by the shale indicators, (V1h)ifd, is used for V.,, in
equations (25) and (26) and be is approximated with the following
expression: Odie) app_=/1/2 (a2,, _f t(39) where ad- and %D are the shale
corrected values for f  and rs,, e.g., the values for the 15     shale
corrected data point 53 in Figure 15.
15 If (Vsh), becomes the minimum V.1, value given by the shale indicators,
it becomes the value of V,,, provided by the shale indicators, i.e., it
becomes (V8,11)j1d. In this event, it is also possible that the value of
Vs,, provided by the spontaneous potential shale indicator, i.e., (Vsh).P,
may turn out to be less than (V811)ind. It will be recalled from 20     the
discussion concerning equation (15) that the magnitude of (V.h).P is
dependent on   20 the invaded zone water saturation S., which initially was
set equal to 1 to give a first approximation of (V,,,).,. Thus, a new value
of (V8,,),, is computed using the newly computed value SX. Then, if this
new value of (V,,,)8p is less than (Valh)ind, this new value becomes the
new V.,, value provided by the shale indicators. 25          After the best
possible value of (V6,,)ind is derived, the next step is to determine  25
if the new shale correction moves the data point to or near the clean sand
line. If the data point still moves past the clean sand line, it is
determined if the resistivity logs agree with the apparent answer provided
by the qN-)1, crossplot, i.e., that hydrocarbons are present in the
formations. S. and S,. are recomputed and used to check this. To this 30
end, if the recomputed values of S.. and S, are both approximately "1", it
means that  30 the resistivity logs are indicating that there are no
hydrocarbons. This, in effect, means that the answers provided by the
OXN--D crossplot and those provided by the resistivity tools are in
conflict. The logical reason for this conflict is that (V.11)ind is too
large, which is always a possibility in view of the manner it is derived.
Consequently, (Vbh)id 35     is then decreased until either the shale
corrected data point is on or near the clean sand  35 line or the
resistivity tools indicate the presence of hydrocarbons. (Recall that S,
and S.. are both functions of Vs., and thus will change as (V]h)ind
changes.) Referring back to Figure 15 the shale corrected data point 53 on
the crossplot indicates that there is a hydrocarbon effect because the
point 53 plots to the northwest 40      of the clean sand line. Assume that
the resistivity tools, on the other hand, indicate that  40 there could not
be any hydrocarbon effect and thus the amount of shale correction pro-
vided by the shale indicator (V8,,)iid should have brought the originally
plotted point 52 to the sand line at the point 55. The length of the shale
correction vector is then decreased until either the point 53 is returned
to or near the clean sand line or the 45      resistivity tools represented
through S, and S,,,, indicate a possibility of hydrocarbon  45 effect. In
this latter case, the original data point 52 is corrected in accordance
with the magnitude of the hydrocarbon effect. As an example of this, assume
that the shale cor- rected point 53 is moved back to the point 56 before
the resistivity tools give an indica- tion of hydrocarbons. In this event,
the vector 51 closes the gap to the clean sand line. 50      This has the
effect of moving the initial point 52 in a direction parallel to the vector
So 57 and by the same length to provide a data point 57a which corresponds
to the initial data point 52 corrected for the hydrocarbon effect. This
corrected data point 57a is then analyzed by the  -XPD crossplot in the
manner discussed earlier to derive values of 4'e, V~h SI. 55          If,
on the other hand, the shale corrected point 53 had been moved all the way
55 back to or near the clean sand line, the original data point 52 would be
used for this purpose. In other words, there would be no hydrocarbon
correction. Referring back to the point in the discussion where S. and S.,
were both checked for an indication of hydrocarbon, if it had been
determined that both S,. and S.. are 60      sufficiently less than 1 to
indicate the presence of hydrocarbon, the value of hydro-  60    3 i 17
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used in equations (10) and (11) is checked to determine if it is lower than
the lowest possible value of hydrocarbon density. This lowest possible
value is the gas density limit value (pg)iiii given by equation (24). To
compute the value of phi, equations (6), (7), (10), (11) and (26) are
solved using the value of Vh given by 



5       the shale indicators and value of SI, (01,)Bh and (0Px)sh, picked
from the OIN-4D cross-  5 plot or from equations (34), (35) and (36). If
pl, is greater than (pg)iiiii, i.e., Ph- is acceptable, it is assumed that
the answers provided by the solution of equations (6), (7), (10), (11) and
(26) with values of (fn)ah and ('2by)sh produced from equations (34), (35)
and (36) are accurate. Then, knowing 10      Vh\T,  and SI, V0,1, and Vsil,
can be computed from equations (4) and (5).                10 Turning to
Figure 15, this operation takes the form of moving the shale corrected
point 53 the length of the vector 54 to a new point 58 on the 450 sandline.
The corres- ponding correction due to hydrocarbon can be applied to the
original point 52 and moves this point to a new location 58A. This is the
location of the shaly sand point as 15     if not affected by hydrocarbon.
Consequently, this point 58A can be validly utilized in    15 conjunction
with the pe and Vs., lines of the ObN-0D crossplot to compute q' and V~h
(or with equations (8) and (9)). Additionally, the location of this point
58A also determines SI. In this example, the point 58A is within the shaly
sand area of the crossplot and thus the silt index is 20      SI.
corresponding to the shale point Sh0.
20 If, on the other hand, the hydrocarbon density test had failed, i.e.,
Phy had been less than (pg)iit, there is a clear indication that something
is wrong-one of the read- ings or computations is in error. A likely
candidate is the value of S.,. given by the Rx0 tool, often influenced by
borehole or mudcake effect. To check this, an approximate 25      value of
S., is computed using the value of S,, given by the R, tool in accordance
with   25 equation (27). This equation is rather empirical and leads
generally to reasonable values of S,,. If this new computed value of S1,,
designated (S.O>, is less than the value of S.. computed from the R.0 tool,
it is assumed that the value of SXO computed from Rx( is wrong. On the
other hand, if (SXo), is greater than or equal to the value of S,,, 30
derived from R.,, it confirms that SX0 from the R.0 tool is reasonably
accurate and that  30 the error is caused by the value of Vsh given by the
shale indicators being too large. Consequently, V811 is decreased until the
Ph, is equal to (pg)nim whereupon the hydro- carbon effect is computed to
enable the subsequent computation of V~h and (/e, with equations (6), (7),
(10), (11), (26) using values of (ON)sh and (01D)) given by equations 35
(34), (35) and 36). From these new values of VAh and Obe, a new value of S.
can also     35 be computed, S.. being computed from the simultaneous
solution of equations (6), (7), (10), (11) and (26). Graphically, the
operation of reducing (V~h)ind is the same as dis- cussed earlier where the
data point 53 was moved back to the point 56 to give the hydro- carbon
effect vector 57 which in turn moved the original data point 52 to the new
posi- 40      tion 57A for analysis by the Os-'On crossplot.
40 Now, consider what happens when the shale correction vector moves the
plotted data point to a position to the right or southeast of the 450
sandline. Such a situation is depicted in Figure 15 by the shale correction
vector 49. moving the initial data point 63 to the position 64. This
situation is incompatible with the underlying criterion of 45      the
method that the value of Vh given by the shale indicators should always be
equal     45 to or greater than the true value of Vhg. It is, therefore,
assumed in this case that Vsh given by the shale indicators was correct but
that either the value of O'h or OD is inaccurate. This implies that either
'bN reads too high (effect of borehole enlargement or mud- 50      cake) or
the density of the sand grains has locally increased (spy too low). Then,
{x is  50 checked to determine if it is compatible with the maximum value
that can be expected in this sand. Mathematically, the Ax value of the
shale corrected data point O., is given by: (V'N)Iim=  F2 [I  (Vsh)Zinfd (i
- SI)        (40) 55      If 42W is greater than (v%)mn, 'N is adjusted
until the corrected data point falls on the  55 450 sandline. In Figure 15,
this operation is depicted by the vector 65 moving the corrected point 64
to a new position 66 on the clean sandline. Accordingly, the original data
point 63 is moved in the same direction as the vector 65 and for the same
distance 60      thereasto the new position 66A. (Note: In this case, the
original data point would fall  60    18
1,344,194                                          iS to the right of the
limit parabola even though not shown that way in Figure 15.) This new data
point 66A is then analyzed by the crossplot to find the values of Vile, qe
and Si.. 



If ON is compatible with the above test, then it is assumed that the value
of matrix 5      grain density, pn is in error and piii is adjusted until
the data point moves to the clean  5 sand line. In Figure 15, this
operation is depicted by the vector 67 moving the shale corrected point 64
to the new position 68 on the clean sand line and the corresponding
movement of the original data point 63 to the new position 68A. There is a
limit on the amount of adjustment made to p,,,. p,,,, and thus qpl, (See 10
eq. 1), is adjusted only until it is equal to a predetermined limit value
of matrix grain  10 density. (In the example given by the vector 67 in
Figure 15, it was assumed that this limit condition was not exceeded.)
Thereafter, O.. is adjusted until the clean sand line is reached. The
discussion up to this point has assumed that the data points do not fall in
the 15      unlikely area. If a point falls into the unlikely area, it must
first be verified and eventu-  15 ally corrected before the analysis
discussed above can be performed. Since ON and q6]} is now presumed to be
doubtful, other data not influenced by the borehole effect is used to
control these values and to correct O., and 1,,. To this end, in accordance
with other features of the present invention, the porosity 6 derived from
the acoustic travel time 20     log and computed in accordance with
equation (2) and the values of Vs., given by the    20 SP, and Gamma ray
shale indicators are utilized to correct q.; and q,,. After making these
corrections, the adjusted data point can be analyzed in the manner set
forth above. Before discussing how the acoustic travel time derived
porosity 4s can be utilized to correct data falling in the unlikely area,
it would first be desirable to explain how 25     the acoustic data can be
calibrated for compaction correction in accordance with other  25 important
features of the present invention. This compaction correction factor is
designated CI, It is known that the porosity reading given by the neutron
tool is reasonably 30      accurate in clean water sands. It is also known
that the value of porosity given by    30 the sonic tool is also accurate
in clean water sands after it has been corrected for com- paction. Thus, to
determine the magnitude of the compaction correction, a crossplot of O.,
versus U-, can be used. Such a crossplot is shown in Figure 16. By plotting
a plurality of points on the 4ps versus ON crossplot, a line 70 describing
the best fit of the 35      plotted points can be drawn. The angle between
this line 70 and a line 71 designating  35 P.=ON gives the value of 1/C,,.
In other words, multiplying O,, by the factor 1/Cr should move the
statistical best fit line 70 to the position given by the line 71. Having
determined the factor 1/C,, it is now possible to determine the response of
the sonic tool in shales. To this end, a crossplot of 0p versus silt index,
SI, can be 40      used. Referring to Figure 17, there is shown such a
crossplot. A statistical fit of the  40 points given by this crossplot will
give a line 72 which indicates the relationship between O., versus SI. The
intersection of this line with the SI=0 axis gives the value of qua in pure
clay, i.e., (   and the intersection of this line with SI= SI. gives 0p in
the silty shale ( .s)b.., From this data the value of ., in any shale
formation can be determined 45      by its silt index from the equation:
45 (hush = (s)cIay i S, (V)5)ho-(S)cia1)       (41) To correct data points
on the ONs-qOD crossplot falling in the unlikely area with the acoustic
derived porosity 0l, it is assumed that if O. is greater than C, 50     the
value of porosity given by the neutron tool is inaccurate and the acoustic
derived  50 porosity is used in its place. However, the data point is moved
towards the origin until 4, CD =    19
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applied only when shale content is low because it has been found that this
correction is not usually accurate when the formation is shaly. This
correction is graphically depicted in Figure 15 by the vector 75 moving the
original data point 76 to a new position 77. 5           In addition to
using the compaction corrected sonic derived porosity              5 1'8
CI, to correct unlikely data points, a shaliness check is also made which
will correct these points which are very shaly. In this regard, a value of
Vah is computed from the new 



position 77 of the data point after the 10
10 CD correction and this value of V.,h is compared with the minimum value
of VSh computed from the gamma ray and SP shale indicators, i.e., (V81h)G0
and (V,1Qpz If the value of V.,, computed from the crossplot is less than
the minimum value of Vs., computed from the gamma ray and SP shale
indicators, the data point is moved in a southwesterly 15      direction
towards the intersection of the line W, CLd of Figure 2 with the O.=0 axis
15 until these new values of V,, from the corrected point on the crossplot
becomes equal to (Vs,D)ind. This operation is depicted in Figure 15 by the
vector 78 moving the cor- rected data point 77 to a new position 79. This
new position 79 then is analyzed in accordance with previous discussion,
i.e., the point 79 corresponds to the initial data 20      points discussed
earlier.                                                             20
After the best values of VAb 0et SI have been computed in accordance with
the techniques discussed above, these new values can be utilized in
equations (25) and (26) to compute new and more accurate values of St,. and
S. All of this data, V811, 0ev SI, S, and S., can then be recorded as a
function of depth to thereby produce logs. Addi- 25     tionally, new
values of hydrocarbon density Phy can be computed by simultaneous solu-  25
tion of equations (6), (7), (10) and (11) using the last computed values of
fe Vh,, Sxo and (4P,)a and (OD),h. Additionally, a parameter representing
the fluid density in the invaded zone, (pr)Xo, can be computed in
accordance with the expression: (Pf)xo= l  .7 [5/7 (1-tPhy) "p%  (1-sxo)]
(42) 30      Additionally, the permeability K can be computed in accordance
with one of the fol-   30 lowing two expressions: Kj= Swm (43) where c, n,
and m are coefficients chosen by the log analyst based on geologic
considera- tions, or [100 We3 2
3 35                       K2     W irr J-  A ]                        (4+)
35 where Wjrr is given by equation (21) when water saturation S,, is
appreciable, e.g., greater than two-thirds, and is equal to S, XOq. when S.
is not appreciable, e.g., less than two-thirds. The choice in selecting
equations (43) or (44) depends on what local experience in the area has
shown to apply. 40          With accurate values of 0,, S., and pl,, it is
possible to compute both the volume  40 of residual hydrocarbon and the
weight of such residual hydrocarbon in accordance with the following
expressions: (45) Weight,y,= V.,,, X Ph,                  (46)    20
1,344,194                                         20 Additionally a gas
index which permits us to recognize the presence of free gas in formations
can be derived from the values of O., Cp, u0a and 4'N as follows: fs/CpT'-x
(GI) = (47) In water or oil zones, O8/C, and O.x are mathematically equal
and GI remains close to 5      zero. In gas zones, the porosity ON is
decreased due to the low concentration of hydro-  5 gen in gas whereas the
value O, is usually increased-consequently the (GI). value increases
significantly above zero. As discussed earlier, there are three forms of
shale which can be found in any given formation, namely, dispersed shale,
laminated shale, and structural shale. The 10     volume of each of these
fonns of shale should equal Vs,,. Thus,                        10 Vsh = Vd
+ V1 + Vs r( (48) whcre Vd is the volume of dispersed shale, V, is the
volume of laminated shale, Vntr is the volume of structural shale. 15
These forms of shale are differentiated by the manner they affect porosity
in accordance  15 with the following expression: 



Oe +Vr) 1 -VL (49) Laminated and structural shales have been related
through the following expression: Vt=(Vt+Vstr) (2VVstr)
(50) (50) 20      This distribution can be solved by a simultaneous
solution of equations (48), (49) and  20 (50) assuming 0. to be constant
and equal to the value of (@z)Illax given by the 4PN4--D crossplot. Such
conditions are often considered in recent depositions. There is no need to
assume that Op. is constant and when the sonic log is available, the
following expres- sion can be substituted for equation (49) to thereby give
an accurate indication of the 25     shale distribution in a more general
way:                                             25 ,^ ='rb + V) + (VL + Vr
') ('sph1 (51) where (     is determined from the statistical routine
depicted in Figure 17, i.e., (     is determined from SI and the position
of the calibration line in accordance with equation (41). 30          In
the above discussion of the analysis of the :U-s and PD data, it has been
assumed  30 that the shale indicators had already been properly calibrated.
Since the 4.; and OD data for the entire formation interval is used to
compute several parameters used for this purpose as depicted in Figures 12,
13, 14 and 15, the data derived over the formation interval of interest is
analyzed for calibration purposes before the q: and 'OD data is 35
analyzed to produce Vsh, 4pe) etc. Thus, the data is processed in a
preliminary, first  35 sweep before the final interpretation sweep is made.
However, as can be seen from a number of the shale indicators equations,
hydro- carbons will have a significant effect on the shale indicator
calibration. Since the extent of the hydrocarbon effect can not be
accurately determined until the shale indicators 40      have been
calibrated and the shale indicators can not be properly calibrated until
the  40 hydrocarbon effect is determined, a difficult situation arises. To
overcome this problem, in accordance with other important features of the
present invention, three sweeps of the data are made. The first sweep
calibrates the shale indicators with the neutron and density data, assuming
the absence of hydro- 45      carbons. On a second sweep, a complete
interpretation of the data, including analysis  45    21
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effect, is made, using this preliminary calibration of the shale indi-0 0
cators. The hydrocarbon effect corrected data is then used during sweep 2
to more accurately recalibrate the shale indicators. It can be assumed
that, after this second sweep, the shale indicators are properly
calibrated. However, since the shale indicators 5      may not have been
properly calibrated during sweep 1, the interpretation analysis dur-    5
ing sweep 2 may be inaccurate. Therefore, a third sweep is made to analyze
the data using the recalibrated shale indicators. As many sweeps as desired
could be made. The accuracy would improve with each additional sweep.
However, it has been found that three sweeps are sufficient in most 10
cases.
10 To make the shale indicator calibration as accurate as possible, data
falling in the unlikely area is rejected during sweeps 1 and 2. During the
final sweep 3, this "un- likely" data is corrected and analyzed. These
three sweeps comprise what is defined as the "interpretation pass". Prior
15     to the interpretation pass, a "preliminary pass" is run to prepare
the data for the inter-  15 pretation pass and to produce a fh;-n frequency
crossplot. (In a frequency crossplot, the number of times that a data point
fell into each defined sector of the crossplot is printed at the sector
location on the crossplot. This frequency crossplot can then be used to
calibrate the tools and to select the parameters discussed earlier, i.e.,
SI., (+z)mox 20      etc. Concerning the first pass in greater detail, the
data is corrected for certain errors  20 caused by borehole, invasion,
mudcake, calibration, etc. Also, the neutron and density data is converted
into porosity units, the gamma ray measurements are normalized for
variations in density, and the apparent water resistivity, Re,,r is
computed. A log of Rwa can be used to determine the water resistivity Rwsa
for the formation interval of 25      interest. How to accomplish all of
these corrections and computations is well known      25 in the well
logging art and need not be discussed here. 



After this preliminary pass, the interpretation pass is run using the
measured data at each depth level as well as the parameters derived from
the preliminary pass. Con- cerning the interpretation pass in detail and
first considering sweep 1, after rejecting 30      data which falls in the
unlikely area on the SP-q-   crossplot, the data from each depth  30 level
is analyzed for shaliness according to the position of the data point on
the gf-P1, crossplot. By so doing, initial values of q,. and SI can be
derived for use in the shale indicator statistical routines. Since, during
this first sweep it is assumed that all forma- tions are free of
hydrocarbon effect, equations (8) and (9) can be utilized instead of 35
equations (6), (7), (10) and (11). Thus, equations (8) and (9) in
conjunction with equa-  35 tions (34), (35) and (36) will be sufficient to
solve for these parameters on the first sweep. Of course, if hydrocarbon
effect in fact exists, the parameters produced by the statistical routines
may be in error. However, this error is substantially eliminated dur- ing
subsequent sweeps. 40           Once the shale indicators have been
calibrated during sweep 1, it is now possible   40 to make a complete
interpretation utilizing the OD and fx data in conjunction with the
calibrated shale indicators. This is done during sweep 2 of the
interpretation pass. Dur- ing sweep 2, the hydrocarbon effect can be
accounted for since values of (Vgh)ifld are available even though not the
most accurate values thereof. Upon making a complete 45
interpretation, including correction for hydrocarbon effect, during  sweep
2, more      45 accurate values of pie SI and SXO are available. These more
accurate values are utilized to recalibrate the shale indicators. Thus,
after the statistical routines run during sweep 2, the shale indicators
will be accurately calibrated including taking into account the hydrocarbon
effect. 50           Now that the shale indicators have been accurately
calibrated, it only remains to   50 use these newly calibrated shale
indicators in conjunction with the derived well logging measurements to
make a complete and final interpretation for each depth level. This is the
function of sweep 3 of the interpretation pass. During sweep 3, data points
falling in the unlikely area are analyzed and corrected so that no depth
levels will be passed 55      over during sweep 3.
55 Finally, the data computed during sweep 3 is prepared for display or
recording and then outputted. The parameters computed in the interpretation
analysis, i.e., V.h, Vciay, Vai qpes Sw and S,,, can all be outputted.
Additionally, the volumes of laminated, dispersed, and structural shale,
VL, V,,, V3t,, permeability, gas index, residual hydro- 60      carbon by
volume and weight, bulk volume water (,eSw), can also be computed for dis-
60 play and recording. Moreover, synthetic gamma ray, SP and resistivity
data can be computed for comparison with the original data. Also,
statistical coefficients of fitness which can be used to evaluate the
reliability of the gamma ray or spontaneous poten- tial shale indicators
can be computed and displayed. 65          Having now discussed the
underlying techniques of the present invention, it is       65    2:2
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a specific embodiment for implementing these techniques. In this
connection, it would be possible to use a special purpose computer for
performing the analysis or it would be possible to use a computer program
for use on a general pur- pose digital computer. Because of the complexity
of the analytical techniques of the 5       present invention, it is
considered preferable to utilize the computer program approach.   5 In this
connection, Figs. 18, 19, 20, 21, 22 and 23 are programming flow dia- grams
representing one embodiment of the present invention. First, referring to
Fig. 18, there is shown a flow diagram representing the steps performed by
the preliminary pass discussed above. Each element in these flow diagrams
represents a step in the 10      program. After initiation of the
preliminary pass represented by an element 90, the        10 input
constants (p,,,, Atf, etc.) for the formation interval of interest are read
as repre- sented by block 91. Next, the data logging parameters are read
level by level as repre- sented by the block 92. Next, the logging data is
corrected for such things as borehole and calibration errors, as
represented by the block 93. Then the values of qt#p .Px and tl) 15
are computed level by level from the logging data as represented by the
block 94. The      15 corrected logging data, input parameters, and
computed values of f, qp and PD are stored on magnetic tape, for subsequent
use in the interpretation pass as represented by the block 95. At the same
time as the data is being written on magnetic tape, the 0s and  D data is
being stored in a drum to enable the production of a frequency qD 20
versus tax crossplot by, for example, a line printer, as represented by the
blocks 96 and  20 



97. As discussed in connection with Figure 2, the 0,, versus fit frequency
crossplot is used to draw the shale line and shaly sand trend line from
which (92)u22Xx, Cln,, Sh,,, (and consequently SI,,) can be selected. After
the preliminary pass has been completed, the interpretation pass is
initiated 25      (see Figure 19), as represented by the clement 100. The
interpretation pass immedi-        25 ately enters sweep 1 for the
determination of the calibration coefficients by statistical routines, as
represented by the element 101. Once sweep 1 is entered, the data stored on
magnetic tape from the preliminary pass is read level by level, as
represented by the block 102. Next, the constant parameters derived from
the frequency crossplots 30      and logs produced by the preliminary pass
are read and stored in memory, as repre-         30 sented by the block
103. Each data point which falls into the unlikely area of the fb5--D
crossplot (see Figure 11) is discarded and thus not considered during sweep
1. How to write equa- tions to segregate those data points falling in the
unlikely area can be easily accom- 35      plished by standard analytical
geometry techniques. Alternatively, approximation could     35 be made
which would require only linear first order equations. Thus, for example,
equations could be written to segregate data points falling to the right of
the line 106 and above line 107 in Figure 11 to segregate those data points
falling in this approxi- mation of the unlikely area. How to write
equations for such lines is well known and 40      need not be discussed
further here.                                                        40
After data falling in the unlikely area has been discarded, equations (34),
(35) and (36) are utilized to compute the silt index, SI, (~4s,), and
(PI-),h as represented by the block 109. Graphically, referring to Figure
11, this operation corresponds to drawing the parabola 30 through the data
point and the fp, point. The point where this para- 45      bola strikes
the shale line is designated as the characteristic shale for this depth
level  45 and the silt index is computed from this characteristic shale
point in accordance with the procedure discussed earlier. If SI is greater
than SI,,, SI is set equal to SI., (tN)s1 is set equal to (     and (#D)ol
is set equal to @xsh as represented by the block 191. 0 In Figure 11, this
corresponds to designating the shale point as Sh,, if the parabola 30 50
crosses the shale line on the silt side of Sh0. Having the value of silt
index SI, it is now  50 possible to compute values for gye Vqh, V,,,,y and
Vjj,1 using equations (4), (5), (8) and (9), as represented by block 192.
Graphically, in Figure 11, this corresponds to analyz- ing the data point
for these parameters assuming the absence of a hydrocarbon effect. At this
point, values of f,, Vslh Vll0y, VW1, and SI have been computed for use 55
in statistical routines to calibrate the shale indicators. These values are
approximations  55 because the hydrocarbon effect has not been considered.
During sweep 2, the hydro- carbon effect will be taken into account to
improve this calibration. Now that a first approximation of V,!, and SI is
available, it is possible to under- take a statistical analysis of the
resistivity of shale formations to determine R,2,,  in 60      accordance
with the techniques depicted in Figure 14. It will be recalled from a
discus-   60 sion of Figure 14 that this statistical analysis is
understaken only for points correspond- ing to data derived from shale
formations. If the magnitude of Vrh derived from step 192 and the gamma ray
count rate are both high and Rt is low, it can reasonably be assumed that
the data is from a shale formation. The decision element 193 determines
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23 if Vl,, is greater than (V8,,),, GR greater than (GR)1, and R1 less than
(R,)1 where 1 defines a limit value for these parameters. If the answers to
the questions asked by decision element 193 are yes, the value of SI
computed by step 109 and the measured value of R, are utilized to compute a
running average of Relay and (Roiay)xo in accord- 5      ance with
equations (32) and (33) respectively, as represented by block 194. In equa-
5 tions (32) and (33), R,1, and (R&h),0 constitute R, and R., for purposes
of making the statistical analysis. If the answers given by the decision
element 193 are no, step 194 is bypassed so that only data which is thought
to be derived from shale formations will be considered in making these
running averages. 10           It will be recalled from the discussion of
Figure 12 that the spontaneous potential  10 log is calibrated to provide
indications of (V8,,)1, by plotting Vcay/Wo versus the spon- taneous
potential for shale formation beds and clean waterbearing sand formation
beds. The center of gravity of the data points for each of these two types
of formations are then computed to designate the position of the
calibration line 33. 



15          The data points falling into these two classes are segregated
in sweep 1 through the  15 use of the gamma ray and deep resistivity logs,
as well as the magnitude of V,, com- puted in step 192. Additionally, the
spontaneous potential log itself is also utilized for this purpose. If the
spontaneous potential is relatively high and the magnitude of V,, computed
20      in step 192 is relatively low, it can reasonably be assumed that
the formation under    20 consideration is a nearly clean sand formation.
Thus, a decision element 195 determines if the spontaneous potential is
greater than a given limit value, SPLI, and if Vrh is less than a
designated limit value (Vsh)L1. If the answer to both questions is yes, it
can be assumed that a sand formation is being logged. In this event, a
running average of 25      V,,/W,. is computed according to
25 N1  1    Vciay o  N1    WXO where W.0 is obtained from equation (12),
and N1 is the number of samples. This value is designated (AVC)Sd. Also, a
running average of the spontaneous potential is com- puted in accordance
with the expression N, 1 30                                             - .
Sp..                                         30 o N1 This value is
designated (AVSP)sd. These two operations are depicted in blocks 196 and
197 respectively. If the answer to the questions asked by decision element
195 is no, the data is checked to determine if it corresponds to a shale
formation. In a shale formation, the 35      spontaneous potential and deep
resistivity, R,, should both be relatively low and both  35 the gamma ray
count rate and Vsh computed in step 192 should be high. It is the func-
tion of decision element 198 to ask all of these questions and thereby
determine if the data is being derived from a shale formation. If the
answer is no, the program exits the spontaneous potential statistical
routine. If the answer is yes, a running average of 40      V,.,ay/Wxo
using the expression
40 N,  1    Vc1.LY o   N,   W,, where N, is the number of samples. This
running average is called (AVC),s,. Also, a running average of the
spontaneous potential is computed for N, samples, which is called (AVSP),h.
These operations are depicted in blocks 199 and 200 respectively. 45
After computing these running averages, the program exits the spontaneous
potential     45 statistical routine. Next, the program enters the gamma
ray statistical routine to perform the opera- tion depicted in Figure 13.
It will be recalled from the discussion of Figure 13 that the data is
segregated into three categories corresponding to clean sands, shale forma-
50      tions having a preponderance of silt in one case and clay in the
other case. If the gamma  50 ray count rate is less than a given limit
value (designated 1,) and V,,, is less than a limit (Vs,),,, (see blocks
201 and 202) it can be assumed that the data is derived from a clean    24
1,344,194                                            24 sand and running
averages are made on GR * pi,, Vl ,y and V8j1, according to the expres-
sions N, 1 -  GR - PO, 1 N, Ns  1 N - Veo.y o N, 5           and
5 Ns 1 o N, If the decision element 201 had indicated that the gamma ray
was above the limit (GR)13, then a series of tests are run to determine if
the data points were derived from shale formations having a preponderance
of either clay or silt. First, a test is run to 10      determine if the
formation under investigation is primarily a shaly one. To this end,
10 as represented by the decision element 204, determination is made as to
whether Vs., given by step 192 is greater than a limit value thereof. If
the answer is no, the program 



exits the gamma ray's statistical analysis. (It is possible that data from
some depth levels will not fit either sand or shale formations sufficiently
well for statistical pur- 15      poses). On the other hand, if the answer
is yes, a test is made to determine if the forma-  15 tion is primarily
either silt or clay. In this connection, as represented by the decision
element 205 the question "is SI greater than (SI),," is asked. If SI
exceeds this limit value, the formation is presumed to have a preponderance
of silt and if it is less, the formation is presumed to have a
preponderance of clay. For those data points falling 20      in the silty
class, a running average of normalized gamma ray (GR- Pb) V.iny and VTilt
20 are computed as represented by the block 206. The same operation is
performed for the data points which fall into the clay class as represented
by the block 207. The equa- tions for steps 206 and 207 are the same as for
step 203 (except for the sample designa- tions N,, N4 and Nj). 25
The computational data derived from the statistical routines of sweep 1 are
stored    25 in memory as represented by the block 225. If the level
considered was not the last level, which question is asked by the decision
element 226, the program proceeds to the next level as represented by the
element 227 to run the same statistical routines for that level. If the
presently considered level was the last level, the data stored in memory 30
is utilized to compute SSP and SP.,, from the SP statistics as represented
by the block    30 228 in accordance with the following expressions: SSP=
(AVs)sd(Av)sh-(AvsP)sh (AVC)sd         (52) ss=  (AYC)Sh4AOVC)s(J SP=
4(AVC)sd) (AVSP) sh- (1(AVC)sh) (AVSP)sd   (53) (AVc~sh4Avcsd
(3 The calibration coefficients A, B, and C from the gamma ray statistics
are com- 35      puted as represented by block 229 in accordance with the
following:                        35 Calling the results of the running
averages made during the GR statistical routine in the following way: Silty
Shale Running Averages       Sand Class       Class       Clay Class 1 40
.-pGR                 G,             G,            G,
40 N 1 -  Vclbty            C,            C2            C3 N s _  Vffi,
S,             S,            S3 N    25
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'Ci-s3ci)6e24(s3c2-s2C3) 61t(S2C1-SlC2) 63 (54) B =   [(C1-C3) 624(C3-C2)
Gi + NC2-C1) 63]        (55) C = Tf [(S3-SI) 62f(S2-S3) 61 -t (SI-S2) 6.3]
(56) 5                      A s (s2C1+S1c3+S3C2) - (S2C3tslC2+S3C1) Before
proceeding to discuss sweep 2, it would first be desirable to summarize the
operation of sweep 1. As discussed earlier, the purpose of sweep 1 is to
run statistial analyses on a number of parameters used for V.h
determination from the shale indica- tors. Since accurate determinations of
V,,, given by the shale indicators is necessary 10      before a complete
interpretation analysis of the data can be performed, it is assumed,
10 as a first approximation, that the data from all depth levels exhibits
an insignificant hydrocarbon effect. Having made this assumption, it is
possible to solve equations 4, 5, 8, 9, 34, 35 and 36 and to use the
results in calibrating the shale indicators. Having a first approximation
of the calibration parameters for the shale indicators, it is now 15
possible to compute values of VAh from the shale indicators and thus
examine the effect     15 of hydrocarbons on the derived data. This is the
function of sweep 2. Unfortunately, if there is a significant hydrocarbon
effect in the formations being investigated, the calibration coefficients
for the shale indicators which were derived during sweep 1 will be
inaccurate and thus values of V.h derived from the shale indica- 20
tors will also be inaccurate. It therefore follows that the interpretation
analysis made    20 during sweep 2 would also be inaccurate. Therefore, the
results produced from sweep 2 will not be outputted as the final results
but will instead be utilized to recalibrate the shale indicators, this time
taking into account the hydrocarbon effect. After this recali- 



bration operation during sweep 2, the calibration coefficients for the
shale indicators 25      will be substantially accurate and thus can be
utilized during a final sweep to produce     25 a complete and accurate
analysis of the data. Thus it can be said that sweep 2 is for the purpose
of recalibrating the shale indicators for the effect of hydrocarbon.
Turning now to Figure 20, there is shown a flow diagram representing the
opera- tions performed in sweep 2. After entering sweep 2, the data
representing the constant 30      parameters and calibration coefficients
which have been stored in the memory, are read      30 as represented by
the block 240. As in sweep 1, the data from levels where the IN, I> points
fall in the unlikely area are discarded, as represented by block 241. Next,
that data which has not been discarded is analyzed and corrected for
hydrocarbon effect to produce new data values for ON and qq,, designated oc
and 4Dc as represented by the 35      block 242. This step comprises the
operations depicted by vectors 47, 48, and 49 in         35 Figure 15.
Before proceeding with the remainder of sweep 2, it would be desirable to
dis- cuss the operations performed in step 242. Thus referring to Figure 21
there is shown the hydrocarbon analysis portion of the program in detail.
40           After entering the hydrocarbon analysis routine, the value for
silt index SI is        40 initially set equal to SI, and SXO is set equal
to 1 as represented by the block 250. Next, (V~h)r;a is computed in
accordance with equation (17) utilizing the calibra- tion coefficient A, B
and C computed during sweep 1, as represented by the block 252. Next,
(Vsb)sp is computed with equation (15) using values of SSP and (SPa, corn-
45      puted in sweep 1, S,,o=1, (see step 250), and Wc,,0  determined
from  the crossplot         45 (block 253). It will be noted that equation
(15) for (V.Q)sp includes the term 0,. No value of S, is available at this
time. To get around this, a first approximation to 0,, designated (e)app is
computed with the following expression:    26
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(w-@sbsPH)2 1 (0D-(sb)SF($D)sh)  (59) Since (V.,h)sp is a term in equation
(59), equations (15) and (59) are solved simul- taneously to derive a value
of (Vs,,>,.. Then, as represented by the blocks 254 and 254a, (V.h). and
(Vh>) are computed with equations (18) through (21) and (29), respec- 5
tively.
5 The next step, as represented by block 255, is to compute a value for the
shale indicator (V,,h)g with equations (22) and (23) using the neutron and
density derived porosity parameters for the characteristic shale Sh0, i.e.,
('P),h and &nY> and a com- puted value of the gas density limit, (p(
),i,.,. This last parameter (p')"ii is computed 10      from equation (24),
as represented by the block 256.
10 The five shale indicators just discussed, i.e., (Vs,,i),;i, (V.,i)sr,
(Vsh)n , (Vs)., and (V,)), are considered to be the most reliable of the
shale indicators. Therefore, these five indicators are utilized, at least
initially to determine the value of (V,,1)i1,d. As repre- sented by the
block 257, (V1h)m0d is set equal to the smallest of these four shale indic-
15      tors. As will be discussed later, other shale indicators are
introduced if inconsistencies    15 appear in the results. Having a value
for (V.h)I,ld, it is now possible to correct the .  and 'pl) data points
for shaliness. To this end values of 5D and a-L are computed with equations
(37) and (38) as represented by the block 258. 20           Now that the
0,, 0D data has been corrected for shaliness with the shale indicator
20 (VSI)ind, the next step is to determine the position of the corrected
data point A-6, 1wi,, relative to the 450 clean sand line. It will be
recalled from the discusssion of Figure 15 that if the corrected data point
falls on or near the 45' sand line, the hydrocarbon analysis portion of the
program is completed. Then, the original data point is analyzed 25      for
V,,,, #,e SI. On the other hand, if the corrected data point falls either
above or       25 below the clean sand line, further steps must be taken.
In this connection, as represented by the decision element 260, the
question "is ill less than As" is asked. If the answer is no, it is next
determined whether 6s is approximately equal to AD, as represented by the
decision element 261, i.e., is the cor- 30      rected data point on or
within a given range of the 45' clean sand line. If the answer       30 is
yes, i.e., if the corrected data point is on or near the clean sand line,
the program exits the hydrocarbon analysis routine after setting the
corrected qs and , values, desig- nated x  and Orq, equal to the original
value of qO  and to,), as represented by the ele- ments 262 and 263. 



35           If the corrected data point had fallen above the 45' line, the
underlying assump-       35 tions of the method would be satisfied. In
other words, since all of the shale indicators are supposed to give
indications of V,., which are either equal to or greater than the true Vh,
the shale corrected data point ,s-, 4,, should fall either on or above the
clean sand line. if the shale corrected data point falls above the clean
sand line, it can be 40      assumed that either (V,,)i11,i was too large
or that a hydrocarbon effect does exist. Both   40 of these assumptions
come within the basic underlying premise of the method. How- ever, if the
shale corrected data point falls below the 45' line, it can only be assumed
that the derived measurements themselves were inaccurate or did not fit the
model, or that one or more of the constants have been incorrectly selected.
In this event, the pro- 45      gram proceeds to make certain tests to
determine what is wrong and to make suitable          45 corrections.
Before continuing with the discussion of the hydrocarbon analysis routine,
it would first be desirable to discuss some notations used in this routine.
The subscript "C" is placed after data which has been finally corrected.
Thus, A   and ',, represent the final 50      shale corrected data points
and 4xc and T)'r: represent the final hydrocarbon corrected      50 (if
any) data values which are outputted from the hydrocarbon analysis routine.
Graphic- ally speaking, in Figure 15, O.p\c, I., would represent the point
58a and 4sc, 4.;'nc would represent the point 53. Those parameters with
numeral subscripts, i.e., -it 1D2, etc. represent interim data values. 55
Concerning first the case where the shale corrected data point falls below
the line,     55 a test is made to determine if O-l\ is less than a given
limit value representing the ON value of the limit parabola. If it is not,
the shale corrected data point x), w, is moved to the 45' clean sand line
along a constant 4") line, as represented by the vector 65 in Figure 15,
thc original data point is then corrected by the same amount.    4 .1 27
1,344,194                                          27 In Figure 21, to
accomplish this, the limit value for vs. designated (#N)linI  is com- puted
with equation 40, as represented by block 261a. Next, as represented by the
decision element 262a, Zx is checked against (,X),Ibn If VN is greater than
(li,),, i.e., x is out of limits, as depicted in block 263a, a corrected
value of fi is computed in 5      accordance with the following expression:
5 ON=?DO+( (h)11d)- (q'1X1).h                (60) As depicted by block 264,
the final shale corrected density tool value 5D(C is set equal to the BD
value computed in step 258. The new value of (s is designated 4  to dis-
tinguish it from the original O,. 10          The computation of f.a, in
step 263a corresponds to moving the original data       10 point, ox, ftr,
an amount equal to the correction applied to the a-, 4,, point. Thus, in
Figure 15, it would correspond to moving the original data point 63 to the
point 66a. Since only the neutron data is altered, the final value of O],
outputted from the hydrocarbon analysis, designated :Prc, is set equal to
the original measured value Ala. 15      This operation is depicted by
block 264. As depicted by block 272, 1Arc is set equal to  15 (, computed
in step 263a. Returning to decision element 262a, if 7  is within limits,
the program proceeds to determine what change of the matrix grain density,
p.a would be required to move the All, x point over the 450 line. Then, as
represented by the block 266, OD is cor- 20      rected according to the
following expression:                                          20 1'I)  YNO
+(V,,1)111d . (o,,,>)            (61) Since only the density data is being
corrected at this time, 'Jc is set equal to Ax, as represented by block
273. This new value of OD, is designated ODi,. Equation (61) has the effect
of moving 25     the data point to the clean sand line by making #NC=jSDC.
25 Using OD,,, the value of pM is recomputed and designated pall. With this
new matrix density parameter Pai, it is now possible to check if Pal is
greater than a value of grain density which is known by local experience to
be unlikely to be exceeded. This limit value is labled (Pa)jii,. This
function is represented by the decision element 267. 30      If pm, is less
than (p)lij,., it means that the full correction is possible with the
density  30 measurement S,, i.e., it means that the data point can be moved
to the 450 sand line without Pat exceeding this limit. Thus, qDic is set
equal to qD, computed in step 266 and quiz is set equal to the original
data point tp,. In Figure 15, this corresponds to mov- 



ing the data point from the position 63 to the position 68a. This operation
is depicted 35      by block 268.
35 If the total ip, correction cannot be made because of pad exceeding its
limit, pa in equation 1 is set equal (p.a)Ii and ApE, is re-computed, as
represented by the block 269. Since this new value of 6P1,, designated
p,.-, represents the maximum acceptable correction for  ' i.e., the maximum
movement of the shale corrected data point 64 40      of Figure 15 towards
the clean sand line, the final corrected value PPlC' can now be set  40
equal to <   as represented by the block 270. At this stage, the corrected
data point has not reached the clean sand line because of the limit
(p,&),.j. To bring the data point the remainder of the way to the clean
sand line, A, is re-computed with equation (38) using the new value PD2, as
represented by 45      the block 271. Then a new value of q, is computed
according to equation (60), as rep-  45 resented by the block 263a. This
new value AN, is set equal to q  and the hydrocarbon analysis routine is
exited as represented by blocks 272 and 265. The operation of blocks 271,
263a and 272 corresponds to, in Figure 15, moving the shale corrected data
point to the 450 sand line by changing  x. Thus, the original data point
would change to a 50      new <*x value.
50 The discussion to this point in Figure 21 has concerned the analysis
which is undertaken when the shale corrected data point falls below or to
the right of the clean sand line. Now consider what happens when the shale
corrected data point falls above or to the left of the clean sand line. As
discussed earlier, this corresponds with the basic 55      premises of the
interpretation method of the present invention in that it indicates that
55 either a hydrocarbon effect exists or that (V,1),,,, is greater than the
true Vh. When the shale corrected data point falls above the clean sand
line, the deep and shallow resistivity measurements R, and R., are utilized
to determine which of these two conditions exists. To this end, first
approximations of Si and S.,, are computed 60     from equations (25) and
(26) using (V,,1),n,1 and (o,)lpp ,, as represented by blocks 280  60 and
281. If an Rx., measurement is not available, which question is asked by
the decision    28                                            1,344,194
28 element 282, S.x, is computed from equation (27) using the value of S,,
derived in step 280, as represented by the block 283. Now, having first
approximation values of SM, and Sv,, it is possible to compare S., with S.,
to determine if the saturation computations S,,, and S,, appear to be 5
feasible. This test is depicted by the decision element 284.
5 As discussed earlier, it is known that S,, must be equal to or greater
than S_. If S,.. is greater than SW, i.e., the answer given by decision
element 284 is "no", it is initially assumed that something is wrong with
(V,,Z)!id (From equations (25) and (26), it can be seen that V.,1 is a
parameter in deriving Sw and S,,, the value being used for 10      VAb in
these equations at this time being (Vsh)ind).
10 In this event, the R, and R.. measurements are utilized to compute a new
shale indicator (V.,),)., in an attempt to provide a value of Vh less than
(V.h)1nd. In Figure 21, (V,,,). is computed utilizing equation 28, as
represented by element 310. Then, as represented by the decision element
311, a test is made to determine if 15      (V.,,),, is less  than
(V.,,)111. If (V.,,). is less, then  (V,,l~tfd  is set equal to    15
(Vh)Q, as represented by block 312. A further check can be made of
(V.,)ind1 Since test 284 has indicated S,. to be less than S,,, and thus
presumably less than 1, a new (V.,)s1 can be computed taking the
hydrocarbon effect into account, i.e., a value of S.. from either steps 281
or 283 is 20      available for use in equation (15). (Remember that S,,
was initially set equal to "one"    20 in step 250.) This operation is
depicted by block 313 and the new value of (V,,Qs. is designated
(V.,,)sl,.. As represented by the decision element 314, a test is then made
to determine if this value of Vsh is less than (V~h)in.d If it is less,
(Vh)ind is set equal to this new value (V,,,)sl., as represented by block
315. 25           With a new lower value of (VI,)i,,0 those computations
which require (V.,h)i.id as   25 a parameter can now be improved since a
new more accurate value for (V.,h)ind is avail- able. Thus, after setting
(Vh)ild equal to (V.,)>., this new value of (V,1,)jnd is intro- duced back
into the program just prior to the 42, 4,, computation step 258. The pro-
gram then recomputes -,. and i1) and goes through all of the analyses
discussed above. 30      If, after the second time through this portion of
the program, S., is still less than S,,  30 (V.,b)4rI is recomputed using
the newest (0,)ap, I and S,,, data. If the newest (VOS,)Pr. 



value is still less than the new value of (V.,,)Ind, the program recycles
again. This con- tinues over and over again until this portion of the
program is exited either by the SXO<S, test 284 being satisfied or V.,,
values lower than the last (V5,1)i,.1 value being 35      no longer
computed.
35 Upon either event taking place, the program next determines if the R,
and R.,, data is indicating the presence of hydrocarbons, i.e., the "no"
answers from decision element 284, 311 and 314 carry the program to a
decision element 288. If the resistivity tools indicate the presence of
hydrocarbons, it only remains to make the hydrocarbon 40      effect
correction to the original measured ON, OD data. Prior to making this
correction,   40 the program insures that the computed hydrocarbon density
is at least equal to the density of gas (p,),i., computed in block 256. To
accomplish this in Figure (21), a test is then made to determine if S,, and
S, are both less than a given value approximating 1. In this example, the
given value is 45      .9. The asking of this question is depicted by the
decision element 288.                   45 Next, as represented by block
320, the hydrocarbon density is computed using the last values of %., and
A,> computed in step 258 and the last value of S.,, computed in either step
281 or 283. The following five equations are solved simultaneously: 50
F= 1 + 7 (1 + 2 (    Ip3.,,.8  S,.") 't'D/'N  (62)                   50
M=45F                       (63) N = 128 + 77F-35    N(64) X0 R=128t 32F -
224                               (65) 1-                       (65)
Mp3,32-Np,, + R=0 (66)    29
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solving for Piy in the set of equations giving ., OD for clean formations
(8), (9) together with equations (10) (11) relating (OD)h, and (tX)hy to
the density Phv and the SX0 equation (26). This operation is depicted in
block 320. The value of piy computed in step 320 is compared with (po)lim
which has been 5      previously computed, as represented by the decision
element 321. If phy is within limits,  5 i.e., the answer is "yes", a new
value of O., designated tel, is computed through a simul- taneous solution
of equations (6), (7), (10), (11) and (26) as represented by the block 322.
Next, this rp l value is compared with the earlier computed ( 1)app , as
represented by decision element 324, and if they differ by more than a
limit value designated --lo 10  (?~llla new value        I is taken, equal
to O,,, (block 323a) and new values of S,  10 and Sx. are computed using
this new value, as represented by the block 323. This new value is then
utilized to compute the new value of pity, i.e., the program returns to
step 320. The program continues to circle through this loop until the newly
computed values of Oel and (O,).,, becomes approximately equal, at which
time new values of 4s and 15      4y,) are computed using the last computed
values of q  Sx, and (V.h1)id in equations  15 (6), (7), (10), (11) and
(26), as represented by the block 325. The new  x and OD values are
designated oxp,, and Olr,. These values are the ones corrected for any
hydrocarbon effect and therefore may be used to recompute V.,, 0,2, SI,
(OpD)nh, (plX)sh- The purpose of this loop is to improve the value of
(+e)ap and, therefore the values 20      of S,, and pi,y. Initially the
value of (t~e)appi was only an approximation which could  20 not take into
account the exact value of hydrocarbon effect on the porosity tools,
because the exact value of Piy was not yet known. After each successive
approximation of pity on this loop, more exact values of fo can be
evaluated. After these new values of q0; and piD have been computed in step
325, new values 25      of SI, Vb and O. can be computed. Of these values,
SI is of particular interest because  25 it was assumed that SI= SI, when
computing (V4,h)i1. The new value SI which is more correct, will be used
now to recompute new values of (Vh)id by returning to block 252. Also the
true value So will be used in the computation of the SP shale indicator.
These values are set in block 328 and the data goes through the same
analysis again. 30      These new values are entered into the program just
ahead of step 252.                  30 It has been found that this
recycling operation with the new data values SI and S., is, at the most,
necessary only once. Thus, as represented by decision element 326, the
hydrocarbon analysis routine is exited (see element 328a) after one pass
through 



this decision element 326. 35          Referring back to the decision
element 321, if the computed PiY value had failed   35 the limit test, it
is first assumed that S,. is reading too low. As a check on this, another
S, value is computed from equation (27) using the computed value of S,,, as
repre- sented by the block 330. Then, as represented by element 331, a test
is made to deter- mine if (S.,)W is greater than the last computed value of
S,,. (Step 281 or 323). If it is 40     less than S,,,, it is assumed that
the R., measurement was erroneous and S,,, is set equal  40 to (SO)W, as
represented by the block 332. With this new value of S,, the program
returns to the step 320 to recompute piy. If the new value of SO brings the
computed value of pby above the limit, the pro- gram proceeds as discussed
earlier with this new value of S, ,O. On the other hand, if the 45      new
computed value Ph, is still too low, this indicates that the cause of wrong
values  45 of pi,, was not a bad R,,, value but excessive value of
(V.,h)ind. The program then branches to block 334 by the following process:
it recomputes a value of (S.)^,, (block 330) which is evidently equal to
the value S,. (because S,,, has been already set to (S,,,), in block 332).
50          Then the decision making block 331 recognizes that both S,,,,
and (S,,,),, are equal  50 and therefore branches to block 334 whose
function is to decrease (Vh>,)id by 1% before re-entering the program just
ahead of step 258 with this new value of (V,1)ind Then the program proceeds
as explained next. If (S..)U computed in step 330 turns out to be greater
than S,,O derived from equa- 55      tion 26, the program presumes that the
R,,, measurement is not at fault and instead    55 assumes that (Vi,))ind
is too large. In this event, as represented by block 334, (V4h>,d is
decreased by 1% and entered into the program just ahead of step 258. The
program proceeds to take this lowered value of (Vb)ind and go through the
entire analysis dis- cussed above. The program will continue to recycle and
recycle, each time decreasing 60     (V,,1)I,,, by 1 % until an exit from
the hydrocarbon analysis routine is found. For     60 example, graphically
speaking, the shale corrected data point may eventually be brought back to
a location near the clean sand line and thus the decision element 261 will
cause an exit from the hydrocarbon analysis routine, etc. At this point,
the hydrocarbon analysis has been completed and new corrected    go
4                       1,344,194
t0 values of O.- and ft1,, designated qxN and j,'Ic, arc available for
analysis by the remainder of sweep 2. Now returning to Figure 20, sweep 2
uses these new values prc and bloc to com- pute a new value of SI using
equations (34), (35), and (36), as represented by the block 5       340.
This new value of SI is designated SI4. As before, SI4 is limited to SI, if
it is   5 greater than SI., as represented by block 341. Along with this,
('P)sii and (+r))s are limited to (0S)sh and (     if SI>SI0. Next, new
values of qp Vh, V., and V,;,, are 0          0 computed using equations
(4), (5), (8) and (9) as represented by block 342. These new values are
designated o.., VSIL4, V(14 and Vmzt4. With these new values of 0,, and 10
VSb4, it is now possible to compute new values of S., and SxO using
equations (25) and   10 (26). This operation is depicted in block 343. At
this point, the analysis of the measured 4.y and 41), data has been
completed for sweep 2 and the corrected qN and TpD data can now be used to
return the statistical analyses to define the calibration parameters for
the shale indicators. 15          In addition to recalibrating the shale
indicators, sweep 2 also computes the sonic   15 compaction correction
factor C,, calibrates the sonic data and produces synthetic spontaneous
potential, gamma ray, and resistivity data derived from the equations used
in the statistical routines. This synthetic data is then compared with the
measured data to give indication of the figure of merit of the statistical
routines. 20           Now concerning how the synthetic data is produced,
in Fig. 20, the spontaneous      20 potential is reconstructed using the
values of Vlily, qwe and S., computed in steps 342 and 343, i.e. V.l,0y4,
014 and S,,4, as well as the values of SSP and SPF,, computed dur- ing
sweep 1. The expression for the reconstructed SP is: Velay SPe,,=SSP-
(SSP-SPUN)            (67) 'Pe Sxo+W.1ay Vulay 25      This function is
represented by block 344. This reconstructed SP value is a synthetic    25 



value derived from the equation (15). If the SP data was properly
calibrated, the reconstructed SP value should be sub- stantially the same
as the measured SP value. A figure of merit for the SP, designated FMs.,,
is computed by comparing the 30      reconstructed SP, SPee with the
measured SP, as represented by block 345. The           30 expression for
this SP Figure of Merit is: FMISP pi=  S~r(68) A decision element 346
determines if V,,1., is greater than a limit value thereof and by- passes
step 345 if V,,,, is too large. The reason is that we are interested in the
quality 35      of the reconstruction of the SP only where the SP is
important as a shale indicator to   35 determine the hydrocarbon effect.
Hydrocarbons appear in sands and not shales. Thus, the quality of
reconstruction of the SP in shale has no practical significance for pre-
sent purposes. A reconstructed gamma ray is also computed from the values
of V,,, and VOW, 40      as well as the calibration coefficients A, B and C
computed in sweep 1, according to     40 equation (16). This function is
represented by block 347. The reconstructed gamma ray designated GRree, is
compared with the measured gamma ray and a figure of merit for the gamma
ray, designated FM0p, is computed according to the following expression:
FM6t (6Rrec_6R.Pb b2 45      This function is represented by block 348. As
for the SP, the quality of merit of the    45 reconstruction of GR is of
practical importance only when the formation is not too shaly and therefore
is computed when Vh is not too large. When this is not the case, the
decision element 346 causes the program to bypass the gamma ray
reconstruction and comparison. 50           Both FMsl. and FMt:lt can be
averaged on a running basis to provide figures of      50 merit for data
over the entire formation section of interest.    31
1,344,194                                           31 Next, using SI1, :,
and V.,,,, the deep resistivity measurement Rx is reconstructed, assuming
100%  water bearing formation of resistivity Ra, in accordance with the
fol- lowing:                                                              4
(1 - SI)' V811 RW + 1.25oe Relay (70) '5      (The term RO is used here
because it has come to be the designation for the resistivity   5 of a
formation where S,= 1.) This function is represented by block 349. The
recon- structed R, is designated (Ro)rec. Next as represented by the
decision element 350 and block 351, the same operation is performed to
reconstruct R,, according to the follow- ing equation if an Rx,,
measurement is available: Rmr Relay 10                           (Rxo)re=
10 (1 - SI) V.h R,,t+ 1.25 Oe Relay (71) These reconstructed resistivity
values can be compared with the measured values to determine the presence
of hydrocarbons. Running averages of data to calibrate the SP, gamma ray
and resistivity data are computed in the same manner as for sweep 1. Since
sweep 2 has considered the hydro- 15      carbon effect, the calibration
coefficients will be more accurate after sweep 2 (if there  15 is a
hydrocarbon effect) than after sweep 1. This operation is depicted by
element 99 in Figure 20. This element 99 is shown in detail as the dashed
line box 99 in Figure 19. Next the program enters a statistical routine to
compute running averages of data which can be used to compute the acoustic
or the sonic compaction correction factor 20      1/C, and sonic response
in shale in accordance with the techniques described in Figures  20 16 and
17. This is represented by element 99a in Figure 20 which is shown in
detail in Figure 22. First, concerning 1 Cp 25      it will be recalled
from the discussion of Figure 16 that the slope of the line which best  25
fits data points on a 0s versus O. crossplot relative to the slope of the
line representing f/+x=l 1 gives a statistically averaged value of 1/Cp.
However, as discussed earlier, this statistical averaging must utilize
points derived from clean water sands. To insure 



that only such data points are utilized, a series of tests are run on the
data from each 30      depth level.
30 Referring to Figure 22, step 210 determines if V.,,., computed in step
342 is greater than a limit value thereof. If V.,, is less than this limit
value, a test is made to deter- mine if the sonic travel time readings At
are valid, i.e., to determine if they are low enough to insure the absence
of a cycle skip effect. (Cycle skip is caused by a tool mal- 35
function which causes the At measurement to be too high.) This test is
performed by      35 decision element 211. Next, a test is made to
determine if the VSh, value computed in step 342 is less than a limit value
thereof, which limit value is less than the limit value given in decision
element 210. This test is represented by the decision element 212. If the
test of decision element 212 is passed, the water saturation S" is computed
40      from equation (25), as represented by the block 213, and a test is
made to determine     40 if So is greater than a given limit value thereof
as represented by the decision element 214. If the test of decision element
214 is passed, i.e., the clean sand formation is primarily water bearing,
then a running average of 'Ps/$x using the latest data, i.e., x   is
computed as represented by block 215. Since 's/OPNC gives the slope of a
line 45      between the origin and the data point 0s, 4'NC (see Figure
16), a running average of      45 rp,/po will give the slope of the line 70
in Figure 16 which represents a statistical fit of all of the points
corresponding to a clean water sand. If any of these tests (211, 212 or
214) were failed (answer of No), the sonic statistical routine is exited.
To determine the response of the sonic log in shale, i.e., (0,)Jh, in
accordance with 50      the operation depicted in Figure 17, running
averages of U's, SI,, SI42 and SI4 X q. are  50 computed for data derived
from shale formations. To determine if a formation is prim- arily shaly, a
series of tests are run, the first test being the V,,, limit test
represented    32                                           1,344,194
32 by decision element 210. If this first test is passed, i.e., Vf,,, is
greater than the limit value therefor. Thereafter, tests to determine if
at, SP and Rt are less than given limits and if the gamma ray count rate is
greater than a given limit are made as represented by decision elements
216, 217, 218 and 219. If all of these tests are passed, i.e., if the 5
answer to each test is yes, running sums of Os, SI, SI2, and SI, X -. for N
(number of  5 levels) are computed using the latest data (i.e., SI4), as
represented by block 220. If any one of these tests are failed, the program
exits the sonic statistical routine. The running averages from sweep 2 are
stored in memory represented by the block 352. If the data being considered
is derived from a depth level other than the last depth 10     level, which
question is asked by the decision element 353, the program then goes to
10 the next level as represented by the element 354. If it is the last
depth level, new values of SSP, SPsh, Re,, (Rc!)x0, A. B and C are computed
from these new running averages, as represented by the block 355.
Additionally, the sonic travel time in shale of silt index SI,, (4.).h is
computed 15      from the sonic travel time statistics, as represented by
block 357, in accordance with   15 the following expressions: ($G) sh AS -
BS (SI)                           (71 a) A - (sI)2IxOs _z (SI) * is A  N -
Y (SI)     .0S ES    (SI) E7 Os - ! (SI) *-As N 2 (SI)I -(  (SI))Z 20
The average of s/ONC is automatically calibrated in terms of the sonic
compaction        20 factor CQ. (See block 356.) Lastly, the program
proceeds to sweep 3 as represented by element 358. As with the change from
sweep 1 to sweep 2, the calibration coefficients are carried over to sweep
3. The original measured values of U, and WD are used for each depth level
dur- 25      ing sweep 3, the 4'x, OD values computed during sweep 2 being
discarded.                 25 At this point, the shale indicators have been
recalibrated to take into account the hydrocarbon effect and figures of
merit have been computed to give an indication of the accuracy of the
calibration performed during sweep 1. With properly calibrated shale
indicators, it is now possible to run a complete analysis of the derived
well logging 30      measurements and produce computed output data for
presentation. This is the func-        30 tion of sweep 3 which will be
described next. Referring now to Figure 23, there is shown a flow diagram
of the operation of sweep 3. In sweep 3, the calibration data from sweep 2
which has been stored in 



memory is read for use during sweep 3. It will be recalled that during
sweeps 1 and 2, 35      data falling in the unlikely area is discarded
because of the possibility of its having  35 an adverse effect on the
statistical routines used for selecting the calibration coefficients. In
sweep 3, data points in the unlikely area are corrected before being
analyzed. The sonic derived porosity 0. and (Vsh)ind are utilized for this
purpose. As represented by the decision element 371, it is first determined
whether the 40      plotted data point 'N, or, is in the unlikely area, as
represented by the decision element  40 371. This same test is performed in
blocks 104 and 241 in sweeps 1 and 2. The tech- nique for determining if a
OX, iD point is in the unlikely area has been discussed earlier. If the
data point does not fall in the unlikely area, the program then proceeds to
analyze the data for hydrocarbon effect, as represented by block 242. This
hydrocarbon 45      analysis is identical with the analysis undertaken in
sweep 2 and need not be discussed  45 further at this point. If the data
point does fall in the unlikely area, and if -pe is less than two-thirds of
O., which question is asked by the decision element 372, the OD, ON point
is adjusted towards the origin OD, 4N=O until O- becomes equal to P,/Ca, as
represented by block 373. These new values for o, and -oD are designated O'
and p,,'. 50           Next, as represented by blocks 374, 375 and 376,
gamma ray and SP shale indi-       50 cators are utilized to compute Vsh
and the smaller of the two is selected. Before (Vb,,)sp and (V~h)Gn can be
computed, a value of S1 is necessary. This value can, for example, be
selected as the S1 of the shale point defined by the intersection of the
shale line with    33                                          1,344,194
33 a line from the sonic corrected data point to a point defined by the
intersection of the W-Cld line with the ON=0 avis (See Figure 2). How to
accomplish this entails stan- dard analytic geometry techniques and need
not be discussed further here. The value of S1 so defined is labeled Slap,
and is computed in step 373a. Step 374 uses Sl.,, 5      and the
calibration coefficients A, B and C computed during sweep 2 to compute
5 (V8A)GR with equation 17. As represented by block 375, the calibration
parameters SSP and SPsh computed during sweep 2, and Sl ,,,, are utilized
to compute (V~h)sp with equation (15). Then, as represented by block 376,
the smaller of these two values of Vsh are selected and called (Vsh)'i,,,1.
Next, another value for Vs., is computed using 10     the Os,' and qWl'
values produced in step 373 with equations (8) and (9), as represented  10
by block 377. As represented by block 378, a test is made to determine if
this computed value of Vs., computed in step 377, i.e., (Vsh)'51 is greater
than (V~h)'ind computed in step 376. If (V,1)'1111 is less than (V,I)'1,ld
the AN', fI'l point is adjusted towards the inter- section of the W-,pl,
line with the 0K=0 line until (Vsh)',,d is equal to (Vrh)'iLd as 15
represented by block 379. The new values for q)N and D, are used to enter
the hydro-    15 carbon analysis routine of step 242. If (VII)',ld had been
greater than (Vsb)'id the parameters ON' and oil' would have been used to
enter the hydrocarbon analysis por- tion of the program. After the new
corrected values of 0, and fiz,, i.e., PNC and ODc, have been produced 20
by step 242, these new values are used to compute new values of 0,, Vejay,
Vsilt, Vsh   20 and SI, as represented by block 381. These new values are
designated  es Vc15, V5i1t, V8,h5 and SI,. With the values of Van., VSit,
and SI,, as well as the gamma-ray calibra- tion coefficients A, B and C
computed during the sweep 2, the gamma ray is recon- structed as
represented by block 382. Next, the reconstructed gamma ray is compared 25
with the measured gamma ray and a figure of merit is computed according to
equation     25 (69) as represented by block 383. Additionally, the
spontaneous potential is reconstructed from the recomputed values of S.,
VWtI, and the values of SSP and SPsh computed during sweep 2, as rep-
resented by block 384. The reconstructed SP is then compared with the
measured SP 30      and a figure of merit is computed in accordance with
equation 68 in the same manner     30 as during sweep 2, as represented by
block 385. The data is then prepared for output, as represented by block
386. A detailed flow diagram of how this is accomplished is shown in Figure
24 and will be discussed next. Lastly, the prepared data is printed out
and/or recorded on magnetic tape or a film recorder, as represented by
elements 387, 35      388 and 389. As shown by elements 433, 434 and 435,
the program processes data from     35 each depth level in turn until the
last depth level is reached at which time it stops. Now, turning to Figure
24, there is shown a flow diagram representing the steps performed in
preparing the data for output during sweep 3. After the "prepare data for
output" routine is entered, new values of S.. and S,, are computed using
the latest avail- 



40      able data, i.e., that calibrated data computed during sweep 2. This
function is repre-  40 sented by block 400. Next the hydrocarbon density
Ph, is recomputed by simultaneously solving equations (6), (7), (10), (11)
and (27) using the latest computed values of 4N, qn, 4e, V,, and S,,,, as
represented by block 401. When Sx or S, is close to 1, thus indicating that
very little hydrocarbons are pre- 45      sent, the computed values of
hydrocarbon density play will show large fluctuations for  45 small errors
in the parameters which are used in the computation of pf,. In this case it
might be preferred to compute and print out optionally the fluid density in
the invaded zone, (pr),,,, instead of po,. Thus, the invaded zone fluid
density (pr)xo is computed using equation (42) as represented by block 402.
A decision element 403 is used to select 50      whether (pf).,, is to be
printed out (see block 404). If (Pr),, is not to be printed out, Ph,  50 is
printed out (see block 405) but only if there is a sufficient hydrocarbon
effect for the computed value of pfhv to be meaningful. As represented by
decision block 406, the func- tion q,,. BB. Vp, is computed and compared
with a limit values, where BB= 5/7 i(-hy)L-2ohY (i-so) 3 55      Pity is
printed only if this function is greater than the limit value.
55 The next routine prepares the computed water saturation S,. value for
output. When S,. is near 100%, the same type of problem discussed above for
the hydrocarbon density ph, also affects the water saturation S,,. To
circumvent this, the computed values of S,. are manipulated such that large
fluctuations in S,. on the high end of the 60      scale will produce small
fluctuations in the recorded value of S,,. Moreover, an expan-  60 sion of
S., is made for very low computed S,, values to take into account the fact
that    34                             4             1,344,194
34 at this low water saturation, the rock matrix becomes partly oil wet
which leads to erroneously low computed values of S_. Turning to Figure 26,
there is shown a plot of computed S. on the horizontal axis versus recorded
S, on the vertical axis. The dotted line 410 represents the linear 5
one for one relationship of computed S&  versus recorded S,,. The solid
line curve 411     5 gives the recording function applied to the computed
S, values. It can be seen from Figure 26 that for values of computed S.,
near 0 and 100%, there is very little fluctua- tion in the recorded values
of S_ This function is performed in the flow diagram of Figure 24 as
follows. First, the 10      computed S. is limited to one as represented by
block 415. If SW is between .6 and 1.0,    10 which question is asked by
decision element 416, S., is computed in accordance with the following
expression: 4 1  1-Sw)3f 5  (i-S.)3          (72) (Sw)record =    , l 15  '
-4    1 (See block 417). If S,, is between .4 and .6, which question is
asked by the decision 15      element 418, the actual computed value of S,,
is printed, as represented by block 419.     15 If SW is between zero and
.4, which question is asked by the decision element 420, S.. is computed in
accordance with the following equation: 4-10S .v (Sw)rnxordi-= Si +.02
(73) 1+105SI. S,, is function formed and printed in the sam  manner as S,,
is and need not be 20      discussed further. This function is represented
by block 422.                              20 Next, cumulative values of 6.
and  s,5,x(1-S,) are computed. This corresponds to integrating values of
fbe and 0. x (1- S,,). This function is represented by block 423. A blip is
then printed for every predetermined unit of cumulative qb, and qpe X
1-S,., as represented by block 424. 25           The next portion of the
"prepare data for output" routine is to compute perme-        25 ability
using either equation (43) or (44). Wlhich equation is to be used is
determined by the decision element 425. This decision is set by the
operator before running the program. If equation (44) is to bc used, it
must first be determined whether Wirr is to be 30      set equal to S.,se
or a value determined from solving equations (20) and (21). This is    30
determined by looking at the value of wzater saturation S&, (see decision
element 427). If SW is greater than two-thirds, Wir., is set equal to the
value formed from equations (20) and (21), as represented by block 428. On
the other hand, if SWv is less than two- thirds, Wi,, is set equal to
S.."1, as represented by block 429. 



35           Steps 439-442 are used in the computation of the percentages
by volume of the        35 different forms of shale using equations (48),
(49) or (51) and (50). It will be recalled from the discussion of Figure 11
that if the measured values of Px and ha, give a point on the qN-D
crossplot which falls to the left of the dispersed shale line, the
originally selected value of (pz),,MX cannot be correct and still be
consistent with the model. Such 40      an occurance is represented by the
point 33. In this event, it is assumed that the original  40 (-p),,, is not
applicable and a new  p.z is chosen such that the dispersed shale line will
pass through the point 33. This new ft-, value is then entered into
equation 49 for the t. term  therein. To accomplish this in the "prepare
data for output" routine of sweep 3, step 440 45      determines if the
measured  t!) .[) point is to the left of the dispersed shale line defined
45 by (@z)Ilax by asking "It (rNYP:,>V TIi?"  If it is, (tz):,!,x is set
equal to 4 s3 + V (Step 441) for entry into equation 49. \Y,,, VI, and V,1.
are then computed with equations (48), (49) and (50) (See step 442). Of
course, if sonic data is available (Step 439), equations (48), (50) and
(51) are used instead (Step 443). 50           Then the residual
hydrocarbon saturation and weight are computed in accordance        50 with
expressions (45) and (46) and printed our, as represented by block 432.
Next the gas index as given by the sonic log is computed according to
equation (47), as repre- sented by block 433. Finally, if the level being
considered is not the last level, the program returns to 55      the
beginning of sweep 3 to consider data from the next level, as represented
by ele-      55 ment 434 (see Figure 23). If it is the last level, the
program stops, as represented by element 435.    35
1,344,194                         &                  35 Now referring to
Fig. 25, there is shown an example of a log producer in accord- ance with
the teachings of the present invention. The pip on the left-hand side of
the depth track correspond to the integration of porosity. The distance
between two con- secutive pips represents a selected number of feet of
100%o porosity of port volume per 5       acre. Each pip on the right-hand
side of the depth track represents a selected number      5 of feet of
hydrocarbon in place. In track I, V., and permeability K. are recorded. In
track II, S,, 6  Sl. 5r and n* Si s  for hydrocarbon analysis are recorded.
S, is the fraction of pore volume filled with formation water. o  S,.  is
the residual hydrocarbon per bulk volume and 10      6 Shyr Phy is the
weight of residual hydrocarbon per bulk volume. The two curves,          10
* Shi, and 9 * S-y- .   coincide in oil zones since the density of oil is
close to unity. In light hydrocarbon zones, the tvo curves diverge. The
ratio of    S *  ,. -, 1)i: to 1. *hyr is the hydrocarbon density. In track
III. porosity analysis curves -t, and keSW are recorded. qJ is the
formation 15      porosity corrected for hydrocarbon and shale effect and
9. S.. is the water-filled        15 porosity. Thus, the area between the
two curves corresponds to hydrocarbon filled porosity. A bulk volume
analysis is recorded in track IV. In this regard, Vd,,,,. Vs, and 9. are
recorded. It can be seen from  the foregoing that new and improved methods
have been 20      invented for analyvzing shales and shalv sand formations.
Wdith these improved methods,    20 more data than has ever before been
available can now be computed and displaved to enable a complete
interpretation of shaly sand and shale formations. While there have been
described what are at present considered to be preferred embodiments of
this invention, it will be obvious to those skilled in the art that various
25      changes and modifications mav be made therein without departing
from the invention,        25 and it is, therefore, intended to cover all
such changes and modifications as fall within the scope of the appended
claims. NVHWT AWE CLAIM\ IS: - 1. A method of processing well logging data,
comprising: 30           (a, deriving a plurality of measurements
representative of characteristics of an      30 earth formation at selected
depth levels over a section of a borehole; (be combining at least some of
said derived measurements from at least some of said selected depth levels
over said borehole section to compute at least one input para- meter for
said borehole section: 35          'c  combining at least some of said
plurality of derived measurements from at          35 least some of said
selected depth levels with said at least one input parameter to comn- 



pute at least one output parameter for at least some of said selected depth
levels; (d' characterized by combining at least some of said derived
measurements with said at least one output parameter for at least some of
said selected depth levels to re- 40      compute said at least one input
parameter or compute another input parameter for           40 combination
wit'h at leas- some of said plurality of measurements to produce output
parameters representative of at least one formation characteristic. 2. A
method of processing wvell logging data according to claim 1 characterized
in that at least one of said input parameters is a calibration coefficient
of a relation 45      between the macnitrude of one of said derived
measurements and the shale content of        45 the formation. 3. Method
according to claims 1 or 2, wherein several input parameters are com- puted
characterized in that said input parameters are calibration coefficients of
rela- tions giving upper limits of the shale content of the formation. 50
4. .Method according to claim  3 characterized in that said measurements
related      50 to the shale content include the spontaneous potential, the
natural gamma radioactivity, or the resistivity of the formation. 5. A
method according to any of claims 1 to 4 characterized in that at least one
of said input parameters is a characteristic value of a type of shale over
said section 55      of the borehole.
55 6. A method according to any of claims 1 to 5 characterized in that said
at least one output parameter is combined with some of said derived
measurements, a first one of which is representative of the bulk density
and second one of the hydrogen content of the formation at some of said
selected depth levels to recompute one input para- 60      meter or compute
another input parameter.
60 7. A method according to any of claims 1 to 6 characterized in that said
at least one output parameter is representative of a shale content of the
formation at some of said selected depth levels. 8. A method according to
any of claims 1 to 6 characterized in that said at least    35
1,344,194                        4t1                35 Now referring to
Fig. 25, there is shown an example of a log producer in accord- ance with
the teachings of the present invention. The pip on the left-hand side of
the depth track correspond to the integration of porosity. The distance
between two con- secutive pips represents a selected number of feet of 100%
porosity of port volume per 5      acre. Each pip on the right-hand side of
the depth track represents a selected number    5 of feet of hydrocarbon in
place. In track I, Vr, and permeability K are recorded. In track II, Sw, p
SJiyr and * Shyr Phy for hydrocarbon analysis are recorded. S, is the
fraction of pore volume filled with formation water. O* Shr is the residual
hydrocarbon per bulk volume and 10     4p - Sbr - ph, is the weight of
residual hydrocarbon per bulk volume. The two curves,   10 0 * Shyr and Up-
Shyr * Ph, coincide in oil zones since the density of oil is close to
unity. In light hydrocarbon zones, the two curves diverge. The ratio of . *
Shiyr - Phy to 0 * Shiyr is the hydrocarbon density. In track III, porosity
analysis curves +0 and 0eSs are recorded. aO is the formation 15
porosity corrected for hydrocarbon and shale effect and ype- Sw  is the
water-filled    15 porosity. Thus, the area between the two curves
corresponds to hydrocarbon filled porosity. A bulk volume analysis is
recorded in track IV. In this regard, V..my, Vst and ar are recorded. It
can be seen from the foregoing that new and improved methods have been 20
invented for analyzing shales and shaly sand formations. With these
improved methods,   20 more data than has ever before been available can
now be computed and displayed to enable a complete interpretation of shaly
sand and shale formations. While there have been described what are at
present considered to be preferred embodiments of this invention, it will
be obvious to those skilled in the art that various 25      changes and
modifications may be made therein without departing from the invention,
25 and it is, therefore, intended to cover all such changes and
modifications as fall within the scope of the appended claims. WHAT WE
CLAIM IS: - 1. A method of processing well logging data, comprising: 30
(a) deriving a plurality of measurements representative of characteristics
of an    30 earth formation at selected depth levels over a section of a
borehole; 



(b) combining at least some of said derived measurements from at least some
of said selected depth levels over said borehole section to compute at
least one input para- meter for said borehole section; 35          (c)
combining at least some of said plurality of derived measurements from at
35 least some of said selected depth levels with said at least one input
parameter to com- pute at least one output parameter for at least some of
said selected depth levels; (d) characterized by combining at least some of
said derived measurements with said at least one output parameter for at
least some of said selected depth levels to re- 40      compute said at
least one input parameter or compute another input parameter for        40
combination with at least some of said plurality of measurements to produce
output parameters representative of at least one formation characteristic.
2. A method of processing well logging data according to claim 1
characterized in that at least one of said input parameters is a
calibration coefficient of a relation 45      between the magnitude of one
of said derived measurements and the shale content of      45 the
formation. 3. Method according to claims 1 or 2, wherein several input
parameters are com- puted characterized in that said input parameters are
calibration coefficients of rela- tions giving upper limits of the shale
content of the formation. 50          4. Method according to claim 3
characterized in that said measurements related      50 to the shale
content include the spontaneous potential, the natural gamma radioactivity,
or the resistivity of the formation. 5. A method according to any of claims
1 to 4 characterized in that at least one of said input parameters is a
characteristic value of a type of shale over said section 55      of the
borehole.
55 6. A method according to any of claims 1 to 5 characterized in that said
at least one output parameter is combined with some of said derived
measurements, a first one of which is representative of the bulk density
and second one of the hydrogen content of the formation at some of said
selected depth levels to recompute one input para- 60      meter or compute
another input parameter.                                               60
7. A method according to any of claims 1 to 6 characterized in that said at
least one output parameter is representative of a shale content of the
formation at some of said selected depth levels. 8. A method according to
any of claims 1 to 6 characterized in that said at least    36
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is representative of the relative proportion of silt and wet clay in the
formation at some of said selected depth levels. 9. Method according to any
of claims 1 to 8 characterized in that said recomputed input parameter of
computed other input parameter is combined with at least some S       of
said derived measurements to recompute said at least one output parameter.
5 10. Method according to claim 1 or 9 characterized in that said
recomputed input parameter or computed other input parameter is combined
with at least some of said derived measurements to compute other output
parameters. 11. Method according to claim 9 and 10, wherein said at least
one output para- 10      meter or other output parameters include one or
more of porosity, the relative propor-  10 tion of silt and clay, shale,
silt or clay content, water or hydrocarbon saturation. 12. A method
according to any of claims 1 to 11 characterized in that at least one of
said input parameters for said borehole section is computed by combining
first derived measurements representative of the bulk density and second
derived measure- 15      ments representative of the hydrogen content at
said selected depth levels with third   15 derived measurements. 13. Method
according to claim 12 wherein said third derived measurements com- prise
one or more of the spontaneous potential, natural gamma radioactivity,
resistivity or acoustic travel time of a formation, characterized in that
said input parameter is a 20      calibration coefficient relating said
spontaneous potential or natural gamma measure-   20 ments to shale
content, or is representative of the acoustic travel time derived porosity
or resistivity characteristic of a shale or clay over the borehole section.
14. Method according to any of claims 1 to 13 wherein first and second one
of said derived measurements are combined to produce representations of a
data value 25      characteristic of the type or composition of shale at
each of said selected depth levels.  25 15. Method according to claim 14
characterized in that said data value are rep- 



resentations of the volume of at least two of "laminated, dispersed or
structural" shale. 16. Method according to any of claims 1 to 13 wherein
first and second ones of said derived measurements are representative of
bulk density and hydrogen content of 30      a formation characterized in
that said first and second measurements are combined to    30 produce an
index representative of the relative proportion of silt and clay in the
forma- tion in at least some of said selected depth levels. 17. Method
according to claim 16 characterized in that the value of said index
representative is set in relationship with preselected values of data
relating to the bulk 35      density and hydrogen content for a
characteristic shale and for a characteristic clay   35 over said borehole
section of the formation. 18. Method according to claim 16 or 17
characterized in that a function of said index is combined with a third
derived measurement of a third formation characteristic at at least some of
said selected depth levels to compute at least a coefficient of a rela- 40
tionship between said third formation characteristic and said index over
said section   40 of a borehole, said coefficient being an input parameter
for said section of the bore- hole. 19. Method according to claim 18
characterized by selecting the depth levels at which said function of index
and said third derived measurements are combined in 45      accordance with
the value of data derived from at least one of said measurements at     45
at least some of said selected depth levels with respect to predetermined
limits. 20. Method according to claim 16 or 17 characterized by combining
said index representative of the relative proportion of silt and clay in
the formation at at least some of said selected depth levels with
preselected values of data relating to the bulk 50      density and
hydrogen content for a characteristic shale and a characteristic clay over
50 said borehole section of the formation and said first and second
measurements to pro- duce for at least some of said selected depth levels
characteristic shale values, a third one of said derived measurements being
representative of the shale content of the formation, and combining said
first, second and third measurements with said pro- 55      duced or
preselected shale characteristic values to produce an indication of the
shale  55 content or porosity. 21. Method according to any of claims 1 to
20 wherein at least one output para- meter is combined with said at least
one input parameter to produce computed output representations of at least
one measureable characteristic of the formation. 60          22. Method of
claim 21 wherein said measurable characteristics are chosen among     60
the spontaneous potential, the natural gamma radioactivity, the resistivity
of an invaded or uninvaded zone of the formation at said selected depth
level. 23. Method according to claim 21 or 22 characterized in that at
least one output parameter is combined with said at least one input
parameter to produce computed 65      output representations of at least
one formation characteristic of which measurements   65    * C   L   M   S
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37 have been derived at at least some of said selected depth levels, and
that said computed output representations are compared with said derived
measurement of the same characteristic for at least some of said selected
depth levels to produce a figure of merit of said characteristic. 5
24. The method of claim  1 further characterized in that said derived
measure-     5 ments include bulk density, hydrogen content and a third
measurement depending on the formation shale content, and wherein one of
said input parameters over said section of the borehole is at least one
calibration coefficient relating said third measurement to formation shale,
silt or clay content and said at least one output parameter is represen- 10
tative of formation shale, silt or clay content, or composition, the
combination of some  10 of said derived measurements with said input
parameter including the combination of said derived buil density and
hydrogen content at some of said selected depth levels with said at least
one calibration coefficient and with said shale, silt or clay content or
composition representative output parameter to produce output indications
of porosity 15      or content or composition of shale, silt or clay.
15 25. Method according to any of claims 9 to 11 wherein said derived
measurements include first and second measurements dependent upon porosity
and several measure- ments dependent on formation shale content
characterized in that the step of recom- puting said at least one output
parameter or computing other parameters includes the 



20      steps of deriving several values of the shale content from said
several measurements by  20 means of so-called shale indicators
relationships which all provide upper limits of the shale content, and
combining the smallest of these values with said first and second
measurements to produce shale corrected values of said first and second
measurements. 26. Method according to claim 25 characterized in that said
shale indicators 25      include at least one relationship between the
magnitude of one of said several measure-  25 ments and the shale content,
some calibration coefficients of said relationship com- prising one of said
input parameters. 27. Method according to claim 25 characterized in that
said shale indicators include relationships based on the gas sand line
limit, the saturation ratio between 30     invaded and non-invaded zones,
the value of the hydrogen content for a characteristic   30 shale, the
hydrocarbon density. 28. Method according to any of claims 25 to 27 wherein
a representation of the shale content of the formation is derived from at
least one of said measurements charac- terized in that a representation of
the hydrocarbon saturation of the invaded zone is 35      derived from one
measurement of resistivity and that said porosity dependent measure-  35
ments are corrected for shale and for hydrocarbon effects. 29. Method
according to any of claims 25 to 28 characterized in that said porosity
dependent measurements are representative of the bulk density and hydrogen
content of the formation at said selected depth level. 40          30. The
method of any of claims 1 to 13 characterized by further including the
40 steps of determining if data related to one or more of said derived
measurements for said selected depth levels is within predetermined limits,
preventing the combination of said derived measurements to compute and/or
recompute said at least one input parameter for those depth levels where
said data related to derived measurements is 45      outside of said
predetermined limits.                                                  45
31. Method according to claims 9 or 10 and 30 characterized by enabling the
combination of said derived measurement and input parameters to recompute
said at least one output parameter or compute other output parameters for
those depth levels where said data related to derived measurements is
outside of said predetermined limits. 50          32. Method according to
claim 31 wherein said data related to one or more of       50 said derived
measurements are related to the bulk density and hydrogen content of the
formation at said selected depth levels and characterized in that the step
of enabling the combination of said derived measurements includes adjusting
said data related to one or more of bulk density and hydrogen content for
those depth levels where said 55      data is outside of said predetermined
limits, and thereafter combining said adjusted   55 data to recompute said
at least one output parameter or compute other output para- meters. 33.
Method according to claim 32 wherein said derived measurements at said
selected depth levels further include one or more of the formation acoustic
travel time 60      and at least one measurement representative of the
formation shale content charac-     60 terized in that the step of
adjusting is performed in dependence on one or both of the acoustic travel
time or said shale content representative measurement. 34. Method according
to claim 9 or 10 wherein said derived measurements include first and second
measurements representative of bulk density and hydrogen content, and 65
a third measurement of formation shale content, characterized in that the
step of re-  65    1,344,194                                        3S
computing said at least one output parameter or computing other output
parameters includes the steps of combining said first, second and third
measurements to produce data related to shale corrected values of bulk
density and hydrogen content, compar- ing said data related to hydrogen
content and bulk density to produce one or more 5       output
representations indicative of the presence of hydrocarbons or the accuracy
of    5 said data related to shale corrected value and adjusting one or
both of said data related to hydrogen content or bulk density to bring
about a preselected relationship between said data related to bulk density
and that related to hydrogen content. 35. Method according to claim 9 or 10
wherein said derived measurements com- 10      prise bulk density, hydrogen
content and first and second resistivity measurements rep-  10 resentative
of the resistivity of different radial portions of a formation,
characterized in that the step of recomputing said at least one output
parameter or computing another output parameter includes combining said
bulk density, hydrogen content and first and 



second resistivity means to produce corrected data related to hydrogen
content and 15      bulk density corrected for shale and hydrocarbon
effects, and combining said corrected  15 data with other derived
measurements to produce said recomputed or other computed output
parameters. 36. Method according to any of claims 1 to 13 characterized by
comparing one of said output parameters with a limit value thereof and
recomputing at least some of 20      said output parameters if said
compared parameter is beyond said limit value.           20 37. Method
according to claim 36 characterized in that said compared parameter is
matrix grain density. 38. Method according to claim 36 characterized in
that said compared parameter is the hydrocarbon density. 25           39.
Method according to claim 36 characterized in that said compared parameter
25 is the water or hydrocarbon saturation of a selected radial portion of a
formation. 40. Method according to claim 36 characterized in that said
compared parameter is related to data derived from the hydrogen content of
the formation at said selected depth levels. 30          41. Method
according to claim 36 wherein one of said derived measurements is        30
related to the resistivity of the invaded zone of the borehole
characterized in that said compared parameter is the water saturation in
the invaded zone to test the validity of said resistivity measurement. 42.
Method according to claim 36 characterized in that said compared output 35
parameter is related to a measurement dependent on porosity of the
formation, said      35 limit value being computed from a maximum of
porosity over the borehole section. 43. Method according to claim 36
wherein a value of the shale content is derived from shale detectors
characterized by comparing selected ones of said output para- meters to
determine if they are within a predetermined range with respect to one 40
another and by adjusting the value of the shale content derived from the
shale indi-    40 cators until said output values assume a selected
relationship with respect to one another, thereby producing new values of
said output parameters. 44. Method of processing well logging data
substantially as described hereinbefore with reference to and as
illustrated in the accompanying drawings. 45          45. A log comprising
a record of the processed data obtained by the method of       45 any
preceding claim. 46. A method according to any of claims 1 to 43
characterised by making a record- ing of at least one of said at least one
output parameters or of other output parameters or of computed output
representations of measureable characteristics of the formation 50      as
a function of depth on a recording medium.
50 47. The recording made in accordance with claim 46. K. G. W. SMITH,
Chartered Patent Agent, Agent for the Applicants. Printed for Her Majesty's
Stationery Office, by the Courier Press, Leamington Spa. 1974. Published by
The Patent Office, 25 Southampton Buildings, London, WC2A 1AY, from which
copies may be obtained. *   C   L   M   S   *    


