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Abstract Summary

Measuring physical properties along the wellbore is crucial for estimating and modeling rock
properties volumetrically in areas of interest. However, shallow well sections are often unlogged
due to economic and technical constraints, creating information gaps that hinder our
understanding of geological trends in the first few hundred meters. To address this, various
velocity-density relationships have been tested to estimate density logs, especially for
unconsolidated intervals below the seabed or where gaps exist. This analysis indicates that
velocity-density relationships align more closely with a fifth-degree polynomial function than with
the commonly used Gardner equation, which relies on an exponential function.

Introduction

The initial few dozen to hundreds of meters of a well are often unlogged. Several, including
technical challenges, can escalate drilling campaign costs contribute to this. This leads to creating
a “blind zone” as seismic data are often not processed to image the shallow sections, and there
is insufficient well data to characterize rock properties properly (Bulhdes et al., 2015). However,
advancements in seismic processing techniques now enable the recovery of seismic velocities
with improved accuracy, even in shallow section, as correctly estimating sea bottom velocity is
an important step in processing. Consequently, seismic velocity emerges as key information for
understanding and modeling the properties of the shallow section.

Through the years, empirical velocity-density relationships have been established by researchers
such as Ludwing et al. (1970), Gardner et al. (1974) and, Castagna (1993). Gardner estimated
an average exponential transformation through a velocity-density, p(g/cm?®) = 0.31V %25, with V
in m/s (Equation 01). While this equation aims to serve as a best-fit curve for all types of
lithologies, it tends to overestimate sands’ density and underestimate shale density (Hilterman,
2001). Furthermore, the hydrocarbon effect should be considered for using Gassman’s fluid
substitution (Gassman, 1951), and the equation should not be applied to individual lithologies
without local calibrations (Paiva, 2021). Despite the good approach, both techniques struggle to
correlate lithologies due to their empirical derivation accurately, necessitating strict application to
the studied rocks (Mavko, 1998).

Our approach does not aim at lithology characterization; instead, it captures the natural trend of
velocity-density relationships focused on a fit-to-data proposal. Local calibration indicates that the
rocks studied here align with a fifth-degree polynomial function, using an empirical function based
on a best-fit curve across all logged intervals, as outlined by Brocher (2005), given by the Nafe-
Drake equation p(g/cm?®) = 1.6612V, — 0.4712VZ + 0.0671V3 — 0.0043V: + 0.000106V; with V
in km/s (Equation 02), the local empirical function has been derived from the 220 wells available
for this study. It was compared with other empirical functions to estimate the density log for all
analyzed relationships and verified for quality control and application feasibility.

Method
This study’s methodology was applied to an offshore area in the Campos Basin, northeastern Rio
de Janeiro state — Brazil, where the water column ranges from 50 m to approximately 2200 m.

The project encompasses 220 wells situated in different geological environments, including
Turonian turbidites (Carapebus Formation) and Albian carbonates (Quissama Formation) in the
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post-salt section, as well as Aptian carbonates (Alagoas level — Lagoa Feia Formation) in pre-salt
section (Winter et al. 2007; Camargo et al., 2023).

Given the heterogeneity of these environments, the wells were gathered into three groups, with
the water column serving as the main parameter for classification. A secondary classification was
implemented based on similar geological zones, as described in Table 01.A and Table 01.B,
respectively. This dual-tier classification approach was designed to effectively address the
complexities of the varying geological settings and ensure a more accurate analysis of the
velocity-density relationships across the different sections.

A) Group Water Column Number of Wells B) Zones Interval
Sea Botton to
Z 01
ones Marco Azul
Shallow Water 40m to 500m 130
Zones 02 Turonianto
Cretaceous
Transition Water 500m to 2000m 64
Zones03 Albian
Deep Water From 2000m 28 Zones 04 Salt Baseto
Basement

Table 01: Grouping scheme according water column in table 01.A and zones created to deal with
the high geological environment variability in table 01.B

The analysis was performed using a velocity-density crossplot, following the scheme outlined in
Table 01. This approach enabled the extraction of a velocity-density relationship specific to each
well group for every zone, where grouping similar geological environments is expected to yield a
characteristic elastic response. This can potentially lead to a more accurate relationship. As a
control parameter, both the uncalibrated Gardner and Brocher models can be inspected jointly
with the local estimated velocity-density function.

Results

Figure 01 demonstrates the application of our analysis across all wells in each zone, as previously
outlined. This method was then expanded to include additional groups of wells, enabling the
extraction of the best-fit fifth-degree polynomial function for each zone and collectively for all
zones. The results of the density curves are illustrated in Figure 02, which shows the measured
density alongside the calibrated fifth-degree density, compared to the velocity and density
predictions from the Brocher equation. To ensure quality control, correlation coefficients (r) and
determination coefficients (r2) were calculated to evaluate the effectiveness of the locally
calibrated function against other empirical models. Detailed results are available for review in
Table 02.

Conclusions

Gardner's density model typically shows a variation of + 0.1 g/cm3 compared to the Brocher/Nafe
& Drake models, but it diverges significantly for Vp values below 2 km/s, as illustrated in Figure
01. In the shallow zones of the wells, particularly where Vp is less than 2 km/s and density is
below 2 g/cm3, Gardner's model does not serve effectively as a comparison parameter.

The Brocher model, on the other hand, aligns well with the data distribution across all scenarios
when compared to measured density. However, the locally calibrated model demonstrates
greater accuracy than the Brocher model, as indicated in Table 02. The correlation coefficients (r
and r?) for both models remain similar regardless of the scenario analyzed, suggesting that
estimating density from Vp using the Brocher model is less time-consuming. This is due to its
direct application to data without needing to create zones or compile wells, as demonstrated here.
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Consequently, employing the Brocher model to estimate density and fill gaps in measured data
is a practical approach. While both models are valid for density estimation, the choice between
them depends on the specific objectives and the time available for the task.
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Figure 1: Example of velocity-density crossplot with the superimposed models illustrating the fit

of each one.
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Figure 02: The measured density and the calibrated fifth-degree density as a function of
velocity and density from the Brocher equation results of the density curves.
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All Wells Shallow Water Wells
DENS x DENS BROCHER/ Correlation Determination DENS x DENS BROCHER/ Correlation Determination
DENS x LOCAL DENS_VP Coefficient (r) Coefficient(r?) DENS x LOCAL DENS_VP Coefficient(r) Coefficient(r?)
ZONE 01 0.64/0.65 0.41/0.43 ZONE 01 0.66/0.66 0.43/0.44
ZONE 02 0.71/0.72 0.51/0.53 ZONE 02 0.65/0.67 0.43/0.45
ZONE 03 0.76/0.75 0.58/0.57 ZONE 03 0.70/0.70 0.48/0.49
ZONE 04 0.82/0.82 0.67/0.68 ZONE 04 0.82/0.83 0.68/0.69
ALL ZONES 0.81/0.82 0.66/0.68 ALL ZONES 0.84/0.85 0.71/0.72
Transition Water Wells Deep Water Wells
DENS x DENS BROCHER/ Correlation Determination DENS x DENS BROCHER/ Correlation Determination
DENS x LOCAL DENS_VP Coefficient (r) Coefficient(r?) DENS x LOCAL DENS_VP Coefficient (r) Coefficient(r?)
ZONE 01 0.66/0.67 0.44/0.45 ZONE 01 0.44/0.47 0.20/0.22
ZONE 02 0.68/0.70 0.46/0.49 ZONE 02 0.85/0.85 0.73/0.73
ZONE 03 0.70/0.70 0.48/0.49 ZONE 03 0.74/0.72 0.54/0.51
ZONE 04 0.67/0.71 0.45/0.51 ZONE 04 0.79/0.81 0.64/0.65
ALLZONES 0.76/0.77 0.57/0.60 ALLZONES 0.84/0.84 0.70/0.70

Table 02: The statistical metrics provide insight into the accuracy and reliability of the local
function relative to established modes.
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