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Abstract

The density rock is a property generally used to identify
rock types and, in geological studies, being a physical
property affected by geological time, pressure, and
temperature. The bulk density is a crucial petrophysical
property in hydrocarbon exploration, geology, and several
other fields within geophysics. This attribute is helpful in
compositional, lithological, and stratigraphic studies. This
article focuses on the evaluation using linear methods
for calculating bulk density proposed by some authors
in the universal literature. In the first part of this work,
empirical models were solved numerically using least
squares regression. In this case, the density was estimated
from Vg, and V), logs in a model and from V,, only for
another model. The regression parameters (coefficients)
for these were analyzed from aspects mathematical,
geophysical, tectonic, geological, and geochronological. It
was performed the validity of these mathematical models
on data from oilfield wells in various regions of the
planet, differently from the area in which the models were
generated. The results show that t e error between the
estimated density and the actual density increases when
we extrapolate the empirical equation from one field to
another. In the same field, the mean squared error (MSE)
is less than 2 % fit between real and synthetic logs for
both models. This error can increases to & % (for NPRA
field-Alaska) when the age and composition of rock differ
significantly from the geology of the well-log of reference
(Araki field).

Introduction

It is well known that rock density (bulk) is an important
petrophysics parameter in the hydrocarbon oil exploration.
In the seismic context, the density with compressional
velocity is used to obtain the impedance and consequently
the seismic reflectivity.

The lack of density logs in some wells is quite common
to find, either by omission of measurement or by the
conditions in which the well and/or the tool presents that
will make it difficult to take the density measurement of
the rocks. To find a mathematical model that allows
the reproduction of the density log based on other logs

measured in the well, in order to be a support for the
interpretation and correlations of the existing rocks and
fluids present in the well, is also of great help for geological,
geophysical studies and for the oil industry in exploratory
fields.

The density log tends to contain a large percentage of
error in its measurement due to the sensitivity of the
tool and the general condition of the well’s walls. The
Vertical resolution is 18 inches (45,72 cm) for the density
measurement (Serra and Serra, 2004), which is a deficit
for correct density measurement, it is also affected by the
filtration of the drilling mud, variation of the diameter of the
well, crumbling and roughness of the well’s walls (Figure
1). It is useful to propose a mathematical method that
allows the validation of data and generate a quality control
of them. The implementation of this model allows the
correction of problematic logs, cleaning and adjusting these
from noise interference and erroneous data measured in
the well, in order to guarantee the quality and veracity of
the studies directly done in the well from the evaluation of
the information obtained in these.

There are mathematical models for obtaining bulk density
logs proposed by different authors, in which using logs
such as P-wave velocity (V,) and shale volume (Vg,),
it is possible to calculate a synthetic bulk density log.
Sometimes the results of one of the models are more
efficient than the other depending on the case and the
behavior of the data in the study area.

For the realization of this study, a large number of data was
taken from wells belonging to the oil fields of Taranaki—New
Zealand (Science, 2012), Teapot Dome—USA (DNPOSR,
1976; Energy-Department, 2011), The National Petroleum
Reserve in Alaska—NPRA (Houseknecht and Schenk,
2001; Saltus et al., 2002), the Niger delta basin (Reijers,
2011), Campos Basin—Brazil (Guardado, 1990) and
Viking Graben field in the North Sea—Norway, which
have age ranges among the lower-Mississipian to later-
pliocene/holocene. Evaluating the different mathematical
approaches to obtain bulk density is intended to analyze
the influence of geological, tectonic and geophysical
aspects of each field on the values of the resulting
parameters and at the same time determine the effect of
applying the parameters of one field in others fields with
different characteristics.

Theoretical Background
The Least Squares method

The theory of least squares is a numerical analysis method
where, by providing a set of variables (both dependent
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Figure 1: Degradation of the formation during and after
drilling. Overpressured mud is indicated to be invading
porous and permeable sand formations with the formation
of a mudcake. The mud circulation also causes borehole
washout in the shale zones (Ellis and Singer, 2007).
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Figure 2: World map showing the general location of the six
oil fields studied in this work, which are located in different
places around the world, giving a global approach to the
research.

and independent) and a group of functions, the aim is to
determine a continuous function -within those provided-
that shows the greatest adjustment with the data provided
by the criterion of minimum square error (Leon et al., 2006).
When an attempt is made to find a set of coefficients ;'
where f(x) interpolates with the set {(x;,y;)}’_, - being
(xj,y;) a set of points in the Cartesian plane - then this is
fulfilled:

Y. cifi () = (1)
Py

Twhere i=1,2,3,...,N

® Teapot Dome G [ ¥

Empirical models

Having knowledge of the equation for the calculation of bulk
density proposed by Gardner et al. (1974):

b
py=kVy, 2

where p, is the bulk density, V), is P-wave velocity and k
and b are constants.

As well as the modified Birch’s Model (Birch, 1960; Kowallis
et al., 1984; Tosaya and Nur, 1982; Castagna et al., 1985;
Han et al., 1986; Oloruntobi and Butt, 2019):

Pp=0Vp+ZVy+P, )

where py, is the bulk density, V), is P-wave velocity, Vy, is the
shale volume and Q, Z and P are constants.

Method

The workflow of our case study is divided into five (5)
steps. lts description is pictured in Figure 3. According
to step one (1), we started selecting well-log data set
from five (5) regions spread in different locations on the
planet. In other words, the well-logs data is from Taranaki
(New Zealand), Niger Delta (Nigeria), Alaska National Oil
Reservoir (USA), Teapot Dome (USA), Viking Graben (the
North Sea - Norway), and Campos Basin (Brazil) oil fields
(see Figure 2). We also performed - in step(1) - a pre-
processing of well-logs. Here, we removed the random
noise elimination (despiking), mud infiltration correction on
the density log (based on the caliper log), and shale volume
estimation (from gamma-ray index (IGR) log).

Analysis of well-logs processing in
empirical parameters

Choice of

Well-logs| mﬁ’l“"(‘::o" shale-volume
despikig | [} ™| | fraction estimative

correction| equation lChronostrangraphyl I thologyl lTectomsmI

Select the
well-logs data set
(e.g, caliper, sonic,

density and
gamma-ray)

oy =k VP kand b
> - Geological {«
> P.Zand Q Analysis
Py =P+ZV+QY,
Linear
inversion Best fit parameters in
the reference log

after corrections

Figure 3: Flow-chart showing the work methodology
applied in the first part of this study.

Based on the factors that affect the speed of sound waves
and vary the results of the natural radiation emission record
of the rock component elements, three geographically and
geochronologically different oil fields are selected for the
execution of the study, doing a previous investigation of
its geological and tectonic aspects. After performing tests
and data analysis, representative wells of each field were
selected according to the results obtained.

To verify the influence of the different characteristics of
each field in the estimation of the parameters (k,b,0,Z and
P) with their respective correlation applying and validating
the results obtained from one field to another, as well as
the variations thereof being evaluated in different wells
within the same oil field, thus observing the behavior of the
resulting bulk density synthetic logs.

Using the Matlab programming language, the data is
loaded (logs ps, Vi, V) and corrected by applying an
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Figure 4: Table of age range corresponding to each field
involved in the study

encoded function called Despike -which is responsible for
cleaning the noise present in the data measured in well-
and a mud filtrate correction using the caliper log to remove
the effect of wall’'s caving, roughness and variation of the
diameter of the well; thereby preventing the reproduction
of noise and erroneous data by parts of the parameters
calculated later (de Macedo et al., 2020).

When despike filtering was applied on the Vgnae, p» and V),
logs data it was generated a smoothing of the points with
outliers in the data.

The mud filtrate correction on density log is based on
the caliper log measure of the variation in the borehole
diameter, which shows that when the well's diameter is
increasing, the well is passing through an unconsolidated
formation or walls’ caving. The mud filtrate correction was

made based on the paper from de Macedo et al. (2020).

Using the programming language, a code is constructed
that allows the calculation of the different parameters
showed in equations 2 and 3, for each one of the fields,
selecting the representative parameters of each field to be
applied later on a well selected as a base (Ariki Well /
Taranaki oil field) due to its wide geological and seismic
information, besides a great geological ages variability
along its stratigraphic column; thus observing the behavior,
viability and reproduction of the parameters of each field
when applied in fields of equal and different geological
and lithological ages and affecting factors (tectonism,
magmmatism and external agents). For this last item, the
parameters proposed in the study carried out in Nigeria
by Oloruntobi and Butt (2019) are also applied using the
linear equation model proposed by the same for obtaining
a synthetic bulk density log.

Results

When the Despike correction is applied on the sonic
register, gamma-ray and density log, for the traditional
Gardner equation, the parameters show an inversely
proportional behavior between them, where the variations
of k and b after the correction are not greater than 1.5-2.0%
of the parameters’ value without correction, which indicates
little loss of data but a great effect on the results’ variation.
For eq. 3 it is generally observed, when the Despike
correction is applied, growth in the value of the parameters
Q and Z and decrease in the value of P, which is justified
based on the proportional and equitable behavior of the
parameters to guarantee the linearity of the equation.

LI2NEAR EQUATION (Modified Birch) GARDNER EQUATION

——Qlo
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Figure 5: Variation graph of the values of the parameters
"k, b" for traditional Gardner and "Q,Z,P" for the linear
equation, applying the despike correction and mud filtrate
correction to the density to the records and logs worked
within equations in question, taking for this case the data

from well ID 5002320012000 of NRPA as a sample.

The mud filtrate correction applied to the density log
in traditional Gardner model, as well as the despike
correction, shows an inversely proportional behavior in the
variations of the values for the parameters k and . For
the modified Birch’s model, the correction of the density
selected to decrease the value of the parameter Q0 with
respect to the result thereof with the application of Despike.
The values of Z and P increased concerning their initial
values (raw data) Figure 5.

In Figure 6 the parameters are calculated after all the
corrections are applied on the reference well, it is possible
to denote that these parameters make a better adjustment
when applied to calculate the synthetic density log in a
different well by avoiding the reproduction of noises present
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Figure 6: Corrections and calculations of synthetic Bulk
Densities on the NPRA well identified as 500232001200.
the black curve corresponds to the original bulk density
data of the well. The red curve shows the result of
the corrected data. The blue curve is the synthetic log
obtained using the Gardner’s traditional model. The green
curve corresponds to the synthetic log determined with the
modified Birch’s model proposed by Birch (1960), Han et al.
(1986) and Oloruntobi and Butt (2019).

in the original data. In other words, an intrinsic correction
is generated.

When performing the calculations, the variability and
veracity of the parameters found for the same well is
confirmed using the entire log and also regions with greater
data content within it. On Figure 7 can be seen the
reproduction of the synthetic density log of the Ariki well,
where the resulting log with the parameters found using
the total of the log has a higher reproduction, less limitation
of the amplitude of the synthetic register compared to
the parameters resulting from the calculation based on a
behaved section (in this case the one corresponding to
the region present between 2100 and 3400 m deep) of
the original record. Numerically, when calculating with a
behaved section, the parameter k in traditional Gardner has
an increase, generating a decrease in the b value, since
these two parameters act inversely proportional in this
case, which explains the limitation of the amplitude in the
synthetic record reproduced since this parameter regulates
this characteristic. The parameters for the linear equation
show a relative increase in Z and P and a decrease in Q,
which is the parameter -among the three existing ones- that
regulates the amplitude mainly.

The traditional Gardner equation for the calculation of
bulk density shows a restricted reproduction, where the
adjustment is somewhat limited. Even so, it shows
variations between one field and another, despite only one
variable (V) who generates the different notable changes
along the well under test, as shown in Figure 8, where the
variations are denoted of bulk density when tested in a well
with parameters of fields of different ages and the same
age based on data from the Ariki well of the Taranaki basin
field. The smallest error in reproduction is given by the
synthetic log reproduced with the parameters calculated
using the data from the same base well (Ariki), showing
the greatest adjustment.

The modified Birch’s equation shows a more adaptable
behavior -greater sensitivity- to the original data, giving

500 F
1000 —p, Raw Ariki
) Arikitotal 1000
——py, Ariki_,
1500 1500 -
2000 + 2000 t
E
= 2500 2500 f
Q
[)
[a]
3000 3000 |
3500 - 3500+
4000 - 4000 ¢
4500 + 4500 |
15 2 25 15 2 25

Bulk Density (g/cm?) Bulk Density (g/cm?3)
Figure 7: Comparison of calculated parameters of the
Ariki well (Taranaki oil field) using the entire log and a
behaved segment of it (demarcated on the graph between
red dashed lines), being applied to reproduce the synthetic
log of the source data. It can be seen how the parameters
do not reproduce noises when they are found using prior
corrections (Despike and mud filtrate correction).

Traditional Gardner
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500 3 :
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4000 4000
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Bulk Density (g/cm?) Relative Error
Figure 8: Synthetic bulk density logs of the Ariki well
(taranaki basin oil field) using calculated parameters of the
NPR Alaska, Teapot Dome, Campos Basin, Viking Graben
and Taranaki basin - New Zaland (Tui and Ariki) oil fields in
the traditional Gardner equation. The graph is divided into
geological time sections corresponding to the Ariki well,
delimited by dashed lines based on the interpretation of
the OTS-5 seismic line.

a greater adjustment with respect to the original bulk
density data, being appreciably less limiting present for the
reproduction of the synthetic density logs, as can be seen
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in Figure 9.
Linear Regression
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Figure 9: Synthetic bulk density logs of the Ariki well
(Taranaki basin oil field) using calculated parameters of the
NPR Alaska, Teapot Dome, Campos Basin, Viking Graben
and Taranaki basin - New Zealand (Tui and Ariki) oil fields
in the modified Birch’s equation. The graph is divided into
geological time sections corresponding to the Ariki well,
delimited by dashed lines based on the interpretation of
the OTS-5 seismic line

Tabela 1: Table of mean squared errors of each bulk
density log calculated with the parameters of different fields
and applied to the Ariki well, using the Gardner’s traditional
equation and the linear regression eq. 3 proposed by
Oloruntobi and Butt (2019)

(MSE) Gardner’s (MSE) Linear
Synthetic Logs | traditional equation Regression
Py =kVp Pp =0V, +ZVy,+P

Ariki 0.0068 0.0073
Tui 0.0087 0.0270
NPRA 0.0782 0.0636
Teapot Dome 0.0085 0.0238
Viking Graben 0.0166 0.0355
Campos Basin 0.0150 0.0088
Delta Niger - 0.0192

the information provided by the V, is not enough to
generate parameters that reproduce and adjust in a
greater percentage of geological variations (which will be
represented in the density log) present in the wells, as it
is also possible to observe in Figure 8, the reproduction
does not generate a sufficiently detailed adjustment to
allow such an approximation of the reproduced density
synthetic log using the Teapot Dome parameters (lower-
carboniferous to the upper-cretacic) or the Campos Basin
parameters (Holocene/Pleistocene to Jurassic) of the Ariki
well to the original density log from Ariki.

The inclusion of Vg, in the case of the linear

equation proposed by Oloruntobi and Butt (2019), as a
variable within the mathematical equation generates more
dispersion in the results, allowing to obtain better detail
with respect to the area studied compared to traditional
Gardner. For that reason, eq. 3 It shows greater sensitivity
of the parameters -before lithological, geological age and
other variation- when a reproduction of a synthetic density
log is generated as can be seen in Figure 9. Synthetic
logs showed little impact when calculated using a Vi, under
the influence of the different methods of obtaining GI,
being the results obtained with the Clavier model, generally
giving intermediate values between the set of data resulting
from the parameters at be evaluated by the four models
mentioned above, taking this equation proposed by Clavier
et al. (1971) as the most suitable for a GI calculation,
without generating distinctions or limitations according to
the age of the rocks present in the wells tested.

Traditional Gardner vs. Linear Reagression
Ariki "Reference Well"
500 23

500 ¢

1000 1000

1500 1500

2000

2000
Synthetics

2500
2500 — Raw Ariki
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——D.Niger
3500 V.Graben
—— C.Basin

Depth (m)

3000
3000
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4000
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3
Figure 10: Synthetic bulk density logs of the Ariki wc)ell
(taranaki basin oil field) using calculated parameters of the
NPR Alaska, Teapot Dome, Taranaki basin - New Zealand
(Tui and Ariki) and Niger Delta in the traditional Gardner
equation and modified Birch’s model.

Reproduction tests of the synthetic density logs using
the reproduction parameters based on well data from the
different fields, which are exemplified in Figure 10, shows
that the different characteristics of each field create, by
applying its parameters on the same base well, a synthetic
density log that in some examples -such as Alaska vs. Ariki
or Viking Graben vs. Ariki- the curves approach and/or
overlap sections where they have equality and similar age.

However, the implicit distribution in the structure of a linear
equation generates an adjustment deficit, which causes
greater adjustment and evidence of the geological and
geological age particularities of each field, where it can be
observed as the curves created based on the parameters
calculated for each field give greater adjustment and
reproduction, overlapping the original curve and the other
synthetic curves -generated with the parameters of the
other fields- in the sections where the mimes have equity
in age.
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The causes and the different limitations that occur during
the reproduction of a synthetic density curve, based on
the parameters of a different field, are attributed to the
differences between the geological and geochronological
characteristics in each field both in general terms and local;
since the properties of a rock can change in a matter
of a few centimeters or meters, which is characteristic of
anisotropic media.

Throughout the study, it was possible to verify that, by
calculating the parameters on a well reference field and
then using these parameters in another well of the same
field, these managed to occasionally adjust better to the
original density log of the test well (although not totally)
compared to the adjustment using parameters from wells
outside the field.

Conclusions

1) The application of previous corrections in the parameters
increases the reliability of the results when applied for
the calculation of the bulk density logs, and in the same
manner, increases their adjustment generating a more
efficient reproduction of the synthetic logs. It is necessary
to perform the calculation of the parameters taking all the
data from the well logs with the highest accuracy and
confidence in the results when applying the parameters, in
order to avoid generating geological and geochronological
limitations and also to get a better adjustment, reproduction
and sample of characteristics of each field, either by
applying the parameters on wells of the same base field
that they were obtained or in fields of different age and
characteristics. Furthermore, the total data collection will
be very useful for studies of correlation and geological age
effects between the different logs of a well.

2) The use of parameters calculated with wells external
to the reference field, generates an error greater than 1%
when applied to wells external to the field of the well taken
as a basis for its own calculation, either using traditional
Gardner’s equation or the linear model, which exceeds the
permitted limit in margin of error establishes an admissible
adjustment of the parameters. Occasionally errors of less
than 5% are present, however, the density estimation of
the parameters outside the test field shows unsatisfactory
reproductions.

3) The traditional model for obtaining bulk density proposed
by Gardner generates some parameters with a rather
limited adjustment and with a higher percentage of error
compared to the results obtained using the parameters
calculated with the linear model, due to the fact that
its calculation only depends on one variable (V) which,
although it shows useful information about the media it
passes through and tries to reproduce these characteristics
in the synthetic log, the data provided are not sufficient to
give a good approximation and adjustment to the original
bulk density log of the well under test.

4) The results obtained when generating a synthetic
apparent density log by applying the linear parameters
proposed in the study carried out by Oloruntobi and Butt
(2019), do not show an appropriate or reliable adjustment,
giving errors greater than 1% , which corroborates that the
parameters obtained in one field when applied to another
different field, may generate a high percentage of error in
the synthetic reproduction and low reliability in the results.
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