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EMPIRICAL AND PETROPHYSICAL MODELS FOR SHALINESS ESTIMATION
IN CLASTIC SEDIMENTARY ROCKS

Jorge Leonardo Martins' and Thais Mallet de Castro?

ABSTRACT. Most of the sedimentary basins are composed of alternating layers of clastic lithotypes of mixed mineralogy, typically sandstones and shales. Having very
small grains mean diameter, clay minerals can occur by contaminating void spaces, i.e., pores and pore connections, of oil-bearing reservoir rocks. It is thus necessary
to establish a measure of the clay content in rocks — i.e., shaliness, which obstructs the tiny porous connections of reservoir rocks. In fact, shaliness represents a key
petrophysical parameter, for instance, in the simulation process of oil and gas production. Being a petrophysical measure, shaliness can be better estimated from using
the readings of the spontaneous potential and/or the natural gamma-ray logs. In practice, empirical models are used for estimating shaliness, although such models
always lead to undesirable overestimations. Petrophysical models are alternatively proposed in the literature allowing more realistic estimates of shaliness. In this work,
we present a new approach for the formulation of new petrophysical models for estimating shaliness using the binomial formula. By inserting the second-, the third- and
the fourth-order binomial approximations for the Gaymard porosity formula into a simple shaliness-porosity relation, we obtain new petrophysical models for estimating
shaliness which maintain the same properties of two models previously established in the literature. Experiments with real well-log data crossing the same turbiditic
formation show more realistic — and very less uncertain — magnitudes for shaliness in an oil-producing arenitic reservoir, confirming the overestimated values of the
empirical model taken as reference for the investigated lithology.

Keywords: geophysical well logs, shaliness estimation, empirical and petrophysical models, turbiditic reservoirs.

RESUMO. A maioria das bacias sedimentares é composta por camadas alternantes de litotipos clasticos de mineralogia mista, tipicamente arenitos e folhelhos.
Possuindo didmetro médio de graos muito pequenos, os argilo-minerais podem contaminar 0s espagos vazios, i.e., 0S poros e as conexoes entre poros das rochas
acumuladoras de 6leo e gds. Faz-se assim necessdrio o estabelecimento de uma medida do conteddo de argila em rochas —i.e., daargilosidade, que obstrui as diminutas
conexdes porosas da rocha reservatorio. De fato, a argilosidade representa um pardmetro petrofisico chave, por exemplo, no processo de simulacdo da producdo de 6leo
e gas. Sendo uma medida petrofisica, a argilosidade pode ser melhor estimada a partir das leituras dos perfis de potencial espontaneo e/ou de raios gama naturais. Na
pratica, faz-se uso de modelos empiricos para estimar a argilosidade, embora tais modelos sempre conduzam a superestimativas indesejaveis. Modelos petrofisicos sao
alternativamente propostos na literatura, permitindo estimativas mais realistas de argilosidade. Neste trabalho, apresentamos uma nova abordagem para a formulagao
de modelos petrofisicos para estimativa de argilosidade usando a férmula binomial. Ao inserirmos aproximag0es binomiais de segunda, terceira e quarta ordens para
a férmula da porosidade de Gaymard numa simples relacdo entre argilosidade e porosidade, obtemos novos modelos petrofisicos para estimativa de argilosidade que
mantém as mesmas propriedades de dois modelos estabelecidos na literatura. Experimentos com dados reais de perfis de pogos que atravessam a mesma formagao
turbiditica mostram magnitudes mais realistas — e muito menos incertas — para a argilosidade em um reservatorio arenitico produtor de 6leo e gés, confirmando os
valores superestimados do modelo empirico tomado como referéncia para a litologia investigada.

Palavras-chave: perfis geofisicos de pogos, estimativa de argilosidade, modelos empiricos e petrofisicos, reservatorios turbiditicos.
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INTRODUCTION

Sandstones and shales are the most frequently occurring litho-
types in clastic sedimentary basins, although thin layers of evap-
orites and carbonates can also be found in such sedimentary envi-
ronments (Wyllie et al., 1958, Asquith & Gibson, 1983). Because
of the genetic complexity of clastic basins, most of the rocks found
in such sedimentary environments present an equally complex
mineralogical composition and grain size. It is well-known that
some lithotypes always exhibit characteristic minerals, generally
with a carbonate-type lithological cement. For instance: quartz is
always found in sandstones as the main rock matrix mineral; in
shales, clay minerals (e.g., kaolinite, illite, chlorite and smec-
tite) occur as the predominant rock-forming minerals (Dewan,
1983; Ellis & Singer, 2007). As clay minerals have a very small
grain size — i.e., grains mean diameter in the order of 10—2 mm
(Schon, 1996), shales can work as sealing rocks in the petroleum
systems of clastic sedimentary basins. Worth mentioning is that
shales, when classified as sealing rocks, act as barriers to the oil
migration process from the source rocks, resulting in the accu-
mulation of hydrocarbons in reservoir rocks (Asquith & Gibson,
1983; Schon, 1996).

In practice, clay minerals are classified according to the way
of occurrence in sedimentary lithologies (Asquith & Gibson,
1983). There are three basic types of occurrence of clays in
clastic sediments: laminar clays, structural clays, and dispersed
clays. Laminar clays are generated from the organization of
clay-forming laminations, while structural clays represent a sin-
gular distribution of clays which is found in the form of pellets
(Dewan, 1983; Ellis & Singer, 2007). Nevertheless, among the
occurrences of clay minerals in clastic sediments, the dispersed
clays are, by far, the most important type, arousing the interest of
interpreters of geophysical well-log measurements. That is, dis-
persed clays impact on discriminating total porosity against effec-
tive porosity, explaining the relevance of such kind of occurrence
of clay minerals. In defining total porosity, all void spaces —i.e.,
all the pores in the rocky matrix — are taken into account; instead,
in the definition of effective porosity, only the connected pores
are considered. Thus, among the three occurrences of the clay
minerals, the dispersed clays arouse greater interest, once cre-
ating in porous rocks — e.g., oil-bearing sandstone reservoirs —
the obstruction of the small-diameter porous connections and the
impediment of fluid flow between the tiny connections sometimes
already obstructed by clays and/or hampered by oil viscosity. As
a consequence, the clay occurrence associated with dispersed
clays has a negative impact on the production of oil and gas
(Dewan, 1983; Pennington, 2000). It is thus of crucial importance

to establish a petrophysical measure able to evaluate the impact
of dispersed clays on clastic rock quality in terms of production
and oil-reserves estimation.

The concept of shaliness — sometimes also referred to as clay
content — corresponds to the petrophysical measure which helps
mitigate the uncertainties in the production of oil and gas. Sha-
liness is defined as the total volumetric percentage of dispersed
clays present in clastic reservoirs, obstructing the porous con-
nections which may be even already blocked by heavy oil. Us-
ing the empirical models available in the literature which take part
in the majority of the well-log interpretation software packages,
shaliness can be estimated from using the readings of the spon-
taneous potential log, SP, and/or the natural gamma-ray log, GR
(Asquith & Gibson, 1983; Dewan, 1983; Ellis & Singer, 2007).
The most used and simpler empirical models take the gamma-
ray log measurements for estimating shaliness (Larionov, 1969;
Stieber, 1970; Clavier et al., 1971; Brock, 1984), although ra-
dioactive minerals, supposedly found only in shales, can affect
negatively shaliness estimation in oil-bearing sandstones (Ellis
& Singer, 2007). However, even without the presence of radioac-
tive minerals in quartzose rocks, the empirical models used in the
interpretation of geophysical logs overestimate shaliness, com-
promising the evaluation of effective porosity. Consequently, the
uncertainties in the evaluation of the volume of recoverable oil
from the reservoir grow enormously (Dewan, 1983; Schon, 1996;
Pennington, 2000). In order to circumvent shaliness overestima-
tion by using empirical models, Kamel & Mabrouk (2003) and
Mabrouk & Kamel (2011) proposed petrophysical models which
allow obtaining more realistic and less uncertain estimations. In-
stead of using gamma-ray readings, such petrophysical models
incorporate the measurements of the three basic porosity logs into
the derived formulas for shaliness estimation: the neutron poro-
sity log, the sonic log, and the density log — hereafter referred to
as ¢n, At and py,, respectively. Remarkably, such log measure-
ments disregard gamma-ray amplitudes, being influenced only by
the presence of clays contaminating the sediments. The results
obtained in practice using such well-log measurements, in esti-
mating shaliness more realistically, confirm the robustness of the
petrophysical models proposed in Kamel & Mabrouk (2003) and
in Mabrouk & Kamel (2011).

In this work, we apply the same assumptions as in Kamel
& Mabrouk (2003) and in Mabrouk & Kamel (2011) in order
to formulate new petrophysical models for estimating shaliness
in clastic rocks. By relating shaliness to total and effective po-
rosity in a very simple way, Kamel & Mabrouk (2003) com-
bined neutron porosity measurements with classical formulas for
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porosity. The insertion of such formulas into the mathemati-
cal formulation leads to a laborious algebraic handling, where
the positive root of the so-obtained second-order equation pro-
vides a petrophysical model for shaliness. Considering the same
shaliness-porosity relationship as in Kamel & Mabrouk (2003),
Mabrouk & Kamel (2011) also combined neutron porosity read-
ings with classical porosity formulas. The strategy, however, was
to insert the effective sonic porosity relation into the mathematics,
in order to simplify considerably the algebraic manipulations for
deriving the shaliness model. As a result, the petrophysical mod-
els formulated by Kamel & Mabrouk (2003) and by Mabrouk &
Kamel (2011) incorporate information from the three fundamental
porosity logs — that is, ¢n, At and py,. As reported in Castro
gtal. (2014) and in Castro & Martins (2016), comparison of cur-
rent empirical models to such robust petrophysical models yields
more realistic and less uncertain shalingss estimations. Never-
theless, the issue of interpreting gas-oil zones in the reservoir is
absent in these previous formulations. As porosity estimates us-
ing the classical formulas reveal to be quite erroneous, estimat-
ing shaliness using the previously-obtained petrophysical mod-
els may indirectly provide a distinct behaviour in gas-oil zones.
In this way, the proposal of this paper is to use binomial approxi-
mations (Boas, 1983) of the so-called Gaymard porosity formula
(Gaymard & Poupon, 1970) in order to deal with interpreting sha-
liness in possible gas-oil zones. Gaymard porosity formula ap-
plies to gas-oil zones (Dewan, 1983), also revealing suitability to
incorporate neutron porosity readings into the shaliness model.
Therefore, applying the second-, third- and fourth-order binomial
approximations for Gaymard porosity formula to the mathematical
procedures of Kamel & Mabrouk (2003) and of Mabrouk & Kamel
(2011), we generate new petrophysical models for estimating
shaliness which similarly hold information on the porosity logs
— ¢N, At and py,. Experiments comparing these petrophysi-
cal models using actual well-log data crossing the same tur-
biditic lithology reveal equivalence in shaliness estimation. The
results using previous models — i.e., those proposed by Kamel
& Mabrouk (2003) and by Mabrouk & Kamel (2011) — exhibit
slightly higher shaliness values in comparison with results using
the models formulated on the basis of Gaymard porosity bino-
mial approximations. However, as high-order terms of the bino-
mial approximation of Gaymard porosity formula are considered
in formulating the petrophysical model, shaliness estimates tend
to be, as expected, virtually identical when compared to the previ-
ously proposed petrophysical models. The accuracy of the results
is verified by statistical measures of the absolute error between
the data taken as reference and the estimated data, confirming
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that the new petrophysical models provide more realistic and very
less uncertain shaliness estimates than the empirical models.

METHODOLOGY

In the following, we present the mathematical formulation of
three new petrophysical models for shaliness estimation. Firstly,
we show the derivation of a model elaborated by Kamel &
Mabrouk (2003), and, secondly, the model proposed by Mabrouk
& Kamel (2011). In comparison to these previous models, the
formulation of the additional new petrophysical models refers
to a simpler mathematical approach using the binomial formula
(Boas, 1983). The appropriate selection of a porosity formula
is the central point in the mathematical derivations, resulting in
petrophysical models for estimating shaliness which hold infor-
mation on the three fundamental porosity logs, namely, the neu-
tron porosity log, the density log, and the sonic log. In this way,
we introduce basic formulas for estimating porosities using such
geophysical well-log readings. It should be highlighted that only
the neutron log represents a direct measure of porosity, being con-
sidered in practice as the direct measure of the total porosity of
the rock (Dewan, 1983; Ellis & Singer, 2007). On the other hand,
density and sonic well-log readings provide indirect estimates of
porosity from specific formulas. In order to provide ways for com-
paring shaliness estimation in the section of real data application
below, the classical empirical models used in current interpreta-
tion workflows of geophysical well logs in clastic reservoirs are
also briefly described.

Petrophysical models for porosity

The evaluation of porosity can be obtained from two ways: directly
or indirectly. In the direct way, we use the neutron porosity well
logging tool — which, as mentioned above, directly provides the
neutron porosity measurements, ¢ . In the indirect way of evalu-
ation of porosity, well-log readings of density, py,, and sonic slow-
ness, At, are used in simple petrophysical formulas to obtain
gstimates of total and effective porosity. Thus, density measure-
ments are inserted into the following formulas in order to estimate
total density porosity, ¢, = &4, and effective density porosity,
®e = ¢e,n, respectively related as (Dewan, 1983; Schon, 1996):

¢t)D — pma - pb’ (1)
Pma — Pf
and
qse,D = qst,D - Vclay qst,D,clay- (2)

The term ¢ b clay IS the apparent porosity at the “shale point”.
Using the readings of the density log, p1,, the apparent porosity
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is expressed as

Pma — Pclay . 3)

Pma — Pf
Inthe equations above, the parameters pelay , Pma and pg in prac-
tice are known beforehand, representing the density at the “shale
point”, the mean density value for the grain minerals in the rock
matrix and the density for the fluid filling the pores, respectively.
In general, the mud filtrate is the fluid in the zone of investigation
(Dewan, 1983).

On the other hand, if the porosity estimation involves sonic
slowness measurements, At, we represent the total porosity and
the effective porosity as ¢y = ¢¢.s and de = Pe,s, reSpectively.
The relation for ¢y, can be written as (Dewan, 1983; Schon,
1996)

qst,D,clay =

At — Atpa 100
%8 = Aty = Aty (Atday)’ @
inwhich, for the case of poorly-consolidated formations, the com-
paction factor has already been included (Dewan, 1983; Ellis &
Singer, 2007). The relation for ¢ g can thus be expressed as:

qse,S = gbt,S - Vclay qst,S,claya (5)

where, the apparent porosity at the “shale point”, ¢y s clay.
is now written as:
Atclay — Atpma
At — Aty
The parameters Ateclay, Atma and Atyg, respectively, denote the
sonic slowness at the “shale point”, the mean value for the sonic
slowness of the grain minerals forming the rock matrix and the
value for the sonic slowness of the fluid filling the pores —i.e., the
mud filtrate in the zone of investigation. Similarly, as in the case
of using density measurements, Atciay, Atma and Aty arealso
values selected beforehand. Note that Egs. (1)-(6) can be easily
derived assuming the conceptual model for a porous rock formed
by parallel layers to which individual physical properties are as-
signed. For such conceptual model, the porous rock is formed by
a solid portion (i.e., the rock matrix formed by the mineral grains,
including clay minerals) and by a fluid portion which fully satu-
rates the rock porous space. The so-called parallel-layer concept
for a fluid-saturated porous rock can be found in Dewan (1983),
Schon (1996) and Magalhdes & Martins (2012).

Nevertheless, a more robust relation for estimating porosity
involves the combination of the neutron porosity, ¢, and the to-
tal density porosity, ¢¢.p. In this case, ¢, = ¢¢,np, Whose
relationship is written as:

¢e.ND =0 ¢y.p + (1 —9) én, (7)

(6)

qst,S,clay =

where 0.5 < 6 < 1.0 (Dewan, 1983). In water zongs, 6 = 0.5,
resulting in (Asquith & Gibson, 1983):

ON + ¢¢.D
—
However, in gas zones, the use of Gaymard porosity formula
(Gaymard & Poupon, 1970) is more appropriate for porosity esti-
mation,

(8)

¢t,ND =

% ‘*‘2¢t2,D . (9)
Note that it is possible to consider the formula for effective po-
rosity, ¢e b, in Egs. (7), (8) and (9) by substituting the terms
involved in the corresponding relations.

2 _
PeND =

Empirical models for shaliness

By using the natural gamma-ray log measurements to estimate
shaliness, the calculation of the gamma-ray index, GRI, repre-
sents the common point among the classical empirical models.
This mandatory input parameter is related as

Gl%log - GRlog,min
b
GR]og,maX - GRlog,min

GRI = (10)
in which GRy,, denotes the reading of the gamma-ray log at a
selected depth. For the same sedimentary interval investigated,
GRiog,max aNd GRiog min denote the maximum and mini-
mum readings, respectively (Dewan, 1983).

The study of Larionov (1969) proposes the following empiri-
cal relation for estimating shaliness Viay in Tertiary rocks (i.e.,
young sediments):

Velay = 0.083 [237*CGRI 17, (11)
while, for older rocks, Larionov (1969) applies
Velay = 0.33[220XCRI_ 1], (12)

Brock (1984) proposes a refation for Veiay in rocks from the
Oligocene-Miocene which has a mathematical structure similar
to Larionov (1969) equations, namely:

Velay = 0.21[229%CGRI_ 17, (13)

Inturn, also considering the rock age, Stieber (1970) derived that

GRI

A—(A—1)x GRI’ (19

Vclay =

in which the parameter A assumes the following values: A = 3,
A =2and A = 0.15 for Tertiary rocks, older rocks and Creta-
ceous rocks, respectively.
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At last but not least, it follows the empirical model proposed
in Clavier et al. (1971) for estimating Veiay:

Velay = 1.70 — /3.38 — [GRI+ 0.7]2. (1)

Because the regression coefficients of each empirical model
are associated with specific rocks, the validity of the empirical
models above is always questionable. In other words, the sedi-
mentary characteristics of the rocks used to construct the empir-
ical models are always distinct from the rocks under study. This
property can be observed in Figure 1, which displays the relation-
ship of shaliness with the increase of GRI according to the empir-
ical models in Eqgs. (11)-(15). Except for the Brock (1984) model
in Eq. (13) and the Stieber (1970) model (A = 0.15)in Eq. (14),
the empirical models for shaliness present similar trends.

100

—e— Linear

—e— Larionov (1969) Eq. (11)

90 - | —m— Larionov (1969) Eq. (12)

—A— Brock (1984) Eq. (13)

—&— Steiber (1970) Eq. (14), A=3.0
80| —v— Steiber (1970) Eq. (14), A=2.0
—e— Steiber (1970) Eq. (14), A=0.15
—=&— Clavier et al. (1971) Eq.(15)

704

60+

50

SHALINESS (%)

40

301

20+

101

0

0 1 6 éo 3I0 4‘0 5‘0 éO 7‘0 8I0 9I0 100
GAMMA-RAY INDEX (%)

Figure 1 — Display showing the trends of the empirical models for shaliness

related in Egs. (11-15). The linear curve represents the GRI value itself — see

Eq. (10). As noticed, most of the empirical models respond with similar be-

haviour for shaliness variation. Only the Brock (1984) model in Eq. (13) and the

Stieber (1970) model (A = 0.15) in Eq. (14) display very distinct trends.

Petrophysical models for shaliness

The mathematical formulation for the petrophysical models for
shaliness presented below are based on the relationship between
the total porosity, ¢, the effective porosity, ¢, and the apparent
porosity at the “shale point”, ¢ciay, NaMely:

qse = ¢t - Vclay qsclaya (16)

which may be rewritten as

Vclay = qs;;afe- (17)
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As proposed in Kamel & Mabrouk (2003) and in Mabrouk &
Kamel (2011), in very shaly clastic sedimentary formations, we
are allowed to approximate Veiay &~ 100% S0 that ¢ =~ 0. In
this way ¢ = delay, and Eq. (17) evolves to:

qse

Vclay =1 Qst . (18)
The preceding equation is the building block for the formulation
of petrophysical models for shaliness. As we shall see in the fol-
lowing, the relation for the total porosity, ¢y, can be substituted
using ¢ = ¢t np [See Egs. (7), (8) and (9)]; as for the effective
porosity ¢e, we can approximate either ¢e = ¢e p [se€ EQ. (2)]
0 e = obe,s [sEEEQ. (5)].

(1) The Kamel & Mabrouk (2003) model

The petrophysical model for estimating Veia, proposed in Kamel
& Mabrouk (2003) uses Eq. (8) assuming ¢y, p = ¢e,p. In the
same way, the mathematical formulation considers ¢ = ¢e s
and ¢y = ¢y,np in Eq. (18), leading to

e _2 e
Verny = ON + Pe,p — 20 s (19)

¢N + qse,D

Notice that Eq. (19) holds information on the three fundamental
porosity logs. Thus, inserting Egs. (2) and (5) for ¢e p and ¢e, s,
respectively, into the preceding relation, we can write (Kamel &
Mabrouk, 2003; Castro et al., 2014; Castro & Martins, 2016):

A1 Vi + Bi Velay +C1 =0, (20)

inwhich A1 = é.D,clay, Bi = —(dn~+d¢,D +d¢,D,clay —
20,8 clay), aNd C1 = N + ¢d¢,p — 2¢,s. AS the range of
variation for shaliness is 0 < Viay < 1, we take the positive
square root of Eq. (20) for obtaining the petrophysical model for
Vlay according to Kamel & Mabrouk (2003):

—81+\/8%—4A101 (21)

2 A

Vclay =

The constants A, By and C; incorporates the relations for

#t,D, Bt,D,clay, Pt,s ANd ¢y s clay Provided in Egs. (1), (3), (4)
and (6), respectively.

(2) The Mabrouk & Kamel (2011) model

The model for shaliness estimation proposed in Mabrouk &
Kamel (2011) shows a more simplified mathematical formulation,
inserting ¢,p as in Eq. (1) into Eq. (8). Further, it also considers
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¢t = ¢ynp AN P = e s in EQ. (18). After these substitu-
tions, we can write:

Veray = ON + ¢¢,D — 2¢e s

ON + d¢,D

where it can be seen that the three porosity logs also contribute to
the construction of this proposed petrophysical model for shali-
ness. The algebraic manipulations which follow after the corre-
spondent substitutions for ¢y, p and ¢, s, provide a yet more
simplified petrophysical model for shaliness (Mabrouk & Kamel,
2011), that is:

Veray — N + Aa(pp — pma) — Ba(At — Atma)’
N + A2(pb — pma) — 2C2
in which the constants Az, B» and Cs, are related as:
1 200
(or = pma) 7 [Detay(Ate — Ateya)]’

and C2 = qst,S,clay-

; (22)

(23)

Az =

(3) The new petrophysical models

The investigations of Castro et al. (2014) and Castro & Mar-
tins (2016) shows that the petrophysical models above provide
more realistic and accurate shaliness estimations in clastic reser-
voirs, even if highly radioactive shales — or another radioactive
materials, other than shales — are present in the reservoir forma-
tion. However, a relevant issue to take into account is the occur-
rence of light hydrocarbons in the reservoir formation. In this in-
stance, we apply Gaymard porosity formula as the basis for for-
mulations of, even further simpler, new petrophysical models for
shaliness. To this end, we then rewrite Eq. (9) as follows:

1/2
$t,ND = \/g <¢12\1 + ¢t2,D) : (24)

In order to avoid introducing nonlinear terms along the algebraic
handling that follows in the formulation of the new petrophysi-
cal models, we approximate Eq. (24) using the binomial formula
(Boas, 1983) up to the fourth order. Appendix A shows details of
such approximation.

Following Mabrouk & Kamel (2011), we then insert ¢y =
¢e.ND ANd P = e s into Eq. (18). For ¢, np, We assume
the second-order approximation expressed in Eq. (A2); for ¢e s,
we use Eqg. (5). The subsequent algebraic handling yields the
following simpler new petrophysical model for shaliness:

V3(ox+02n/268) - Ag

Va0 +020/208) By @

Vclay =

with As = ¢y s and Bs = ¢ s, c1ay given by Egs. (4) and (6),
respectively. Similarly, as the petrophysical models due to Kamel
& Mabrouk (2003) and to Mabrouk & Kamel (2011), the model in
Eq. (25) also holds information on the three fundamental porosity
logs. Note that the third- and fourth-order binomial approxima-
tions for Eq. (24) can provide more accurate models than the rela-
tion given in Eq. (25). In this way, taking the third-order binomial
approximation in Eq. (A3), shaliness can also be estimated using

1 + Pip  $ip) _ A

3 (N T 250 w541 3
¢2 ¢4 ’

Vo (on+ 52 - 2i2) - 5,

or, assuming the fourth-order binomial approximation in Eq. (A4),

1 7, 9, by
i+ g2 -Sp e fg) -4

1 ?? 2 v
Vi(ow+ 2 -+ %) -5
The experiments in the following section confirm the accuracy
obtained with the new petrophysical model for shaliness derived

using the fourth-order binomial approximation for Gaymard po-
rosity formula in Eq. (24).

(26)

Vclay =

, (27)

Vclay =

RESULTS

This section shows the experiments with the above-described
petrophysical models for shaliness. For implementing the ex-
periments, we selected geophysical logs from two vertical wells,
nearly 2 km apart, drilled through a turbiditic, Albian-aged, oil-
producing shaly-sandstone intervals in Campos basin, offshore
Brazil. We follow three steps to produce the results below:

(1) description of the geology and the geophysical well-log
data set;

(2) comparison of porosity logs; and
(3) comparison of shaliness 10gs, Veiay-

In steps (2) and (3), the selection of a reference log was funda-
mental for calculating the statistical measures which take part in
the uncertainty analyses shown in Tables 1 and 2. Note that the
statistical measures are calculated over the absolute error between
the reference log and an estimated log. In this way, Gaymard po-
rosity in Eq. (24) provides the reference porosity log in step (2);
Larionov (1969) empirical model for young sediments given in
Eq. (11) is assumed as the reference shaliness log in step (3).
Moreover, the needed parameters for calculating the total sonic
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Table 1 — Statistics for the uncertainty analysis of porosity comparisons using well logs from WELL-A and WELL-B. Statistical
measures calculated over the absolute error in porosity, assuming the Gaymard porosity in Eq. (24) as the reference. In this way,
€min, €mean, €max, Te aNd o2 denote the minimum absolute error, the mean absolute error, the maximum absolute error, the
standard deviation of the absolute error and the variance of the absolute error, respectively. Porosity, ¢ np, in percentage.

WELL-A
STATISTICS  [lgpmn " — e ligems " — domn 1 lgems™ = dimp |
€min 0.00 0.00 0.00
€mean 1.59 112 1.16
€max 5.90 6.34 11.85
Oe 1.46 1.39 1.83
a? 213 1.93 3.36
WELL-B
STATISTICS_ [lgegin™ — otin ™Il oo™ — oitn ™| lisetin™ — eckn™ |
€min 0.00 0.00 0.00
€mean 1.12 0.62 0.47
€max 414 4.05 5.32
Oe 1.04 0.69 0.64
ol 1.07 0.48 0.41

Table 2 — Statistics for the uncertainty analysis of comparing shaliness estimations using well logs from WELL-A and WELL-B. Statistical measures calculated
over the absolute error in shaliness, with Larionov (1969) empirical model for young sediments in Eq. (11) as the reference. In this way, emin, €mean, €max, Te
and o2 represent the minimum absolute error, the mean absolute error, the maximum absolute error, the standard deviation of the absolute error and the variance
of the absolute error, respectively. Shaliness, V1,y, in percentage.

WELL-A
STATISTICS  [[Vergy ™ = Ve VI Ve ™ = Vau, “V 1 IVan ™ = Van ™Il IVas " — Ve "I
€min 0.00 0.00 0.00 0.00
€mean 11.81 11.87 12.82 12.21
€max 67.67 70.70 74.09 73.71
Oe 9.92 9.77 9.65 9.51
ol 98.48 95.57 93.18 90.47
WELL-B
STATISTICS _[[Vera, ™ — Ve, *V1L Ve, ™ = VAL ®1 Ivas ™ - vag ™I Ives ™ - vag 7
€min 0.00 0.00 0.00 0.00
€mean 2517 25.67 27.31 26.80
€max 95.55 95.87 98.01 97.51
Oe 15.94 16.02 16.38 16.28
ol 253.93 256.70 268.24 264.97
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porosity 10g, ¢s, the total density porosity log, ¢, p, the Gay-
mard porosity 10g, ¢ xp, and the shaliness 10g, Veiay, are set
aS: Atma = 55.50 ps/ft, Aty = 189 us/ft, Atclay =
115 ps/ft, pma = 2.65 g/cm? and pf = 1.10 g/cm?.
The interpretation of well logs in the studied area provided the
parameter At.1ay that represents the sonic slowness for a dom-
inant shale in the sedimentary interval under analysis. For this
dominant shale, peray = 2.54 g/cm?.

WELL-A

WELL-A is located in the central part of a turbiditic reservoir,
exhibiting a complex distribution of facies. In Figure 2, the
panel in the middle shows the lithology column, depicting oil-
producing sandstone intervals intercalated by thin layers of cal-
careous shales, calcilutites, siltites and shales. The mineralogi-
cal analysis implemented in Magalhdes & Martins (2012) reveals
the presence of high percentage of feldspar in the sandstone in-
tervals, confirming the arcosean nature of the reservoir reported
in several papers — see for instance Bacoccoli et al. (1980) and
Tigre & Lucchesi (1986). The geophysical anomalies observed in
the log curves can be easily correlated with the facies exhibited
in the lithology column. In Figure 2a, the high gamma-ray inten-
sities shown in the gamma-ray well log are consequence of the
abundance of feldspar in the sediments; in Figure 2b, the electri-
cal deep resistivity anomalies are associated to oil-bearing sand-
stone intervals; and, in Figure 2c, the low-density anomalies in
the density log correlate with producing zones. As porosity mea-
surements play a key role in the estimation of shaliness using the
petrophysical models presented above, we then plotted in Fig-
ure 2d the neutron porosity log, ¢, together with the further to-
tal porosity logs, i.e., the total density porosity log, ¢4, the total
sonic log, ¢,s and the Gaymard porosity 10g, ¢, np according
to Egs. (1), (4) and (24), respectively. Note that the measurements
of sonic slowness in Figure 2a were incorporated into Eq. (4),
generating the ¢ s log. As a result, Figure 2d shows that the
entire total porosity curves basically display the same trend, with
Gaymard porosity running between the neutron porosity log and
the total density porosity log, as predicted by Eq. (24).

However, concerning porosity calculations, a better compar-
ison is displayed in Figure 3. The neutron porosity log, ¢, is
plotted as a reference log, while the Gaymard porosity log
— calculated as in Eq. (24) — is compared to the second-,
third- and fourth-order binomial approximations expressed in
Eqgs. (A2), (A3) and Eq. (A4), respectively. These approximations
are displayed in Figures 3a, 3b and 3c, revealing a critical fitting

to Gaymard porosity in the sandstone intervals. Remarkably, the
binomial approximations for Gaymard porosity nearly generate the
same results, with the third-order binomial approximation provid-
ing a slightly better fitting. The uncertainty analysis is shown in
Table 1 for the Gaymard porosity and the corresponding approx-
imations using the data set from WELL-A give support for such
observations.

The estimates of shaliness resulting from the applications of
the petrophysical models are plotted in Figure 4. The model pre-
sented in Kamel & Mabrouk (2003), in Eq. (21), and the model
proposed in Mabrouk & Kamel (2011), in Eq. (23), are respec-
tively displayed in Figures 4a and 4b. In turn, the new petrophys-
ical models derived by using the second- and fourth-order bino-
mial approximation of Gaymard porosity — Eqgs. (25) and (27),
are respectively plotted in Figures 4¢c and 4d. The analysis of
Figure 4 shows that the petrophysical models yield very equiv-
alent results, providing shaliness estimates always smaller than
Larionov (1969) empirical model. As it can be observed in Fig-
ure 4, shaliness decreases practically along the entire sedimentary
interval, mainly in the facies showing high gamma-ray anoma-
lies. Unlike Larionov (1969) empirical model, the petrophysical
models predict shaliness without bringing such high anomalies
into the estimation of shaliness. Using the data set from WELL-A,
the equivalence of the petrophysical models in predicting shali-
ness is confirmed by the uncertainty analysis shown in Table 2.

WELL-B

WELL-B is located near the border of the turbiditic reservoir, thus
presenting less inner geological complexity. The lithology column
in the middle panel of Figure 5 depicts the facies at the borehole
surroundings. Facies interpretation in this well reveals two main
oil-producing sandstone intervals, with shales and carbonates oc-
curring as sealing layers. The geophysical anomalies in the well-
log measurements easily correlate with the facies interpreted in
the lithology column. Because of the arcosean nature of the reser-
voir, high gamma-ray amplitudes occur in the gamma-ray log —
see Figure 5a— along the sandstone intervals. The oil-producing
zones can be correlated clearly with the significantly high
anomalies exhibited by the electrical resistivity log in Figure 5b.
The density log in Figure 5¢ also reflects the lithology column at
the surroundings of WELL-B, enabling the correlation of the sand-
stone intervals with low-density anomalies and sealing facies with
high-density anomalies. In order to calculate the total porosity
logs — i.e, the total density porosity log, ¢ b, the total sonic
porosity log, ¢¢,s, and the Gaymard porosity log, ¢ np, the
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Figure 2 — Geophysical well-log data at the surroundings of WELL-A for the turbiditic sedimentary interval between 3025 and 3125 m. Lithologies are depicted in the
central panel, showing several oil-producing sandstone intervals intercalated by thin layers of calcareous shales, calcilutites, siltites, shales, and carbonates. The first
panelin (a) exhibits the sonic slowness log (At, in us/ft) in blue color and the natural gamma-ray log (GR, in APl units) in black color. The second panel in (b) shows
the electrical resistivity log, i.e., induction logging deep (ILD, in Ohm.m). The density log (py,, in g/cm3) is shown in panel (c). The last panel (d) presents the total
porosity logs (¢, in percent): the neutron porosity log, ¢, in black color; the total density porosity log, ¢, as in Eq. (1), in blue color; the total sonic porosity log,
¢¢,s asin Eq. (4), in cyan color; and the Gaymard porosity log, ¢ np s in Eq. (24), in red color. The parameters for total porosity calculations are given in the text.
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Figure 3 — Comparison of porosities (in %) using the geophysical logs at the surroundings of WELL-A. The neutron porosity log, ¢, is in blue color. The Gaymard
porosity log, ¢ np as in Eq. (24), is in black color. The approximated Gaymard porosity logs, ¢4, xp, are in red color: in (a), the second-order approximation as in
Eq. (A2); in (b), the third-order approximation as in Eq. (A3); and in (c), the fourth-order approximation as in Eq. (A4).
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Figure 4 — Comparison of shaliness estimation in WELL-A using the empirical model proposed by Larionov (1969) — see Eq. (11) — with the petrophysical models
described in the text. The Larionov (1969) model is in black color. The petrophysical models are in blue color: in (a), the Kamel & Mabrouk (2003) model as in Eq. (21);
and in (b), the Mabrouk & Kamel (2011) as in Eq. (23). The new petrophysical models for shaliness derived by substituting the binomial approximation for Eq. (24): in
(c), the model derived in Eq. (25), using the second-order binomial approximation in Eq. (A2); and in (d), the shaliness estimation with a petrophysical model similar
to Eq. (25), but using the fourth-order binomial approximation given in Eq. (A4). As expected, the accuracy of shaliness estimation in Figure 4d has a slight increase in
some depths in comparison to Figure 4c, because of the incorporation of high-order terms in the derivation of the petrophysical model. See in Table 2 the uncertainty

analysis for shaliness estimation in WELL-A.

measurements of rock densities in Figure 5¢ and of sonic slow-
nesses in Figure 5a were inserted into Eqgs. (1), (4) and (24),
respectively. The total porosity logs are plotted together with the
neutron porosity log, ¢, in Figure 5d. As expected, the facies
shown in the lithology column remain well marked in the poro-
sity logs, while the Gaymard porosity log, ¢ xp, runs between
the neutron porosity log, ¢, and the total density porosity log,
1D

Figure 6 depicts the total porosity logs which promote the
comparison of the binomial approximations for Gaymard poro-
sity using the geophysical data set from WELL-B. In the same
way as verified with the measurements in WELL-A, the neutron
porosity log, ¢, is displayed in the panels of Figure 6 as the
reference porosity log. A gradual fitting of the second-, third-
and fourth-order binomial approximations with the exact Gay-
mard porosity 109, ¢¢.~np as in Eq. (24), can be observed in
Figures 6a, 6b and 6¢, respectively. Although the third-order
binomial approximation for Gaymard porosity shows a slightly
better fitting, the overall behaviour of such approximations is very

equivalent. Concerning the porosity logs using the data set from
WELL-B, the uncertainty analysis in Table 1 corroborates the equi-
valence of the binomial approximations for Gaymard porosity.

In the same way, as with the data set in WELL-A, we used
the geophysical measurements from WELL-B in order to compare
the performance of the petrophysical models in the estimation
of shaliness. As the reference for comparison, Larionov (1969)
empirical model for young sediments clearly overestimates sha-
liness in the entire sedimentary interval, especially in the oil-
producing, feldspar-rich sandstones. The incorporation of high
gamma-ray amplitudes from the gamma-ray log measurements
into Larionov (1969) empirical model leads to shaliness over-
gstimation. Nevertheless, the petrophysical models proposed in
Kamel & Mabrouk (2003) and in Mabrouk & Kamel (2011) provide
more robust shaliness estimates — see Figure 6a and 6b, respec-
tively. Though exhibiting very slight differences, the estimates
of shaliness using the new petrophysical models in Egs. (25)
and (27) that result from the binomial approximations of Gaymard
porosity, provide an equivalent behaviour in the estimation of
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Figure 5 — Geophysical well-log data at the surroundings of WELL-B for the turbiditic sedimentary interval between 3025 and 3123 m. The lithology column in the
central panel shows two thick oil-producing shaly-sand zones. Shales and calcareous shales occur at the top and in the middle of the sedimentary interval, which is
bounded by a carbonate at the bottom. The first panel in (a) exhibits the sonic slowness log (A, in us/ft) in blue color and the natural gamma-ray log (GR, in API
units) in black color. The second panel in (b) shows the electrical resistivity log, i.e., induction logging deep (ILD, in Ohm.m). The density log (py, in g/em3) is shown
in panel (c). The last panel (d) presents the total porosity logs (¢, in percent): the neutron porosity log, ¢, in black color; the total density porosity log, ¢ as in
Eq. (1), in blue color; the total sonic porosity log, ¢ s as in Eq. (4), in cyan color; and the Gaymard porosity 10g, ¢, b as in Eq. (24), in red color. The parameters
for total porosity calculations are the same as in Figure 2d.
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Figure 6 — Comparison of porosities (in %) using the geophysical logs at the surroundings of WELL-B. The neutron porosity log, ¢, is in blue color.
The Gaymard porosity 10g, ¢; np @s in Eq. (24), is in black color. The approximated Gaymard porosity logs, ¢ np, are in red color: in (), the
second-order approximation as in Eq. (A2); in (b), the third-order approximation as in Eq. (A3); and in (c), the fourth-order approximation as in Eq. (A4).
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shaliness. In other words, shaliness estimation fundamentally de-
pendents on porosity measurements rather than gamma-ray geo-
physical anomalies. The uncertainty analysis in Table 2 also points
out the equivalence of the petrophysical models in estimating
shaliness using the geophysical measurements from WELL-B.

DISCUSSION AND CONCLUSIONS

The above-derived new petrophysical models for estimating
shaliness in clastic sedimentary rocks present similar properties
as the previously proposed models in Kamel & Mabrouk (2003)
and in Mabrouk & Kamel (2011). Following the same mathemati-
cal formulation of such works, we inserted the second-, the third-
and the fourth-order binomial approximations of the so-called
Gaymard porosity formula into a simple shaliness-porosity rela-
tionship. As expected, the subsequent laborious algebraic ma-
nipulations provided robust new petrophysical models that are
explicitly dependent on the measurements of basic porosity logs,
that is, ¢n, A¢ and py,.

In the experiments using real well-log data sets from two
vertical boreholes crossing a turbiditic oil-producing reservoir
offshore Brazil, we focused on comparing the binomial approxi-
mations for Gaymard porosity formula and the estimations of sha-
liness using both the previously derived and the above-formulated
new petrophysical models. The results of comparing the binomial
approximations with the exact Gaymard porosity formula provided
a very good fitting, which is corroborated by the uncertainty anal-
yses described in Table 1. Indeed, these outcomes are the natural
consequence of incorporating high-order terms into the approxi-
mations, gradually increasing accuracy. As for the shaliness es-
timations using the petrophysical models, the main finding from
the experiments refers to the equivalent, less inaccurate and more
realistic outcomes obtained, which are pointed out by the uncer-
tainty analyses in Table 2. Although testing only the new petro-
physical models derived with the second- and the fourth-order bi-
nomial approximations for Gaymard porosity formula, use of the
petrophysical model formulated with the third-order approxima-
tion also would lead to an equivalent, less inaccurate and more
realistic shaliness estimation. The secondary finding — which is
indeed a confirmation of a previous result — is the shaliness over-
gstimation provided by the empirical model taken as reference for
the sedimentary rocks studied.

The petrophysical models here investigated also exhibit cru-
cial dependence on a priori information handled along conven-
tional well-log interpretation workflows, that is, the parameters
Atya, Atg, Atclay, Pma, Pr AN peray. Special attention must

be drawn to selecting the parameters at the “shale point”, i.e.,
Atelay aNd peray, SiNCE poorly selected values for such parame-
ters can lead to unrealistic shaliness estimations. Moreover, the
property of depending only on the readings of basic porosity logs
rather than on the gamma-ray intensities provides robustness to
the petrophysical models for shaliness. In this way, estimates of
shaliness are free from contamination of gamma-ray anomalies in
intervals containing highly-radioactive minerals — feldspars, for
instance. As a result, the more realistic estimates of shaliness
obtained with the pretrophysical models represent a guarantee
of estimating oil reserves with less uncertainty.

Finally, note that assuming Eqg. (8) in the mathematical for-
mulations has provided special cases of petrophysical models for
shaliness estimation — that is, take 6 = 0.5 in Eq. (7) to ob-
tain Eq. (8). Using the same formulation as above, more general
new petrophysical models for shaliness estimation can be ob-
tained with Eq. (7). However, the resulting petrophysical models
will clearly depend on the additional parameter 5. As it corre-
sponds to an empirical parameter, the selection of & requires a
cautious priori investigation in order to avoid leading to unrealis-
tic shaliness estimates.
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A APPENDIX

This appendix shows the binomial approximation for the Gay-
mard porosity formula (Gaymard & Poupon, 1970) in Eq. (9).
In order to verify the accuracy of the approximation — see
Figures 3 and 6 — we present in the following the second-,
the third- and the fourth-order approximations for ¢ np,
that are needed in the mathematical formulation of the new
petrophysical models for shaliness in Egs. (25) and (27).

The binomial formula can be formally expressed up to the
fourth term as (Boas, 1983),

(a+b)" = a" + na™ b+ 771(”2'_ 1)a”_2b2
+ n(n — 13)'(n — 2)an—3b3 (A1)
+ n(n — 1)(n_2)(n_3)a”_4b4+...,

4!
where n is any real, positive or negative number. The objective
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Figure 7 — Comparison of shaliness estimation in WELL-B using the empirical model proposed by Larionov (1969) — see Eq. (11), with the petrophysical models
described in the text. The Larionov (1969) model is in black color. The petrophysical models are in blue color: in (a), the Kamel & Mabrouk (2003) model as in Eq. (21);
and in (b), the Mabrouk & Kamel (2011) as in Eq. (23). The new petrophysical models for shaliness derived by substituting the binomial approximation for Eq. (24): in
(c), the model derived in Eq. (25), using the second-order binomial approximation in Eq. (A2); and in (d), the shaliness estimation with a petrophysical model similar
to Eq. (25), but using the fourth-order binomial approximation given in Eq. (A4). Comparing with Figure 7c, the accuracy of shaliness estimation in Figure 7d slightly
increases in some depths, because of the incorporation of higher-order terms in the derivation of the petrophysical model. See in Table 2 the uncertainty analysis for

shaliness estimation in WELL-B.

here is to approximate the Gaymard porosity in Eq. (24) using
the binomial formula. To this end, we then substitute n = 1/2,
a=¢%andb= qﬁf)D. As a result, using Eq. (A1), the second-
order approximation for ¢, np Can be written as:

bao =[5 (o 2R).

Note the misprint of Eq. (A2) in Castro & Martins (2016).
In the same way, the third-order binomial approximation for
Eq. (24) is given as

/1 %o  dip
Cbt,NDN\/;(Cb +W_W) (A3)

and the fourth-order binomial approximation as,

2
t,ND ~ \/g <¢N + ;Zs;f]

Figures 3 and 6 show the accuracy in calculating the total neutron-
density porosity ¢ np — i.€., the Gaymard porosity in Eq. (24),
using the binomial approximations in Eqgs. (A2), (A3) and (A4).

$ip o
¢3 +-16¢5

).
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