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LOG ANALYSIS MODELS FOR SHALY SANDSTONES

The problem of shale contamination is particularly important in the reservoir
evaluation of shaly sandstones, and its neglect can lead to significant errors in both
porosity and hydrocarbon saturation evaluations.  The responses of the logging tools
that have been reviewed are affected to some degree by the proportion of the shale
and, to a lesser extent, its distribution.

Log analysts generally distinguish three distribution types of shale:

(1) Laminar shale
This consists of thin laminatious of shale which separate stringers or beds of
clean sandstone.  The occurrence of these laminations is not accompanied by a
reduction in the porosities of the sandstone stringers themselves, but there is an
overall reduction of the bulk porosity of the total rock.

(2)  Structural shale
The term describes sandstones in which some of the grains of the framework
are shale fragments, diagenetically altered minerals, etc.  A transition from a
dean orthoquartzite is not necessarily matched by any reduction in porosity.

(3)  Dispersed shale
Dispersed shale consists of pore-filling clay minerals whose development leads
to a progressive reduction in porosity.

These three shale distribution types form natural endmembers of ranges of variation
from a theoretical pure orthoquartzite to more shaly counterparts as is demonstrated
by the diagram on the next page.  The basis for description by log analysts is
morphoJog±/ - the geometrical manner in which the shale is distributed through the
rock; the geological description is keyed to gcHesis - the process that was the origin of
the shale.  Although the log analysis terminology may be unfamiliar to many
geologists, it is easy to assign different categories of authigehic and allogenic clay
moaphologies among the shale distribution types.  In practice, the range of variation
between dean and shaly sands most commonly follows a trend which corresponds
to a mixture of dispersed and laminar shale.  This characterization is possible by a
crossplot of neutron and density logs and is reviewed in a later section.

Up until the 1960's, shaly sandstones received much more attention
from log analysts than geologists, who tended to regard clay minerals in most
sandstones to have minor occurrence.  This perception was caused partly by the
methods that geologists used to observe sandstones.  Pore+lining day minerals are
not obvious on thin-sections of sandstones, while the sieving of disaggregated
Sandstones relegated clay minerals to the neglected fraction of 'fines'.  The
introduction of the scanning electron microscope caused a radical change of
viewpoint, when the pore networks of many sandstones were seen to be lined
profusely with clay minerals.
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Shale indicators: estimation of the volumetric DroDortion of shale

A variety of indicators are used from various logs in the assessment of the
proportion of shale in a zone.  Most of them follow the same methodology of
establishing a value for a dean zone, locating a value that best typifies shales within
the interval of interest, and interpolating between these two extremes.  The more
commonly used shale indicators are the SP log, gamma ray log, and neutronrdeusity
log contoination.

The SP log
In shaly, permeable formations, the displacement of the potential from the shale

reading is reduced to a pseudo-static potential (PSP).  The relationship between PSP
aand SSP is approximately a function of shale content which is generally quantified as:

or = PSP/SSP
The quantity (1 -Ci) has been used for many years as an estimate of the proportional
shale content.  However, laboratory and lab work by Griffiths (1952) showed that the
relationship between or and shale content was by no means linear:  calculatious based
on a would generally provide marked overestimations of shale content.

Gamma rav log
in using a gamma ray log, first a 'shale base line' must be found as the

reading for 'normal shales`  (as  distinct from uranium-rich 'hot shales') in the
stratigraphic sequence.  Then a 'dean formation line' is located to represent zero
shale and should coincide with the lower readings that occur in dean units of
interest. Then the volumetric proportion of shale, Vsh, of a zone is estimated by
interpolating the zone log reading, L, between the extremes of a log reading of a
"dean" (shale-free) formation, C, and the reading of a   typical   shale, S.   The
equation is then:

VJA=
L-C
S-C

This estimate is often known as the "gamma-ray index" (GRI) and represents the
proportion by weight of radioactive material calibrated to the reference shale.
Some log analysts apply one of a variety of functions to estimate the volume of
day, Vd.   This relationship varies with the stratigraphic age and sedimentary
facies of the shale.  However, it has been reported in the literature (e.g. Yaalon,
1962)  that  the  "average"  shale  contains  approximately  60%  clay  minerals.
Therefore, as a first approximation:

Vc' = 0. 6 . VS„
as suggested by Bhuyan and Passey (1994).  There appears to be a great deal of
confusion regarding the distinction between 'shale' and 'day' and the two terms are
often used interchangeably by log analysts.  As a general rule, it is better to stick with
Vsh, particularly when using shale properties measured from logs to characterize
equation parameters.
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Use of the gamma-ray index interpolation assumes that the radioactive sources
in the units evaluated, correspond to shale contents whose day mineralogy and
radioactive isotope composition is not markedly dissimilar from the bounding shales.
If feldspars or micas occur in appreciable quantities, the assumption is invalidated.
However, independent evaluation of other logs run in the same section often
highlights the presence of additional disturbing components.  Uranium
mineralization can be major problem in some units, in which case it is better to use
the computed gamma -ray (CGR) log, rather than the standard gamma-ray (SGR).

Neutronrdensitv Dorositv logs
If two logs are- jsed (riost-commonly the neutron and density logs) and are
calibrated  to  the  clean reservoir  lithology,  then the  estimate is  given by the
equation:

VfA= ¢" - ¢d
¢esh -¢dsll

The analyst provides the boundary values from an inspection of the section itself
because of the  extreme variability of shale properties both laterally and with depth.

MultiDle shale indicators
In sechons which have been logged by a variety of tools, separate estimates of the
shale content are computed for the shale indicators which are available.  It is not
uncommon for these estimates to differ from one another to varying degrees, and the
lowest estimate is usually taken to be the most valid.  This stipulation is made on the
grounds that, if anything, a shale indicator will tend to overestimate the shale
content.  This is not an unreasonable thesis, since accessory components other than
shale will generally result in an increased apparent shaliness as recorded by the
logging tcols.

Correction of Dorosities for shale effect
Simple-calculatious for porosity estimation from a single log assume that

shale effects are not significant or that they can be disregarded.   When shale
effects are significant, the estimated porosities are apparent (®a) and should be
corrected to an effective porosity (®e) through use of Vsh estimates and log
properties of the shales in the sequence of interest.   The correction for shale
involves an expansion of the porosity estination equations to:

and

for deusrty,     Pb= ¢.Pf +Vsh.P.h+(\-Vsh-¢)Pn.a
for sorfe         Lt --¢. All +Vsh. Lt.h+(1-Vsh-¢)Ltm
for neutron log,          ¢„ = ¢ + WA. ¢ush

where a is the effective porosity, Vsh is the fraction of shale estimated from log(s)
and psh, Atsh, and ¢ush are readings of representative shales on the density, sonic, or
neutron log.
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Conductivitv contributions of shales:  the "shalv san
of water satura`tion

ion" com n

Shales have moderately low resistivities, as can be seen on any resistivity log, and
their presence as a component of shaly sandstones introduces a conductivity
contribution that should be included together with the conductivity of the pore
formation water in detailed reservoir analysis.  As a general statement, if uncorrected
resistivities are  used in a conventional clean reservoir calculation of a shaly sand
zone, the result will be an overestimation of water saturation, since the resistivities
have been reduced below their true values by the conductivity of the shale
component.

Two model families of shaly sandstone equations have been developed as
expansions of the Archie equation to accommodate the conductivity effects of clay
minerals and compute more accurate water saturations (Worthington, 1985).  The
older model considered the shale as a homogeneous conductive medium and
developed resistivity equations keyed to Vsh, the volumetric fraction of shale in the
rock.  Although the physical basis of the model is incorrect, the equations often
provide reasonable approximate solutious to water saturation, especially when the
equation parameters are adjusted so that the results conform with local water
saturation data measured from cores or production tests.  Some of these equations
are still widely used for this reason and also because of their relative simplicity and
limited demands on additional input parameters.

The second, and more recent, model is based on the ionic double-layer observed in
shaly sandstones.  In reality, the conductivity of the shale component is a function of
cation exchange capacities of the various types and abundances of clay minerals
which are present.  Since the cations are exchanged primarily at broken bonds on the
edges of flakes or by lattice substitutious on cleavage surfaces, the phenomenon
tends to be surface-area dependent rather than controlled simply by the volume of
day minerals.  This implies that a fine grained day has a higher exchange capacity
than a coarser grained form of the same clay volume, and this observation is
confirmed by experimental data.  Since all the shale indicators estimate (at best) the
volume of the shale component, no expncit assessment is made of the grain size or
day mineralogical variation.  Although these factors are widely known among log
analysts, it is difficult to design log analysis procedures to accommodate them, in the
absence of a tool that measures cation exchange capacity directly.  Consequently, the
model equations that use cation€xchange data have been modified to variants that
substitute quantities that can be measured on logs as surrogate variables.
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The two major types of shaly sandstone model:
Volumetric Shale and Double Layer (using the
terminology of Worthington, 1985)
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The Volumetric Shale Model

One of the most commonly used equations of this type is the "Simandoux
equation", introduced by Simandoux (1963).  The Simandoux equation is:

t        ®mswn      Vsfosw

Rt        aRw          Rsh
where Rt is the formation resistivity, Rw is the formation water resistivity, Rsh is the
shale resistivity, a is the porosity, a, in, and n are the Archie equation constants, Vsh
is the fraction of shale, and Sw is the water saturation.  The Simandoux equation is
usuauy solved as a quadratic, by using a = 0.81, in = 2, and n = 2, which are the
Archie equation parameters of the "RIdge field equation", the Schlumberger variant of
the (mathematically) more complex Humble equation to represent typical
sandstones.  h this specific form, the Simandoux equation becomes:

1         ®2Sw2       Vffosw

Rt      0.8LRw        Rsh
This is a quadratic equation for water saturation, Sw, and the solution is

Sw=
-b + I b2 -4ac

2o
where a = ®2/(0.81Rw)

b =Vsh/Rsh
and      c=-1/Rt

There are many other shaly sandstone equations of the volumetric shale model
type and these are reviewed by Worthington (1985).  Once the shale indicator has
been selected and so Vsh determined, the number selected for the value of the shale
resistivity, Rsh, is the critical parameter in water saturation estimations.  Local
experience of reservoir saturatious and clay characteristics is often the key to success
in coaxing these (now) pragmatic equations to produce viable estimates.
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The Double Layer Model

The most widely used variant is the "dual-water model" introduced by
Clavier et al. (1977).  As the name suggests, two kinds of water are postulated:
formation water in the granular pore system doth "free water" and capillary-
bound water) and clay-bound water, whose salinity and resistivity are different.
As before, the resistivity of the formation water is symbolized by Rw, while the
clay-bound water resistivity is written as Rb.

The conventional application of the dual-water model requires the use of
the neutron and density porosity logs.  In common with other shaly sandstone
methods, the volume of shale, Vsh, is first calculated and then the effective

porosity, ®e computed from porosity logs by correcting the apparent porosity for
the shale effect.  At this point, the dual-water model diverges, because rather
considering the shale to be a single medium, it subdivides the shale into  dry
matrix and a clay-bound water component.  The volume of the day-bound water
added to the effective porosity is the total porosity, ®t.  For any individual zone,
the volume of clay-bound water is determined by the volume of shale multiplied
by the "porosity" of the shale, ®tsh.

The volumetric aspects of the dual-water model may be clarified from the
examination of the schematic neutron-density porosity crossplot.  Up to this
point, the shaly sandstone system has been considered to consist of three
components, quartz, fluid, and shale (the gray triangle).  The quartz and fluid
(mud filtrate) points are calibration points of the log; the shale point is chosen
from "representative" shales in the section.  In the dual-water model, the shale
has a porosity of clay-bound water and its value is a matter of local experience,
but is computed from the equation:

®ch = 6®dsh + (1 - 6)®urh

where 8 takes a value between 0.5 and 1  (Dewan, 1983; Asquith, 1990).  The
mysterious delta term is simply a pragmatic weighting factor to create a value
that seems reasonable as the bound water content of the shale, ®tsh.

We now have a new composition triangle of quartz, fluid, and "dry shale"
where the fluid proportion contours are of total porosity, rather than the effective
porosity contained within the triangle quartz-fluidrshale.  Ideally, it would be
preferable to work within the more fundamental quartz-fluid{lay system,
because our aim is to correct for clay mineral conductivity effects within the
shaly sandstone.  Shale consists of day minerals and a siltrsize  fraction of quartz
and other (mostly) non{onductive minerals, so that the "wet clay" and "dry day"
points are located on lines that are extrapolations of the shale-quartz hnes.
Unfortunately, it is highly unusual to see a clay zone in a section and shales are
generauy what we observe.  Even if theoretical corrections are applied to
trarrsform shale volumes to hypothetical clay volumes, we have no data on the
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Dry clay

Geome(ry of the dual-water model on a neutron-density porosity crossplot

resistivity of the day, but are restricted to observations of the resistivity of shale,
Rsh.  In fact, this is all part of a larger problem in that we are using the properties
of "external shales" @etween the shaly sandstones) to represent "internal shales
and days" whose clay mineralogy and morphology may be radicany different.
Therefore, the external shale calibrators should be considered as initial model
values that are selected to conform as closely to shaly sandstone internal shales
as possible, but may be adjusted to give consistent solutious in the shaly
sandstone.  So, for example, a successful shaly sandstone  model should generate
values of water saturation close to 100°/o in fully water-saturated zones.  If it does
not, then the deviations can be used to fine-tune the model shale parameter
values.  Examples of this process of "internal calibration" are shown in the
following case-study.
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Once the total shale porosity value has been established, the total porosity
of each zone can be calculated from:

®,  = ®c + Vffo®tsh

and the clay-bound water saturation computed by:

®'
The bound water resistivity is estimated by an Archie-style equation, by
combining the shale resistivity with the shale porosity:

Rb--Rch®2tsh
The dual-water model is a quadratic equation that can be solved for the fotoJ
water saturation:

s:,-["1-#,]Swl-#=o
which can be solved by:

Swt--b+

where:

b=s„-%,,2

Finally, the water saturation in the effective pore space can be calculated from:
(Swi -Sb)

„        (1-Sb)

The results of an initial run of the dual-water model should be evaluated
carefully, particularly with respect to zones considered to be fully water-
saturated.  If the results appear to be at variance with what is known from other
information sources, then a revisedcomputation can be made with adjusted
model parameter values.  If the shale volume, Vsh, estimates are considered to be
reasonable, then the parameter values that may need to be adjusted are the
resistivity of the shale, Rsh, and the total porosity of the shale, ®tsh, as revised
inputs in a second (or third)run.

Perhaps the best way to gain some practical understanding of the shaly
sandstone models is to review their performance in the water saturation analysis of a
shaly sandstone.  The case study in the following pages uses logging data for a Red
Fork Sandstone section in western Oklahoma described by Asqulth (1990) in his
handbook on log evaluation of shaly sandstones.
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THE RED FORK SANDSTONE:  A SHALY SANDSTONE CASE-STUDY
Logs and shaly sandstone parameters from Asquith (1990)

in his handbook on shaly sandstone log analysis methods, Asquith (1990)
describes the detailed analysis of a single zone (depth 6680 feet) in a section of the
Pennsylvanian Red Fork Sandstone.  The well is located in western Oklahoma and
the Red Fork Sandstone is a fine-grained shaly sandstone, in which shale occurs as
dispersed clay.  The gamma-ray, neutron and density porosity, and deep induction
resistivity logs are shown in the figure.  In this manual, we will extend the analysis of
the Red Fork Sandstone to the interval in this well between 6620 and 6695 feet depth,
and draw on the experience of George Asquith in the selection of shale parameters.
Asqulth (1990) concluded that the shale at a depth of 6590 feet was representative
and recorded these log values for the shale:

Shale resistivity, Rsh = 3 ohm-in
Gamma ray = 98 API units
Shale neutron porosity = 33°/o
Shale density porosity = |2°/o

For the "clean" value of the gamma-ray log, Asquith (1990) chose the minimum at a
depth of 6460 feet with a reading of 17 API units.

In this example, there are two alternative methods to estimate shale content, Vsh,
by using either the gamma ray or the combination of neutron and density porosity
logs.  Using the gamma-ray log, the transformation is:

VJA=

Vwl=

L-C     L-rJ
S-C     98-17

(®„ -®d)        (®„ -®d)
Using the density-neutron combination:

(®nsfo-®dsfo)       (33-12)
The equation to transform neutronrdeusity porosities into shale proportions can be
clarified by looking at the neutronrdeusity porosity crossplot, where the shaly
sandstone is represented by a compositional triangle with vertices set at quartz,
shale, and pore fluid.

The neutron-density estimate of Vsh is consistently lower than the gamma-ray
estimate, probably because of additiorral radioactive sources in the Red Fork
Sandstone, such as feldspars and/or micas.  The lower estimate is selected as a more
reasonable estimate of shale content, in accordance with standard shaly sandstone
analysis practice.

The effective porosity is then computed from the neutron and density logs, taking
into account the shale content, both in terms of its quantity, Vsh, and its properties,

®nshand®dsh:     a -VsA(®"+®d)     „ ,  (®nsfo+®ds")
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Logs from a section of the Pennsylvanian Red Fork Sandstone in western Oklahoma.

Data from Asquith (1990).
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Crossplot of neutron and density porosity logs in the Redk Fork Sandstone well.  Log
data from Asquith (1990).
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The Red Fork Sandstone well: Estimates of shale content from the gamma-ray log
(Vshgr) and the neutronrdensity porosities (Vshnd) recorded as logs in the left track;
apparent porosity (®a) that would be computed from uncorrected neutron and
density logs compared with effective porosity (®e) computed using a shale correction
in the right track.
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Now that the effective porosity, ®e, has been calculated, the water saturation can be
computed.  The formation resistivity, Rt, is estimated by the deep induction log.
Asquith (1990).

If the Archie equation is applied then the shale effects on the conductivity will be
ignored.  However, it is useful for comparison purposes as a shaly sandstone baseline,
because all the shaly sandstone equations converge on the Archie equation at zero
shale levels.  The Archie equation estimates will be pessimistic in that conductivity
effects of shales are rationalized as water, so that water saturations are overestimated.
According to Asquith (1990), the Red Fork Sandstone formation water resistivity at
formation temperature is:

Rw = 0.05 ohm-in
and the RIdge field form of the Archie equation is appropriate, so that:

a=0.81                m=2              n=2
The Archie equation estimate of water saturation is then given by:

sw-   0.£IRRF

The Simandoux equation applied to the Red Fork Sandstone is:
1        ®2sw2       vsfesw

Rt      0.8LRw        Rsh

Using a shale resistivity (Rsh) reading of 3 ohm-in and the fractional volume of shale,
Vsh, from the neutron and density logs, the Simandoux quadratic equation can be
solved for water saturation values.

The water saturation logs from the Archie and Simandoux models are shown for
comparison in the following figure.  As would be expected, the differences between
the two models is small at low shale contents but becomes marked in the more shaly
zones.  The shaly sandstones at the top of the Red Fork Sandstone section are
probably very fine-pored and completely saturated with water.  Notice that the Archie
equation computes impossibly high water saturatious, but that the Simandoux
equation predicts water saturations that are dose to the expectation of unit value.  in
fact, intervals that are considered to be totally water-bearing can serve a useful
function in shaly sand analysis as internal calibrators.  Once a satisfactory method for
estimating the volume of shale, Vsh, has been accepted, the only other variable
Specific to the Simandoux equation is the resistivity of the shale, Rsh.  There will be
times when it is difficult to arrive at a "typical" Rsh value.  Even more commonly, it
will be thought that the log properties of the shales bcfrocc# the sandstones may not be
consistent with shales zojt#j# the sandstones.  However, as Worthington (1985) notes
"disadvantages can be partially compensated by using Rsh as a tuning parameter to

improve predictive performance in the water zone in the expectation that better
estimates of Sw will thereby be obtained in the hydrocarbon zone."  An example of a
methodology to achieve this goal is described overleaf.
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The Red Fork Sandstone well:  Shale proportional volume, Vsh, estimated from the
neutron and density logs in the left track;   water saturation computed by the Archie
equation. and the Simandoux equation in the right track.
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Spreadsheet software programs such as EXCEL generally contain add-in features
that have capabilities beyond routine spreadsheet functions.  The EXCEL add-in
feature of SOLVER allows the iterative hunt for the best values in "adjustable cells"
that cause the value of a "target cell" to be a maximum, a minimum, or close to a given
value, as determined by the user.

In this example, we shall propose that the zones between 6620 and 6625 feet are
completely water saturated (Sw=1).  The spreadsheet shows the actual values
computed, using the Simandoux equation and parameter values in conjunction with
the logs of resistivity (Rt), estimated shale proportion (Vsh), and effective porosity
(PHe).  The RESID column contains the squared differences between the computed
water saturation values and the expected value of 1; the SIGMA cell contains the sum
of these squared differences.

We now ask the solver to find the mihimum value of SIGMA in the target cell J5, by
adjusting the value of Rsh contained in cell 811.  As shown in the Solver report, the
process concludes that a value of 2.67 ohm-in would be the best value for Rsh that
would give water saturation values as dose as possible to unity.  This value is so close
to the input value of 3 ohm-in selected by Asquith (1990), there is no practical reason
to re-run the Simandoux equation over the entire interval.  Indeed, this exercise is run
more as a demonstration of the procedure.  However, in practice, internal calibratious
of this kind could be run over multiple horizons in an attempt to improve on
parameters deduced from external shales.
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RESID = (1-Sw)^2

SIGRA = Z} RESID

Internal calibration: An KCEL Solver solution for Rsh that
minimizes the squared differences between water saturations
generated by the Simandoux equation and complete water
saturations (Sw=1) for the interval 6620-25 feet depth.
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In the second part of this case study, we examine the water saturations
computed in the Red Fork Sandstone when using the dual-water model.  Recall
that the dual-water model considers a fotoJ porosity that consists of the clay-
bound water porosity added to the effective porosity in shaly sandstone zones.
First, the clay-bound porosity of shales must be specified, and is usually
determined by a value of delta in the equation:

®¢^ = 6®ds^ + (1 -6)®m^

Asquith (1990) suggested a value of 8 = 0.7 for the Red Fork Sandstone.  Because
the neutron and density porosities for a representative shale have already been
chosen as 33% and 12°/o, respectively, then the clay-bound water content of the
shale, ®tsh is 18.3%.

Then the total porosity of each zone was computed by:
a, = ®c + VSA®tsh

and the clay-bound water saturation calculated from:

"®'

The bound water resistivity is estimated by :
Rb--Rsh®2tsh

The shale resistivity was already picked to be 3 ohm-in  and total shale fractional
porosity is 0.183.  Therefore, the bound water resistivity, Rb is 0.10 ohm-in.

The dual-water model is then applied to each zone to  solve for the fo£¢J
water saturation:

s:,-["1-#,]Sw,-#=o
using the standard quadratic equation solution of:

Sw,--b+

where:

b=s"-#,,2

and then adjusted to the water saturation in the effective pore space using the
relationship:

(Sw, - Sb )

(1 - Sb )
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Vsh Depthfeet Water saturation
from neutron-density
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i
The Red Fork Sandstone well:  Shale proportional volume, Vsh, estimated from the
neutron and density logs in the left track;   water saturation computed by the Dual
Water Model equation  in the right track, using Rsh = 3 and ®tsh = 0.183.
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Comparison of the water saturation profiles of the Simandoux and Dual-Water
models shows the Dual-Water to be more optimistic about hydrocarbon saturation in
this case-study.  Of course, the result is influenced by the choice of parameter values,
and for the dual water model there are two: the resistivity of the shale, Rsh, and the
day-bound porosity of the shale, ®tsh.

In the Simandoux equation solution, we suggested that the zones between 6620 and
6625 feet might be completely water saturated (Sw=1).  The EXCEL add-in feature of
SOLVER was used in an iterative search for the best value of Rsh, identified as an
"adjustable cell" that would cause the value of a "target cell" of the sum of minimum

squared difference between computed water saturations and unity to be  a minimum.
For the dual-water model, we ask for the best values of both Rsh and 8 (the weighting
factor that determines ®tsh) to be found that will reach this goal.

The solver attempts find the minimum value of SIGMA in the target cell J5, by
adjusting the value of Rsh contained in cell 811 and 8 in cell 814.  As shown in the
Solver report, the process concludes that the Rsh should be increased to 5.9 and 8
adjusted to 0.78.  As before, this exercise is run more as a demonstration of the
procedure of internal calibration, so that conclusions from this should be tentative at
best.  However, the approach has a lot to recommend it because although Rsh may be
misapplied as an external shale resistivity to a clay within the reservoir, where on
earth does the value of 6 come from?  "Experience" can be the only answer, in the
absence of laboratory measurements, so the internal calibration approach provides a
systematic and consistent method to acquire this experience.
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On the following page, the water saturation estimation comparisons are made
between the Simandoux and Dual-Water models.  Notice that the difference between
the two models is substantially diminished following the internal calibration to zones
that appear to be completely water-saturated.  While nothing is "proved", the
similarity gives empirical support to the philosophy expressed in the previous
paragraph.  It appears that reasonable results can be obtained in shaly sandstone
analysis from several possible models, first by selecting shale parameter values from
the shales between the shaly sandstone reservoir units and then modifying the values
to conform more closely to the clay minerals within the shaly sandstones by
calibration on zones considered to be completely water saturated.
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Depth
feet

Water saturation Water saturation
1Sw0 1Sw0

LH

a \
HI

J> J>
The Red Fork Sandstone well:  Comparison between water saturation computed by
Simandoux model and the Dual Water Model equation, using Rsh = 3 and
®tsh = 0.183 (left track), and the Simandoux model and a revised Dual Water Model
equation, using Rsh = 5.9 and ®tsh = 0.166 (right track).
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Pickett blots of shalv sandstones

Pickett plots can be made in which the conductivity effects of days have
been eliminated, and so allow petrofacies pattern recognition to be conducted
free of disruptive shale effects.  This concept was introduced by Aguilera (1990).
If the shaly sandstone equation model designed by the user is successful, then a
"corrected" resistivity can be computed that predicts the resistivity the rock

would have if the days had no conductivity effects.  On the Pickett plot, the
crossplot of effective porosity (porosity corrected for shale effects) and shale-
corrected resistivity allows the evaluation of patterns and trends in terms of
pore-sizes, geometries, fluid saturations, capillary pressure, hydrocarbon
column, etc. from a similar perspective to shale-free sections.

A conventional Pickett plot has effective porosity and measured formation
resistivity, Rt as its primary axes.  On this convention, the conductive "shale
effect" on resistivity can be seen, with increases in water saturatious, often to
impossibly high values as shown in the Red Fork Sandstone Pickett plot.
Application of the Simandoux equation (or other shaly sandstone model)
produces estimates of water saturation which are thopefully) dose to their true
values as fractions of the effective pore space.  Data from a shaly sandstone
model can be plotted by two alternative methods which lead to the same result.
Either the output can be located on the Pickett plot using the porosity and water
saturation axes, or a corrccfed formation resistivity can be back{alculated from
the water saturations and porosities using the standard Archie equation
relationships:

Rtc= a*Rw

®m * S:
This corrected resistivity is effectively a prediction of the formation resistivity if
the clays had no conductivity effects.  The modified Pickett plot now has an
effective porosity corrected for shale effect and a resistivity corrected for shale
conductivity.  The result can be seen in the Red Fork Sandstone section where the
Simandoux-corrected Pickett plot shows coherent patterns of water-saturated
sandstones with high shale contents contrasted with less shaly gas sands.
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10
Resistivity, Rt ohm-in

10                                        100

Simandoux-comected resistivity, Rtc  ohm-in

27



.\
•.;:i..a:;S?`ts.i•`!.-£9.S

•.-         1811

1`...--•---
•of.,.

I...
-.  :.I:       ,,31,3-_e':

#'
~.i-?i.sL`--a;i-j8-,.-9t

gil.6i¥¥.I.+:::-Iji::i.=-9:Ts~S°i+~:i=:iuii:..:•..

8-ce
.`1C,k

19£4 #ETgff:;i-Ef

~---_                                                                         .  ,

:€:;.:`icii^#:I;Fis±4h:qu€¥L~#±=§=`-:{ro-£'-'`+~`-.

_-_.-.frl==:-----i-;;`f:-3,-i,',;3:
I)
•-:ih=f:--+-ii;t_::cti';j'e`i:a4

VI
SP

I#±|1h^    -..:i;e£6s8             ``,ss:pfb:.hd

-10,a5iffi
T-qu       .364

i-i:j'.;i8Sh.i:2:6¢:9;'4,

I('1\'S^S
C.  *'.  RuPE

WIIOC^T
7-I-15       -     --IO +             ,-,-

*!i a.  w.  cAnvEy .loo,  `^ncl+rr^,  xs
I 'I„D"C
OA.`lAC  OR LC
wt  -11  IN  a: oF soCTAiiL^evs(Sp
DC^
„( ls.IJl"96

g!±g=;i: s`!;. kh7"#.2a;#~.  I Tho*pcO® ,..  spuD`#ttfs_-#;ii%-i€.I:'cottq.,`s±

DS£Y9:-fsp#¥,S.`;&£..?,']°6
A.c ]o wed -//.-®Ii ph.
rstp  lag/so
A.c 1 gal  mud.  ISB>  «^0.

OTO  ts®,.
``.^s D  f  1 cOL®f FTED  ]-2srf{

EL#pfasi*§#!+#i!#Ogio]#..sp:TLF!::9¥.:rsfftgr.i„]#.iig.
D  r.  A.  corn.FTm  S-Zl-7S
C®rr.ctlon! A.ng. w-llE

3falfi,H¥Fs,plio,

) i-3Pt . I I \`,
C  ,:E I.'W

RAFT
Ou  '8t,i(a

I.1L oof.   Icogcr.?.

010  LCC  TCPSI
T^aKro                       2!A I
I+OVJ.Aao                        ` I :7
rfe€8N:NER                       3 6 i6
TO Rotrro                I 6 S9
cO us LAI                 I.rs
Lfty'SZ}lc  KA~SA£ CITY

3e)9  -203,;
*(lss                               i)46  -ZS]}
I(th'oaal+OOK           i.I:]  -:.IIo
cHATTAr`iooc^     €®.  -277[
V ro LA
Stw,I?SO.\`
Si!®SON  SH
S'.,,C,SC.\'

}

c£<!g+fas

1-.    +Xoirf§ofe¥¥o<c:¢

:tl*:i?cls`
tio

\corf`

`giv'¢O.
| \lt .a

18



HXHRGHSIB fl7g

Well:      Phillips petroleum Thomson #1  (dry hole)

which became

Rupe oil        Harding #1    (discovery)

Producing formation : Indian Cave Sandstone, Admire Group Lr. Permian

Depth :               2696 -2719 feet subsurface

Lithology :        Shaly sandstone

Production:     Gas

pRacEDURE

(1)          Take readings from the single "zone" 2703-09 feet (perforation
interval) of gamma ray, sonic, and deep induction resistivity logs.

(2)          Compute the shale proportion of the zone from the gamma ray
reading and use this value in conjunction with the sonic reading to calculate
a porosity which has been corrected for shale content.

(3)          Compute the water saturation of the zone, using the
Simandoux equation:

1        ®2sw2       vffesw
Rt     O.8lRw        Rsh

Remember that this is a quadratic equation for water saturation, Sw,
and so the solution is given by:

Sw=
-b+Jb2-4ac

2a
where a = ®2/(0.81Rw)

b =Vsh/Rsh
and    c=-1/Rt
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EXERCISE 17: SIIALY SANDSTONE ANALYSIS
Indian Cave Sandstone, Kansas

LOG ANALYSIS DATA (deduced from the logs)

GR (clean) = 20 API
GR (shale) = 100 API
At  (shale)  = 88

Rsh = 2.5
Rw = 0.03 @ finn. temperature

PEREORATION INTERVAL ZONE:    2703 -09 feet

Gamma ray
Sonic
Deep Induction resistivity
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The Waxman-Smits shalv sandstone model

Waxman and Smits (1968) formulated the cation€xchange mechanism
that causes day conductivity in shaly sandstones as a double-layer model
equation for the solution of water saturation.  As with other shaly sandstone
models, it was built up from an Archie equation base, but its terms are rooted in
the causative physical phenomenon, rather than an implied relationship.  By
comparison, the older shale-volume models, such as Simandoux, give pragmatic
equations, but can be satisfactory if cahbrated; other double-layer models were
inspired by the theory of the Waxman-Smits formulation, but attempted to adapt
the terms to quantities measured on logs, because cationrexchange
measurements from core samples are generally quite rare.

The Waxman-Smits model is based on laboratory observations of shaly
sandstones.  The resistivity behavior of shaly sandstones that are completely
saturated with brine can be understood in terms of an Archie model modified by
conductivity caused by cation exchange.  Let us consider two hypothetical
sandstone cubes which are identical, except that the first is "dean" (no clay
minerals with a quartz matrix), while the pore network of the second is coated
with day minerals.  The surfaces and edges of the clay minerals have many sites
available for  the exchange of cations.

If  the clean sandstone was flooded with pure water, then both the
conductivity of the water and the rock would be effectively zero.  If we flushed
the pore system with a sequence of successively more conductive brines, the
conductivity of the rock would decrease progressively.  Crossplotted on a graph
of Cw @rine conductivity) and Co (waterrsaturated rock conductivity), the points
would form a straight line whose slope is the reciprocal of the formation factor,
became:

%=#=±            (thefirstArchieequation)
If this procedure was repeated with the corresponding shaly sandstone, the
following observations would be made.  When the pore fluid was pure water, the
conductivity of the rock would be zero, because there are no ions in the water for
exchange at day mineral surfaces, and therefore no conductivity effects.  With a
small increase in salinity, some Out not all) sites would be activated, and a clay
conductivity would be added to the conductivity caused by the ions in the pore
space.  As the salinity was increased further, there would come a point at which
cation€xchange was operating at full capacity, and beyond which no additional
clay conduction effects would be added.  The conductivity behavior of the water-
saturated rock over a range of formation salinities would show a non-linear
increase at low brine conductivities that would converge on a linear trend at
higher conductivity and approximately parallel to the equivalent dean sandstone
line.  The slope of the linear segment is, again, equal to the reciprocal of the
formation factor, but this is the formation factor of both the open pore space and
the day-bound water and is symbolized as F*.
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'Clean" sandstone Shaly sandstone

Formation water conductivity, Cw

Waxman-Smits model for conductivity in a shaly sandstone
that is completely saturated with water
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The Waxman-Smits model equations for water-saturated shaly sandstones are
then:

Co--i(Cw+Cc)
where Ce is the conductivity of clay exchange ions

and:                 Cc = B.a
where 8 is the specific counterion activity (mho/in/equiv/liter) and Qv is the
concentration of exchange cations (meq/ml pore space).
So:

Co--i(Cw+B.Qv)             nd
*

F`==
®m

In the case of a shaly sandstone that is partly saturated with hydrocarbon,
the Waxman-Smits model expands in the equation development that follows.
Now:

C, = C.S:
where Ct is the conductivity of the formation (the reciprocal of Rt) and n* is the
saturation exponent of the shaly sandstone.
So:

C, = S: (cw+B.a)
F.

-here:         a-%

The modification of the exchange catious concentration (Qv) occurs because the
hydrocarbon phase concentrates the cations in a smaller volume of pore water.

Written in resistivity (rather than conductivity) terms, the Waxman-Smits
shaly sandstone equation for water saturation becomes:

fRw

The information sources for the parameters to solve the Waxman-Smits
equation are reviewed below:

8:

The deep formation reading from the resistivity log.
The formation factor of the shaly sandstone derived either from
measurement or predicted from porosity, based on F*=a*/®m*
The formation water resistivity measured from a DST or produced water
sample, or from an SP log estimation in a clean sandstone, or deduced
from resistivity log readings in a contiguous clean sandstone.
8 is an index of the mobility of the adsorbed catious on the clay surfaces.
8 is a function of both temperature and formation water salinity.
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Empirical work by Waxman and Thomas (1974) gives the relationship:

8--
(1+X.A:23)

where:
A = -1.28 + o.225r -4.o59 . ioJ r2

and:                  X = 0.27 + 0.045r
where T is the formation temperature in degrees centigrade.

Qv:     Qv is the concentration of exchange catious measured in meq/ml of pore
space.  Qv can be calculated from the cation-exchange capacity, CEC,
(meq/100 gin of sample) measured on core from:

CEC . (+ - ®) . pin
loo * a

When extending laboratory measurements to entire sections,
Lavers, Smits, and Van Baaren (1974) proposed the empirical relationship:

Qv--dire
where d and e are constants to be evaluated from a set of Qv and porosity
measurements from core.  The form of the equation attempts to relate Qv
with the internal surface area of the sandstone estimated by some
exponential function of the porosity (dimensionally converting a volume
into an area).  Use of such an equation allows a prediction of Qv in the
subsurface, based on porosity log measurement.  Most attempts to relate
Qv with some function of Vsh have failed to find a usable relationship.

Characteristics of the Waxman-Smits equation
(1)  In the limiting case of n*=2, the equation is a quadratic expression of
Sw.  Otherwise the equation is a generalized polynomial that requires an
iterative algorithm for solution.
(2)  When no cation-exchangeable days are present, the equation collapses
to the conventional clean sandstone Archie equation.
(3)  The "resistivity distortion" (reduction of Rt from its expected value on
the dean sandstone model):

(a)  increases with inereasing hydrocarbon saturation;
a)  increases with increasing formation water resistivity.

(4)  This is a model.  Assumptions are:
(a)  parallel conductance for electrolyte and clay€xchange cation
components;
a)  an exchange-cation mobility that increases to a maximum and
constant value with increasing electrolyte concentration;
(c)  the same geometric conductivity corrstants apply to both the
electrolyte conductivity and the exchange cation conductance.
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cLA¥ hmlERALs IN sllALy sANDs:  RESERvolR EFFECTs AND
REcOGr\ITTloN FROM LOGs

Older shaly sandstone models consider shale only from the point of
moJ'p/ioJqg!/ and distinguish between laminar, dispersed, and structural forms of
shale component.  However, the recognition of clay mineral types within the
shale phase has important implications for reservoir performance and
management.  Illite , chlorite, and smectite both coat pore surfaces and bridge
pores and pore-throats, while  migrating particles of kaolinite can block pore-
throats.  As a general trend, permeability is progressively reduced in the
sequence: kaolinitic, chloritic, illitic sandstones (Wilson, 1982), which reflects the
increasingly adverse effects of discrete particles, pore-lining clays, and pore-
bridging days ( Neashan, 1977).  Smectite is also extremely sensitive to fresh
water which causes swelling, while chlorite is highly acid-sensitive, with the
formation of iron hydroxide as a precipitate to dog pore throats.  As a result,
knowledge of days is important both in primary production, as well as
secondary recovery involving water flooding or acid treatment.

The effects of day mineral species on different types of logs are
summarized below and can help in their recognition:
Gamma-rav log
day minerals generally have thorium absorbed at their surfaces, may contain
potassium, and may be associated with uranium fixed by either organic material
or phosphatic minerals.  Both illite and smectite cause higher readings on
gamma-ray logs because of thorium and potassium contents, but the effects of
kaolinite and chlorite are variable.  There are many instances of kaolinitic and
chloritic sandstones that are difficult to distinguish from clay-free sandstones on
the gamma-ray log and has earned them the name of the "invisible days" with
some log analysts.  However, kaolinite can be quite radioactive and its
radioactivity seems to be controlled by how it was formed.  If created by
authigenic alteration within sandstones, it will often have low thorium and
potassium content.  If the kaolinite results from extensive leaching in a soil, then
it may have moderate to high thorium contents and therefore be significantly
radioactive.

Resistivitv log
Clay minerals- have cationexchange capacity (CEC) caused by charge at the
mineral surfaces.  Smectite has the highest CEC, followed by illite and chlorite,
with kaolinite having the lowest CEC.  However, because the effect is a surface
area phenomenorty actual values will vary with particle size, so that CEC
increases with finer-grade particles.
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INFLUENCE  OF  CIAY  MNERALS /  CIAY  MORPHOLOGIES  ON
POROSITY -PERREABILITY  REIATIONSHPS  IN  SANDSTONES

Ovilson, 1982)
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Photoelectric absorDtion fl?e\
Density tools now inake an additional measurement of the absorption of low-
energy gamma rays by the photoelectric effect.  The photoelectric factor ¢e) is
measured in barns per electron and is a direct function of the aggregate atomic
number of the formation.  In dastic lithologies, the atomic number for day
aluminosilicates such as kaolinite is very similar to quartz, so that they are
difficult to differentiate.  However, the substitution of iron within the clay
mineral lattice is a major cause of photoelectric factor variation in logs of
sandstone shale sequences qllis, 1987).  Consequently, illitic shales show higher
Pe values, with smectite shales intermediate between illite and kaolinite, while
ironbearing chlorites may generate very high Pe values.  The exact numbers will
depend on the amount of substitution by iron (or other elements with higher
atomic number).

Neutron and densitv loes
Ellis (1987) pointed -out -a fundamental distinction between the day minerals, in
terms of their hydroxyl content.  Kaolinite and chlorite have eight hydroxyls;
illite and smectite have four hydroxyls in their lattice structure.  The effects of the
hydroxyl content can be seen when comparing the density and epithermal
neutron logs when they are both calibrated to a sandstone porosity scale.  The
epithermal neutron would read about 40 porosity units higher than the density
log for either pure kaolinite or chlorite, and about 10 porosity units higher for
either pure smectite or illite.

±hemical logs
Geochemical logging now makes direct estimates of  aluminum by delayed
neutron activation, and calcium, silicon, iron, titanium, sulfur, and gadolinium
by neutron absorption, in addition to potassium, thorium, and uranium
measurements from the natural gamma-ray spectrum.   Equations that link
elements to minerals  have been applied in computational models to analyze the
compositions of sedimentary sequences.  A number of studies have been made to
compare processed estimates of day mineral types and their quantities with
laboratory measurements from core (e.g. Herron, 1986).
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I.ITrLE   SHop  oF  HORRORS :    CIA¥ NIRERALS
&  TIIEIR  ROLE  IN  FORMATION  DAIVIAGE

SIEM  photos  by  Syed  Ali  in  Bigelow (1985)
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