International Journal of Geosciences, 2019, 10, 981-994
https://www.scirp.org/journal/iig

ISSN Online: 2156-8367

ISSN Print: 2156-8359

Q‘:‘ Scientific
¢S Research

9,90, arc
0.00 Publishing

Rock Physics Models and Seismic Inversion in
Reservoir Characterization, “MUN” Onshore
Niger Delta Field

James Mwendwa Munyithya!2, Chukwuemeka Ngozi Ehirim3, Tamunonengiyeofori Dagogo3

"The World Bank, ACE-CEFOR, Uniport Post Office, Delta Park, Port Harcourt, Nigeria
2Physics Department, JKUAT, Nairobi, Kenya
3Physics Department, UNIPORT, Choba, Port Harcourt, Nigeria

Email: jmmunyithya@jkuat.ac.ke, ehiimm@yahoo.com, nengi.dagogo@uniport.edu.ng

How to cite this paper: Munyithya, ].M.,
Ehirim, C.N. and Dagogo, T. (2019) Rock

Abstract

Physics Models and Seismic Inversion in
Reservoir Characterization, “MUN” On-
shore Niger Delta Field. International Journal
of Geosciences, 10, 981-994.
https://doi.org/10.4236/ijg.2019.1011056

Received: September 26, 2019
Accepted: November 19, 2019
Published: November 22, 2019

Copyright © 2019 by author(s) and
Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

Rock Physics Modelling and Seismic Inversion were carried out in an On-
shore Niger Delta Field for the purpose of characterizing a hydrocarbon re-
servoir. The aim of the study was to integrate rock physics models and seis-
mic inversion to improve the characterization of a selected reservoir using
well-log and 3D seismic data sets. Seven reservoir sands were delineated using
suite of logs from three wells. In this study, the sand 4 reservoir was selected
for analysis. The result of petrophysical evaluation shows that the sand 4 re-
servoir is relatively thick (62 ft) with low water saturation (0.33), shale vo-
lume (0.11) and high porosity (0.32). These results indicate reservoir of good
quality and producibility. Cross-plot of property pairs (acoustic impedance
(Z,) vs. lambda-rho (1p) and mu-rho (p) vs. lambda-rho (1p) color-coded
with reservoir properties reveals three distinct probable zones: hydrocarbon
sand, brine sand and shale. Results show that low 7, Ap and pp associated
with hydrocarbon charged sands correspond to low S, and Vg, and high ¢.
The integration of rock physics models and inverted rock attributes effective-
ly delineated and improved understanding of already producing reservoirs, as
well as other hydrocarbon charged sands of low S, V;, and high ¢ to the east
of existing well locations, which indicate possible by-passed hydrocarbon
pays. The results of this work can assist in forecasting hydrocarbon prospec-
tivity and lessen chances of drilling dry holes in MUN onshore Niger delta field.
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1. Introduction

The knowledge of elastic rock properties in reservoir characterization is impor-
tant as they closely relate to quantitative reservoir properties. Rock physics plays
an important role in the hydrocarbon prospecting as a bridge between these
elastic parameters and reservoir properties, providing the basic relationships
between reservoir seismic response and lithology, pore fluid, pressure, tempera-
ture and porosity of the reservoir [1]. The elastic parameters being used over
time in reservoir studies include seismic velocity, density, impedance, Vp/Vs ra-
tio, Poisson’s ratio, lambda-rho and mu-rho, whose sensitivity to reservoir
properties depends on the intrinsic quality of the seismic data and reservoir
character.

Apart from characterization, the changes in reservoir properties caused by
production can be monitored using these elastic rock parameters. Withdraw of
mass (hydrocarbon) is expected to result in compaction and pressure changes in
the reservoir. [2] demonstrated that changes in the rock derived attributes (den-
sity, lambda-rho, impedance) indicated change in reservoir properties of a Niger
Delta Field (pore saturation and pressure). Similarly, ground subsidence due to
hydrocarbon extraction was inferred from evaluating density, lambda-rho and
acoustic impedance changes [3]. Both observations show that elastic rock prop-
erties can be used in exploration and production stages to understand the physi-
cal behavior of the reservoir.

Rock physics analysis involves cross plotting elastic parameters with reservoir
properties and uses rock physics models to enable characterize reservoir by dif-
ferentiating lithology and fluid or distinguishing sand from shale [4]. The elastic
properties inverted from seismic data can be efficiently interpreted in conjunc-
tion with a rock physics model, which in turn can be used to predict lithology
and fluid content reliably and quantitatively across the field.

The goal of seismic inversion is to predict rock and fluid properties, for reser-
voir characterization from seismic data. In seismic inversion, the seismic data is
converted into elastic layer properties such as P- and S-impedances, density, P-
and S-wave velocities, and all the related seismic attributes [5] [6]. Generally,
elastic parameters with lithological sensitivity such as S-wave impedance, P-wave
impedance, density, shear modulus, and bulk modulus are routinely employed
to distinguish between shale and sandstone, good and poor reservoir. On the
other hand, fluid sensitive parameters such as elastic wave velocity, poisson ra-
tio, Lamé constants, and the ratio of P-and-S-wave velocity are used to discri-
minate water, oil and gas in hydrocarbon reservoirs [7] [8].

With the application of rock physics analysis and seismic inversion in explo-
ration and appraisal efforts, the efficiency of reservoir prediction and hydrocar-
bon detection has increased greatly [9] [10]. This is hinged on established rela-
tions between the elastic and reservoir properties at the well locations from rock
physics models. Such established relations at the well locations can then be used

to interpret reservoir properties away from well control points using inverted
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elastic properties.

This study was carried out in the coastal swamp depobelt of the Niger Delta
(Figure 1). The Niger Delta forms one of the world’s largest hydrocarbon prov-
inces and it is situated on the Gulf of Guinea and extends through the Niger
Delta provinces [11]. It covers an area within longitude 4°E - 9°E and latitudes
4°N - 9°N. The swamp depobelt is characterized by rain forest and mangrove
vegetations, average elevation with landscape incised by numerous brackish ri-
vulets and creeks, high torrential rainfall and relative humidity.

The present study is aimed at integrating rock physics models in the interpre-
tation of inverted seismic data for reservoir property characterization in Niger
Delta “MUN” Onshore field.

2. Geology of the Study Area

The Niger Delta is composed of regressive clastic sequence of tertiary age [12].
The Niger Delta has prograded southwards overtime, forming depobelts (Figure
2) that represent the most active portion of the delta at each stage of its devel-
opment [13]. These depobelts form one of the largest regressive deltas in the
world with an area of about 300,000 km?, a sediment volume of about 500,000
m?® and a sediment thickness of over 10 km in the basin depocenter [14] [15].
The Tertiary section of the Niger Delta is divided into three formations: Benin,
Agbada (the reservoir rock) and Akata (the source rock and reservoir in deep
offshore) Formations. The Akata-Agbada formations are the known tertiary
Niger Delta petroleum system [16].

Initially, continental divergence of African and South American plates and at
later time gravity tectonics have caused deformation in the Akata and overlying
Agbada Formation, in Niger Delta resulting in complex stratigraphic and fault-

ing systems and anticlinal structures, fit for hydrocarbon traps and conduit

(Figure 3).
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Figure 1. Location map of the study area [17].
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Figure 2. Depobelts and direction of sediment deposition [16].
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Figure 3. Gravity tectonics of Niger Delta Continental Margin [13].

3. Method of Study

The data used for this study consist of well logs from three wells (MUN 14, 15
and 16), which comprise gamma (GR), resistivity (RT), neutron (NPHI) and
density (RHOB) logs, and post-stack time migrated seismic data from “MUN”
onshore Niger Delta field. The well positions and seismic inline and crosslines in
“MUN?” field are shown in the base map of the study (Figure 4). The methodol-
ogy involved three parts: petrophysical evaluation, well-based rock physics
cross-plots and models and inversion of elastic properties from the seismic data.
The reservoirs of interest were delineated using a combination of gamma and
resistivity logs. Gamma ray log was used to discriminate lithologies whereas re-

sistivity log was used to characterize fluid contents of the delineated reservoir.
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Figure 4. Base Map showing well position in the field.

Seven reservoirs were delineated from well 14, 15 and 16. Sand 4 reservoir was
used for the present study. Quantitative analysis involved modelling of Pseu-
do-logs of elastic rock attributes and estimation of petrophysical parameters
(shale volume (V,), porosity (¢) and water saturation (S,))) from well logs using
appropriate basic rock physics [18] [19] and empirical petrophysical relations
(Figure 5(a), Figure 5(b)).

Well-based rock attribute properties were cross plotted, color-coded with
density and reservoir properties in 3-D cross plot space with the aim of identify-
ing the most appropriate attribute property that better discriminates lithology
and pore fluid and established relations between these attributes and reservoir
properties.

Well correlation and seismic to well tie were done to facilitate horizon map-
ping on the seismic data section. Subsequently, three horizons were mapped out
(HA, H4 and H?7), guided by reservoir markers in well logs. The seismic data set
was inverted into an impedance volume using a model-based inversion scheme,
which involves generating low frequency model, guided by well-logs and inter-
preted horizons. Finally, other elastic attribute properties such as lambda-rho
and mu-rho were extracted from the impedance volume along H4 seismic hori-

zon and used for field wide characterization of the reservoir.

4. Results Presentation

The wells were analyzed for lithology and fluid using gamma ray and resistivity
logs. Shale lithologies were delineated by high gamma ray (GR) value with very
low resistivity (RT). Hydrocarbon sands, on the other hand, were delineated by
low GR values with high RT, while brine sand has low gamma ray with low RT.
The wells display a shale/sand/shale sequence which is characteristic of the Niger
delta formation. Results of quantitative analysis of well logs show that sand 4

hydrocarbon reservoir is a moderately thick reservoir, having low volume of
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Figure 5. (a), (b). Modelled Pseudo-logs of elastic and reservoir properties for well 14.

shale and water saturation and high porosity. The estimated average reservoir
properties are shown in Table 1 for the three wells.

The high porosity, low shale volume and water saturation indicate good re-
servoir quality and reflects probably coarse-grained sandstone reservoirs with
minimal cementation.

Several rock property pairs (I, vs. 63 V,/V  vs. up; up vs. Ap; I, vs. Ap etc.) were
cross plotted and the best property pairs with heightened sensitivity to fluid and
lithology were selected for the present analysis. The results of cross plot of I,
versus Adp and up versus Ap, color-coded with density, show that data clusters are
separated into three distinct zones interpreted to be hydrocarbon sand, brine
sand and shale, respectively (Figure 6(a), Figure 6(b)). From the cross-plots
hydrocarbon charged sands have low density, I, p and Ap, brine sands have low
I, and pp, and moderate Ap, while shale has all high density, I, gpand Ap.

The result of cross-plot of up versus Ap, color coded with reservoir properties
Sw Vg and ¢, respectively (Figures 7(a)-(c)), shows that hydrocarbon saturated
sand zones characterized by low up and Ap attribute values, also have low S, and
V4, and high ¢ compared to brine sands and shale zones, respectively.

The result of cross plot of I, versus Ap, color coded with reservoir properties
Sw» Vi and ¢ shows that hydrocarbon saturated sands were delineated by low I,
and Ap attribute values, corresponding to high reservoir ¢, low Vg and S
(Figures 8(a)-(c)).

The results of the rock physics models established empirical relationships be-
tween the elastic and reservoir properties. These established relationships will
greatly assist in the interpretation of the seismic data and characterization of
sand 4 reservoir across MUN onshore field.

The inverted acoustic impedance section is shown in Figure 9, with the wells
and seismic horizons inserted. Result shows a general increase in acoustic im-
pedance with depth, suggesting increasing compaction of the underlying sedi-
ments due to the weight of the overburden. Low acoustic impedances were deli-

neated along the two seismic horizons (HA and H4), indicating hydrocarbon
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Table 1. Summary of the petrophysical properties of Sand 4 Reservoir.

Well Top Bottom Thickness Vihale (] Sw
(ft) (ft) (ft) (frac) (frac) (frac)
MUN-14 7909 7961 52 0.11 0.30 0.39
MUN-15 7884 7950 66 0.07 0.34 0.26
MUN-16 7844 7913 69 0.14 0.33 0.34
Average 62 0.11 0.32 0.33
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Figure 6. (a) (b). Cross-plots of rock attributes properties for sand 4 reservoir, col-

or-coded with density.
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Figure 7. (a) (b) (c). Cross-plots of Mu-Rho (up) versus Lambda-Rho (1p), color coded with water saturation, shale volume and

porosity, respectively.

saturated sands. The structural outlay of these sands ensures reservoir continuity

across the field.

The acoustic impedance horizon slice along H4 seismic horizon shows that the

producing wells lie in moderate impedance regions (Figure 10). A low impedance
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Figure 9. Cross section of acoustic impedance (Ip).

channel-like structure is delineated to the north and east of the producing wells.
These low to moderate impedance zones are associated with hydrocarbon
charged sands in the field.

The lambda-rho section exhibits gradual increase in lambda-rho with depth
(Figure 11). Result shows that H4 has relatively low lambda rho values, sug-
gesting compaction with depth and increased saturation along the seismic hori-
zon.

The lambda-rho horizon slices along H4 seismic horizon show that the wells
lie in moderate lambda-rho zones in the field (Figure 12). An elongated low Ap
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View 1

Well

CDP 14 8 1217 22 27 32 37 42 47 52 57 62 67 7277 82 87 92 97 103 110 117 124 131 138 145 152 159 166 173 180 187 194 201 208 215 222 229 236 ~
Inline 11499 11509 11519 11529 11539 11549 11559 11568 11577 11587 11596 11605 11615 11625 11635 11645 11655 11665 11675 11685 11695 11705 11715 11725
Xline 1864 1870 1875 1881 1887 1893 1898 1905 1913 1922 1931 1940 1949 1957 1959 1962 1965 1968 1970 1973 1976 1978 1981 1984 1987 1989 1992 35.9

1700

1800

1900

2000

2100

Time (ms)

Color Data: LR LR
Inserted Curve Data: P-wave ((GPa*glcc))

3741

| 346
334
322
31.0
298
286
27.4
26.2
249
27
225
213
201
189

177,

165

152

14.0
12.8
11.6
104
9.2
8.0

Figure 11. Cross section of lambda-rho (1p).

channel-like structure were delineated east to west of the wells, respectively,
suggesting probable hydrocarbon charged sands. The elongated low I, zone
north of the wells becomes diminished in the Ap horizon map indicating the li-
mitations of I, in delineating fluid-filled lithologies compared to the Ap attribute.

The mu-rho section shows increasing mu-rho with depth (Figure 13). Result
shows that H4 has relatively lower mu-rho values than HA. This could be
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indicative of differential layering and consolidation which has resulted in the
different pp responses observed in the two horizons.
Result shows that the producing wells lie in low mu-rho zones (Figure 14).

Low to moderate up values were delineated east and west of the wells, indicating
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reservoir sands. These are unlikely results for sands are expected to have high up

values due to their high rigidity compared to shale lithofacies.

5. Discussions of Results

Well and 3D seismic data in conjunction with rock physics models, were used in
this study to characterize a mapped hydrocarbon reservoir, in terms of lithology,
fluid and other relevant reservoir properties. Petrophysical evaluation of the well
log suites from the three wells delineated seven sand reservoirs, however, the
sand 4 reservoir was analyzed in this study. The result of petrophysical evalua-
tion shows that the sand 4 reservoir is relatively thick (62 ft), with low water sa-
turation (0.33), shale volume (0.11) and high porosity (0.32), on the average. We
note that these average values are stated to give a broad idea of the reservoir
quality, while the characterization using the inverted seismic attributes gives de-
tails of the expected variations of the properties from point to point. This sug-
gests a sand lithofacies reservoir having high hydrocarbon saturation as is cha-
racteristic of most Niger delta fields [20] [21].

Rock attribute properties modelled from well logs were analyzed in 3D
cross-plot space with the reservoir properties. Result show that the cross plotted
property pairs show heightened sensitivity to reservoir lithology and fluids.
Cross-plots of I, vs. Ap and up vs. Ap distinguished the reservoir into hydrocar-
bon saturated sands, brine sands and shale zones. These well cross-plots show
that hydrocarbon sands have low I, Ap and pp values. I, generally is sensitive to
both lithology and fluid, while Ap is sensitive to fluid and up sensitive to rock

matrix only. This makes yp versus Ap a good discriminator compared to I, ver-
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sus Ap cross plot. The low up values observed for hydrocarbon sands as com-
pared to that for shale, is a characteristic property of Niger delta fields that arises
due to the unconsolidation of the reservoir [2] [6] [18].

The attribute property cross plots color coded with reservoir properties show
that low I, Ap and up associated with hydrocarbon sands, corresponds to low S,
and Vg, and high reservoir ¢. Based on these rock physics models and deduc-
tions, the inverted seismic attributes along time horizons were used to charac-
terize the reservoir fieldwide.

Results of inverted seismic attributes along H4 seismic horizon exhibit lateral
variations, within and away from the well locations. The wells are located in re-
gions of relatively low I, Ap and up. To the east of the wells, there is an elon-
gated channel-like structure with very low I, Ap and up values, interpreted as
probable hydrocarbon bearing sands having low S, and V; and high values of ¢
in line with results of well log-based rock physics models. The rock physics
models validate this observation as low I,, 4p and up corresponds to hydrocar-
bon charged sands with high ¢ and low Sw and Vsh. Therefore, we have deli-
neated reservoir sands that are probably hydrocarbon charged away from the
existing well locations that could be regarded as by-passed pays with characteris-

tic low Sw and Vsh and high ¢ which can be investigated for development.

6. Conclusion

The petrophysical evaluation of the well data delineated reservoirs, and sand 4
reservoir exhibited good average reservoir characteristics: high ¢ (0.32), low S,
(0.33), low Vg, (0.11) and gross thickness of 62 ft. Rock Physics modelling and
seismic inversion carried out in “MUN” onshore Niger delta field were able to
delineate hydrocarbon charged sand zones away from the wells. The integration
of rock physics models and inverted rock attributes effectively delineated and
improved understanding of already producing reservoirs, as well as other hy-
drocarbon charged sands of low S, V;, and high ¢ to the east of existing well
locations, which indicate possible by-passed hydrocarbon pays. The results of
this work can assist in forecasting hydrocarbon prospectivity and lessen chances
of drilling dry holes in MUN onshore Niger delta field.
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