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Abstract. Combined Global Gravitational Models (GGMs) are being used in numerous geoscience applications, most no-
tably for gravimetric geoid modeling (in geodesy) and for geological mapping and geophysical explorations (in the Earth’s
sciences). The aim of this study is to evaluate the suitability of different combined GGMs that could be used for the geo-
logical mapping of middle belt region and Southeastern Nigeria. For this purpose, we digitized geological maps of Afikpo
and Anambra Basins to evaluate geological signatures implied by gravity field quantities (Bouguer gravity anomalies and
vertical gravity gradient) derived from the EGM2008, EIGEN-6C4, GECO, SGG-UGM-1 and XGM2019¢e_2159 gravita-
tional models. We also stochastically evaluated the performance of these GGMs by computing their Root-Mean-Square
(RMS) fit with ground-based gravity measurements. The results show that the EIGEN-6C4 and XGM2019e_2159 models
have the best RMS fit with the ground-based gravity data. A spatial pattern in Bouguer gravity maps (compiled using these
two models) generally closely agrees with a geological configuration of the basins, while also exhibiting some more detailed
geological features. Interestingly, however, despite the XGM2019¢ has the best fit and better mimics major geological fea-
tures, the gravity image from this model does not exhibit a sediment signature in a portion of the Afikpo basin. A possible
reason is that the topographic information used to recover a higher-frequency gravity spectrum of this model might sup-
press a gravitational signature of subsurface density structures. A comprehensive interpretation of geological features thus
requires a careful analysis of existing GGMs, terrestrial gravity data as well as all other reliable geological and geophysical
information.
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Introduction

Over the years, geological mapping has mostly relied on in
situ seismic or geotechnical surveys, which are cost-inten-
sive and time-consuming. Nowadays, Global Gravitational
Models (GGMs) are increasingly being used to identify
possible lineaments/faults, meso-scale regional geological
features or lithological boundaries (Chouhan et al., 2022).
These models are also used to interpret lithospheric and
crustal structures (Rathnayake & Tenzer, 2019; Ghomsi
et al., 2020; Dogru et al., 2018) and to determine the
Moho depth (Chen & Tenzer, 2017) and other subsurface
structures, such as a sediment basin morphology (Pal &
Kumar, 2019; Pal et al., 2016).

The GGM coefficients describe the Earth’s external
gravitational field. GGMs are either satellite-only or com-
bined, depending on the source(s) of data used for their

compilation. Different data sources (satellite, terrestrial,
altimetric, seaborne and airborne) acquired through dif-
ferent platforms are optimally combined (yielding com-
bined GGMs) by means of a least-squares analysis in
order to enhance the accuracy and resolution of GGMs
that is beneficial for their use in various geoscience ap-
plications (Barthelmes, 2013; Pavlis, 2006). Nevertheless,
it is a well-known fact that the accuracy of GGM depends
on omission errors (i.e., errors due to a limited resolution
of GGMs) and commiission errors (i.e., errors of spherical
harmonic coefficients of GGMs attributed to input data
uncertainties as well as errors of numerical procedures
applied for a compilation of GGMs). Commission errors
vary with location. This implies particularly for combined
GGMs of which a higher-degree part of gravity spectra
depends on availability of terrestrial and airborne gravity
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data used to compile these models. These errors obvious-
ly increase over regions where gravity measurements are
sparse or missing. Hirt et al. (2016), for instance, dem-
onstrated the existence of large inaccuracies of EGM2008
and EIGEN-6C4 models over Antarctica (due to polar
gaps of gravity-dedicated satellite missions and a lack of
terrestrial and airborne gravity observations).

As mentioned above, satellite-only gravitational models
have a limited resolution. The current spatial resolution of
these models derived from the GOCE satellite gravity gra-
diometry is about 80-120 km. As explained already, even
combined GGMs compiled to a relatively high spectral res-
olution complete to a spherical harmonic degree of 2160 (or
similar) have a relatively limited accuracy and resolution
over large parts of the world where terrestrial and airborne
gravity measurements are not available. Higher-degree
spherical harmonics of these models have still a relatively
low accuracy (Gilardoni et al., 2015). This was demonstrat-
ed, for instance, by Odera (2020). He inspected the accu-
racy of different GGMs for Nairobi in Kenya. Yilmaz et al.
(2018) conducted a similar study for Western Anatolia in
Turkey, and Apeh et al. (2018) inspected the accuracy of
different GGMs for Enugu State in Nigeria. These studies
(and many others) indicate that it is necessary to evaluate
the performance of different GGM:s for a particular region
in order to select the one (or more) models that are suitable
for that region in terms of their accuracy and resolution as
well as their ability to interpret geological features.

The combined GGMs, selected for this study, have a
very similar degree of expansion. In this case, the spatial
and spectral resolution is not considered, so that we in-
spected only their accuracy and their reliability to repre-
sent features that are important in geoscience studies. In
particular, we validated GGMs by means of their possible
use in geophysical explorations of subsurface features in
the middle belt and Southeastern Nigeria. For this pur-
pose, we used existing geological information and statis-
tical techniques to assess how realistically these models
could reproduce major geological features in this study
area, important from a point of view of mineral explora-
tion. Our study differs from previous study conducted for
Enugu State in Nigeria by Apeh et al. (2018). Here we used
a larger study area with a significantly higher number of
ground-based gravity data (more than 2900 gravity points
compared to only about 60 points). We also incorporated
geological information for the analysis and our validation
involved the latest GGMs.

Three gravity field quantities, specifically the free-air
gravity anomalies, the Bouguer gravity anomalies and the
vertical gravity gradient (i.e., second-order derivative of
the disturbing potential), that are of a great geophysical
importance, were interpreted in the context of geological
and tectonic configuration of the study area. The Bouguer
gravity anomalies are used for modeling and interpreta-
tion of the Earth’s inner structure and processes (Bagh-
erbandi & Sjoberg, 2013; Rathnayake et al., 2020). The
free-air gravity anomalies are suitable for the interpreta-
tion of their spatial correlation with the topography and
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sub-surface density structures. Compared to the free-air
gravity data, the vertical gravity gradient is particularly
sensitive to shallower subsurface density features (cf. Pap-
pa et al., 2019; Bouman et al., 2016).

The study is organized into five sections. Input data
acquisition and methods are described and explained in
Section 1. Geological maps of the Afikpo and Anambra
Basins are presented, and their geological formation brief-
ly reviewed in Section 2. Results are shown in Section 3
and discussed in Section 4. The study is summarized, and
major findings concluded in the last Section.

1. Materials and methods

This section provides the summary of input data and ex-
plains methods applied to compute gravity field quantities
using the GGMs coefficients.

1.1. Ground-based gravity data

We used 2,973 ground-based free-air and Bouguer gravity
anomalies over the entire study area (see Figure 1). The
Nigerian Geological Survey Agency [NGSA] conducted
gravity surveys in the middle belt and Southeastern Nige-
ria in 2008, 2009 and 2011. These gravity surveys were tied
to the International Gravimetric System IGSN’71 (Morelli
et al,, 1972) through the Primary Gravity Network for Ni-
geria (PGNN) (Osazuwa, 1986). During the gravity sur-
veys, the Lacoste and Romberg (G-512) gravimeter was
calibrated along the Northern Nigeria Calibration Line
(Osazuwa, 1992), while the scale was calibrated to the
Smithsonian meteorological table that could read with
an accuracy of about 3 m. The sling psychrometer was
used to measure the air temperature while the relative hu-
midity, used in correcting the barometric readings, was
determined from the psychrometric chart. Topographic
heights of all gravity stations were measured with two FA-
181Wallace & Tiernan and one Brunton altimeters. The
1967 Geodetic Reference System was used as the reference
ellipsoid to compute the normal gravity values. More de-
tails on the instrumentation and how these gravity surveys
were carried out, including numerical procedures utilized
in computing the free-air and Bouguer gravity anomalies
and the associated gravity corrections, can be found on
the website of the Nigerian Geological Survey Agency
(NGSA, 2017) or in the study by Apeh et al (2018).

1.2. Global gravitational models

The GGMs are available at the website of the International
Centre for Global Earth Models (ICGEM) (http://icgem.
gfz-potsdam.de/home). The ICGEM is one of the five
services coordinated by the International Gravity Field
Service (IGFS) of the International Association of Geod-
esy (IAG) (Barthelmes & Kohler, 2016). In their online
calculation service, many gravity field quantities (such as
free-air gravity, Bouguer gravity anomaly, gravity gradient,
geoid undulation, height anomaly, etc.) can be computed
using GGMs of interest (Barthelmes & Kohler, 2016; Ince
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Figure 1. Ground-based gravity stations within the study area

et al,, 2019). These gravity field quantities are numerically
computed by applying a spherical harmonic expansion of
satellite tracking, ground-based gravity, satellite-altimetry
and topographic data over the globe (Barthelmes, 2013).
In this study, we tested five combined GGMs, namely
XGM2019e_2159, SGG-UGM-1, GECO, EIGEN-6C4 and
EGM2008 (see Table 1).

Table 1. Summary of the five combined GGMs used in this

study
Models (d/o) Sources of Data References
A, G, Zingerie et al.,
XGM2019e_2159 (2190) S(GOCO06s), T | 2019
EGM2008, Liang, 2018 &
$GG-UGM-1 (2159) S(GOCE) Xu et al,, 2017
S(GOCE), Gilardoni et al.,
GECO (2190) EGM2008 2016
A, G, S(GOCE), Forste et al
EIGEN-6C4(2190) S(GRACE), 2014 v
S(LAGEOUS)
EGM2008(2190) S(GRACE), G, A ESYIZ‘S etal,

Note: Notation used: S = Satellite Tracking Data, G = Gravity
Data, A = Altimetry Data, T = Topography, d/o = degree/order.

The XGM2019e_2159 was compiled from the satel-
lite model GOCOO06s and by incorporating terrestrial
observations in order to recover information about a
higher frequency of gravity spectrum. It was augment-
ed with topography-derived gravity over land using the
EARTH2014 topographic heights (Hirt & Rexer, 2015)
and gravity anomalies over the oceans derived from sat-
ellite-altimetry data using the DTU13 model (Zingerie
et al,, 2019; Kvas et al., 2015; Andersen et al., 2015). The
SGG-UGM-1 model was developed from the EGM2008
model, the GOCE satellite gravity gradiometry (SGG)

and the satellite-satellite-tracking (SST) observations. This
model was compiled with a spectral resolution complete
to degree and order of 2159 (Liang, 2018; Xu et al., 2017).
The GECO model was developed based on updating the
EGM2008 gravity spectrum up to degree/order of 280
from the GO_CONS_GCF_2_TIM_R5 (GOCE) model.
In other words, this GOCE model was used to improve
the accuracy of EGM2008 model at low-to-medium fre-
quencies (Gilardoni et al., 2016; Brockmann et al., 2014).
The EGM2008 was compiled from the ITG-GRACEO03S
gravitational model and a global set of the area-averaged
free-air gravity anomalies obtained from merging available
terrestrial, altimetry-derived and airborne gravity datasets
(Pavlis et al., 2012; Mayer-Giirr, 2007). The EIGEN-6C4
was compiled from terrestrial and satellite gravity data
including also the GOCE satellite gravity-gradiometry
data (Drinkwater et al., 2003; Floberghagen et al., 2011)
over the entire mission (from November 2009 to October
2013); see Forste et al. (2014).

1.3. Gravity field quantities

We used the free-air and Bouguer gravity anomalies as
well as the vertical gravity gradient. These gravity field
quantities were computed via the ICGEM online platform
(Barthelmes & Kohler, 2016; Ince et al., 2019), while set-
ting essential parameters during the computation to fit the
purpose of the study. We maintained the spatial resolution
of each model by computing gravity field quantities to a
maximum degree of its expansion. The GRS67 reference
ellipsoid was used to compute the normal gravity param-
eters because parameters of this ellipsoid were used to
compute the normal gravity values for the ground-based
gravity data and associated to the IGSN’71 datum. The
constant topographic density of 2670 kg/m? was used to
compute the Bouguer gravity anomalies while maintain-
ing the model’s defined tidal system. Gaussian filtering
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was not applied, and the zero-degree term was not taken
into consideration.

2. Geological and statistical analysis

We geo-referenced and digitized geological maps of the
Afikpo (Figure 2) and Anambra (Figure 3) Basins and
used them for a comparative assessment of the results ob-
tained from GGM-derived gravity field quantities using
GIS tools. We gridded each of basins with a 5’ x 5" spatial
resolution (identical to that used for computing the gravity
field quantities). The computation was carried out on the
ETOPOI1 topographic surface. It is worth mentioning that
the ground-based gravity sites do not cover entirely these
two basins and most of them are situated along roads. We
then assessed how gravity maps reflects the geological and
tectonic configuration of the study area.

The Afikpo and Anambra Basins form part of the
study area, situated within the middle belt region and
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Southeastern Nigeria. The Afikpo and Anambra Ba-
sins constitute the southeast lower portion of the Benue
Trough. Afikpo area is in the Southern Benue Trough, be-
tween the Abakaliki anticlinorium (to the northeast) and
the Cameroon Hinge Line (to the southeast). This basin is
classified as a continuous southeastward extension of the
Anambra Basin towards Calabar, a sedimentary succes-
sion comprising sediments of Campanian to Early Paleo-
cene occurring within the Eastern limb of the Abakaliki
anticlinorium and as a full-fledged basin which comprises
Campanian-Maastrichtian-Early Paleocene (Danian) sedi-
ments within the eastern flank of the Abakaliki anticlino-
rium (Okoro & Igwe, 2018; Nwajide, 2013; Amajor, 1987;
Cratchley & Jones, 1965).

The geological map of the Afikpo Basin exhibits eight
units (the Nkporo, Mamu, Ezeaku and Asu river groups,
the Ajali and Nsukka formations, the Niger Delta sedi-
ments, and the Precambrian basement) defined from
the basin (Upper Campanian-Eocene) some of which

8°0'0"E

6°0'0"N
h

s Abba Omege
>

Ikol-Kkpene
A

s

Uyo

™

Akpel Central
A

\ \ Eze Aku Group
,
|| AsuRiver Group
'
'
] Mamu Formation 1
1
" | Precambrian Basement:
'

'
Niger Delta Sediments'
'

4 Towns

Kilometer
4 20

0357 EE

5°0'0"N

T
8°'0"E

T
5°0'0"N

]

Figure 2. Geological map of the Afikpo Basin (modified after NGSA, 2012)
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are of lateral equivalence. The Campanian-Maestrichtian
sequence of the stratigraphic units of the Lower Benue
Trough includes the shallow marine of Nkporo Mamu
groups and the Ajali and Nsukka formations. During the
Turonian and Coniacian times, the Ezeaku group was de-
posited. The Cretaceous Afikpo sedimentary basin con-
tains the Niger Delta sediments such as fluvial, deltaic
and marine rocks. The Asu river group occupies the basal
unit of the Abakaliki anticlinorium. The Nsukka forma-
tion was initially referred to as the Upper coal measures
that overlies the Ajali formation and it is marked by the
deposition of carbonaceous shale, sandstones, and some
thin coal seams (Cratchley & Jones, 1965; Nwajide, 2013;
Ekwere et al., 2012; Okoro & Igwe, 2018).

The Anambra Basin covers an area of about 40,000 km?
with a sedimentary sequence of 9 km in thickness (Akae-
gbobi, 2005). Previous studies classified the Anambra Ba-
sin by eight geologic formations that include the Benin
(Ogwashi-Asaba) formation, Nkporo/Enugu shale, Mamu
formation, Ajali sandstone, Nsukka formation, Imo forma-
tion, Ameki formation/Nanka sand and Alluvium (e.g.,
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Reyment, 1965; Obi et al., 2001; Igwe et al., 2013; Nwajide,
2013; Anakwuba et al., 2018). The Ameki formation consists
of fossiliferous greyish-green sandy clay with calcareous
concretions and white clayey sandstones. The Imo forma-
tion consists of blue-grey clays and shales and black shales
with bands of calcareous sandstone, marl, and limestone.
The Benin (Ogwashi-Asaba) formation is mainly character-
ized by alternation of clays, sands, grits and lignites.

3. Results

In this section, we present gravity and gravity gradient
maps and interpret their spatial patterns with respect to
the geological configuration of the Afikpo and Anambra
basins.

3.1. Ground-based gravity data

Figure 4 illustrates maps of the ground-based and GGM-
derived Bouguer gravity anomalies within the study area.
We note that the ground-based gravity measurements
in the entire study area are relatively sparse. This could
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Figure 4. Ground-based versus GGM-derived Bouguer gravity anomalies: a — ground-based;
b - EGM2008; ¢ - EIGEN-6C4; d - GECO; e - SGG-UGM-1; and f - XGM2019%¢
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cause some discontinuities in the geological features as
portrayed in gravity maps. Figure 5 shows the free-air
gravity anomalies. Figure 6 depicts maps of differences
between the ground-based and GGM-derived Bouguer
gravity anomalies over the study area. The corresponding
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Figure 5. Ground-based versus GGM-derived free-air gravity anomalies:

Table 2. Statistics of the ground-based and GGM-derived Bouguer and free-air gravity anomalies

differences in the free-air gravity anomalies are shown in
Figure 7. Statistics of the ground-based and GGM-derived
(free-air and Bouguer) gravity anomalies are summarized
in Table 2. Statistical summaries of their differences are
given in Table 3.

a — ground-based; b - EGM2008; ¢ - EIGEN-6C4; d - GECO; e - SGG-UGM-1; and f - XGM2019%¢

Bouguer Gravity Anomalies (mgal)

Min Max Mean STD RMS
Observed -52.58 43.65 7.17 17.61 0.00
EGM2008 -42.31 21.75 -0.22 11.10 0.00
EIGEN-6C4 -46.71 28.39 1.96 13.52 0.00
GECO -48.32 27.41 1.35 13.13 0.00
SGG-UGM-1 -46.26 26.78 1.43 12.94 0.00
XGM2019e -41.27 24.66 1.19 12.39 0.00

Free-air Gravity Anomalies (mgal)

Min Max Mean STD RMS
Observed -33.98 80.18 26.62 23.40 0.00
EGM2008 -24.77 52.08 16.20 14.29 0.00
EIGEN-6C4 -28.08 56.73 18.36 16.39 0.00
GECO -29.31 54.24 17.75 16.16 0.00
SGG-UGM-1 -26.24 55.04 17.80 15.63 0.00
XGM2019e -26.60 54.32 17.59 15.39 0.00
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Table 3. Statistics of differences between the ground-based and GGM-derived Bouguer and free-air gravity anomalies

Bouguer Gravity Anomalies (mgal)
Min Max Mean STD RMS
Observed 0.00 0.00 0.00 0.00 0.00
EGM2008 -51.36 53.28 7.35 12.29 14.32
EIGEN-6C4 -53.37 55.26 5.18 11.55 12.65
GECO -57.10 58.88 5.79 11.75 13.10
SGG-UGM-1 -51.05 55.14 5.71 11.71 13.02
XGM2019e -49.92 54.28 5.95 11.45 12.90
Free-air Gravity Anomalies (mgal)
Min Max Mean STD RMS
Observed 0.00 0.00 0.00 0.00 0.00
EGM2008 -77.65 56.35 10.42 15.49 18.67
EIGEN-6C4 -79.66 57.43 8.26 14.66 16.82
GECO -83.36 60.49 8.87 14.93 17.36
SGG-UGM-1 -77.80 56.85 8.82 14.86 17.28
XGM2019e -76.27 58.05 9.03 14.69 17.24

3.2. Geological interpretation of gravity maps

The digitized geological maps of the Afikpo and An-
ambra Basins were compared with the interpolated ras-
ter surface maps of the five GGMs. We used a cubic
interpolation method to produce these maps. We did
not change a spatial resolution (or in this case made
the classes to conform to the existing geological map)
because in many practical cases, geological mapping
is to be carried out where there are no existing geo-
logical maps. We produced each of the maps on a 5" x
5" regular grid. The Bouguer gravity maps are shown

(a) (b)

EGM2008 (mGal)

40 6

EIGEN-6C4 (mGal)

in Figures 8 and 9 for the Afikpo and Anambra Ba-
sins, respectively. The corresponding gravity gradient
maps for both basins are presented in Figures 10 and
11. For the Afikpo Basin, the distinct colour ramp of
seven classes was obtained for four (EGM2008, EIGEN-
6C4, GECO, SGG-UGM-1) of the GGMs and nine for
XGM2019e_2159 from the Bouguer gravity anomalies
(see Figures 8a-e). For the Anambra Basin, the distinct
color ramp of seven classes was obtained for four (EI-
GEN-6C4, GECO, SGG-UGM-1, XGM2019e_2159) of
the GGMs and nine for EGM2008 from the Bouguer
gravity anomalies (see Figures 9a-e).
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Figure 8. GGM-derived Bouguer gravity map of the Afikpo Basin:
a - EGM2008; b - EIGEN-6C4; ¢ - GECO; d - SGG-UGM-1; and e - XGM2019e
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Figure 11. GGM-derived gravity gradient map of the Anambra Basin computed from:
a - EGM2008; b - EIGEN-6C4; ¢ - GECO; d - SGG-UGM-1; and e - XGM2019e

4, Discussion

In this section, we interpret the results presented in Sec-
tion 4, and discuss major findings. We first compare
gravity maps and then interpret them in the context of
geological and tectonic configuration of the Afikpo and
Anambra Basins.

4.1. GGM-derived and ground-based gravity maps

The statistical summaries in Section 4 indicate that more
recently developed GGMs generally better agree with the
ground-based gravity measurements. The range of differ-
ences between each of GGMs and ground-based gravity
data can be seen in Tables 2 and 3.

Table 2 relates to the internal consistency of the
ground-based and GGM-derived gravity field quantities
(Bouguer and free-air gravity anomalies) while Table 3
shows their external consistencies. Obviously, the ground-
based gravity measurements were taken as the standard
for our comparison. Considering the mean values, we can
see a systematic bias of about 5 mgal in four (EIGEN-6C4,
GECO, SGG-UGM-1, XGM2019e) of the GGM-derived
Bouguer gravity anomalies and about 7 mgal in EGM2008
(see Table 2). Similarly, we can see a systematic bias of
about 8 mgal in these four GGM-derived Bouguer gravity
anomalies and about 10 mgal in EGM2008 (see Table 2).
Existence of these systematic inconsistencies may be due
to a topographic bias arising from a truncation of the ET-
OPOL1 topographic model used in the GGMs (Barthelmes,
2013; Barthelmes & Kohler, 2016; Ince et al., 2019), errors

in the ETOPO1 model and uncertainties of altimeter-de-
rived topographic heights for ground-based gravity sites.
We see also relatively large RMS of differences between
the ground-based and GGM-derived gravity data. These
systematic and more localized discrepancies might also be
attributed to density heterogeneities within the lithosphere
as well as errors in gravity values computed using the ter-
rain model for a chosen constant value of topographic
density. It is a common knowledge that there are always
deviations in gradient of the undulating terrain when
point values are compared to mean values obtained from
Digital Elevation Models (DEMs) such as ETOPOL.

As seen in statistical summaries of differences be-
tween the ground-based and GGM-derived gravity data
in Tables 2 and 3, the EIGEN-6C4 model has a better fit
with the ground-based gravity data in terms of the RMS
of their differences. This is possibly due to using more
ground-based gravity data from the study area to com-
pile this model. We note that the XGM2019e model has
a very similar RMS fit with ground-based gravity data as
the EIGEN-6C4 model. This is explained by involving the
topographic information in the development of this model
to recover a gravitational signature of topographic relief.
This is also apparent from the spatial gravity pattern in
maps shown in Figures 4-7.

As seen in Tables 2 and 3, there is a noticeable im-
provement in more recent versions of EGM2008 (GECO
and SGG-UGM-1). The addition of GOCE satellite data as
well as other corrections (cf. Gilardoni et al., 2016; Liang,
2018; Xu et al.,, 2017) to EGM2008 significantly improved
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their regional fit with ground-based gravity measure-
ments. This justifies the need for assessment of GGMs
and substantiates the necessity of tailoring already exist-
ing GGM:s to fit applications in geosciences.

4.1.1. Tailored GGM-derived gravity data

Following our observation of a systematic bias between
the ground-based and GGM-derived gravity field quanti-
ties (for the free-air and Bouguer gravity anomalies), we
tailored the GGM-derived values by removing a systemat-
ic bias in the Bouguer gravity anomalies. Similarly, we re-
moved a systematic bias in the free-air gravity anomalies.
The resulting statistical values are summarized in Tables 4
and 5. As seen in Table 5, there is a very close similarity in

the RMS values of four GGMs except for EGM2008. The
improvement of external consistency with the ground-
based gravity anomalies underscores the importance of
tailoring GGMs to fit locally or regionally measured grav-
ity data.

4.2. Geological interpretation of gravity maps

We could see general similarities between gravity maps
computed using investigated GGM models (see Figures
8-11). Spatial patterns in the Bouguer gravity maps gen-
erally agree with major geological features of the Afikpo
and Anambra Basins (compare Figures 2 and 3 with Fig-
ures 8 and 9). The XGM2019e Bouguer gravity map of

Table 4. Statistics of the ground-based and tailored GGM-derived Bouguer and free-air gravity anomalies

Bouguer Gravity Anomalies (mgal)

Min Max Mean STD RMS
Observed -52.58 43.65 7.17 17.62 0.00
EGM2008 -35.31 28.75 6.78 11.10 0.00
EIGEN-6C4 -41.71 33.39 6.96 13.52 0.00
GECO -43.32 32.41 6.35 13.13 0.00
SGG-UGM-1 -41.26 31.78 6.43 12.94 0.00
XGM2019e -36.27 29.66 6.19 12.39 0.00

Free-air Gravity Anomalies (mgal)

Min Max Mean STD RMS
Observed -33.98 80.18 26.62 23.40 0.00
EGM2008 -14.77 62.08 26.20 14.29 0.00
EIGEN-6C4 -20.08 64.73 26.36 16.39 0.00
GECO -21.31 62.24 25.75 16.16 0.00
SGG-UGM-1 -18.24 63.04 25.80 15.63 0.00
XGM2019e -18.60 62.32 25.59 15.39 0.00

Table 5. Statistics of differences between the ground-based and tailored GGM-derived Bouguer and free-air gravity anomalies

Bouguer Gravity Anomalies (mgal)

Min Max Mean STD RMS
Observed 0.00 0.00 0.00 0.00 0.00
EGM2008 -58.36 46.28 0.35 12.29 12.29
EIGEN-6C4 -58.37 50.26 0.18 11.55 11.55
GECO -62.10 53.89 0.79 11.75 11.78
SGG-UGM-1 -56.05 50.14 0.71 11.71 11.73
XGM2019e -54.92 49.28 0.95 11.45 11.49

Free-air Gravity Anomalies (mgal)

Min Max Mean STD RMS
Observed 0.00 0.00 0.00 0.00 0.00
EGM2008 -87.65 46.35 0.42 15.49 15.50
EIGEN-6C4 -87.66 49.43 0.26 14.66 14.66
GECO -91.36 52.49 0.87 14.93 14.96
SGG-UGM-1 -85.80 48.85 0.82 14.86 14.88
XGM2019e -84.27 50.05 1.03 14.69 14.72
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the Afikpo Basin, however, significantly differs from other
GGMs. Similarly, we see inconsistencies in the EGM2008
Bouguer gravity map for the Anambra Basin. A closer look
at the gravity (and gravity gradient) patterns revealed that
there is a close similarity between the GECO (see Figures
8¢, 9¢, 10c, 11c) and SGG-UGM-1 (see Figures 8d, 9d,
10d, 11d) models. This is explained by the fact that both
models were compiled using similar datasets (EGM2008
and GOCE).

We see eight prominent geological formations as de-
lineated in the existing geological maps of the Afikpo
Basin (Figure 2) and the Anambra Basin (Figure 3). In
comparison with the number of colour ramps, there are
mainly seven classes depicted in the five investigated
GGMs (see Figures 8a—e and 9a-e). This may be because
of the grid size (5° x 5’) as well as the raster interpola-
tion method (cubic interpolation) used. The EIGEN-6C4
and XGM2019e gravity patterns more closely mimics the
geological configuration of both basins (Figures 8 and 9).
However, the EGM2008 gravity pattern appears to show
more formations in the Anambra Basin than all other
models (see Figure 9a). At this point, we must note that
the geological formation called the Niger Delta sediments
in the Afikpo Basin contains smaller formations as depict-
ed in the Anambra Basin. A good reference point for the
comparison of both basins is the Nsukka formation near
Umuahia town. As mentioned earlier, the Afikpo Basin is
a continuous southeastward extension of the Anambra Ba-
sin. It is interesting to note that all GGMs gravity patterns
exhibit other smaller formations inside the Niger Delta
sediments formation. From the Bouguer gravity maps in
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Figure 8, the Precambrian basement in the Afikpo Basin
is better exhibited in the EGM2008, EIGEN-6C4, SGG-
UGM-1 and XGM2019e gravity maps (see Figures 8a, b,
d, e). There is a similar gravity image of Alluvium in all
GGMs in both basins. These alluvial deposits (clay, silts,
sand, and gravel) would have been greatly influenced by
the Niger River in the Anambra Basin. Even though some
GGMs have a better agreement with ground-based gravity
measurements or better mimics some geological features,
other features are absent. The use of more than one GGM
or gravity sources is thus needed for a comprehensive in-
terpretation of geological features.

The Bouguer gravity maps (see Figures 8 and 9) com-
puted using five GGMs have close similarities with geo-
logical maps than the corresponding gravity gradient
maps. This close spatial correlation of the Bouguer gravity
anomalies with the geological configuration confirms their
applicability and interpretability in delineating geological
structures. The distorted pattern as observed in the grav-
ity gradient maps (see Figures 10 and 11) is likely due to
a high sensitivity of the vertical gravity gradient on the
topographic relief that is superimposed over a generally
weaker gravitational signature of the upper crustal density
structure that reflects geological setting of the study area.
One thing that can also be readily seen, as corroborated
in previous studies (cf. Pappa et al., 2019; Bouman et al.,
2016), is that the vertical gravity gradient sharpens anom-
alies over shallow crustal density structures and tends to
reduce anomaly complexity, thereby allowing clearer im-
aging of the causative structures. However, uncertainties
in GGMs propagate relatively more in the gravity gradient
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Figure 12. Tailored GGM-derived Bouguer map of the Afikpo Basin:
a - EGM2008; b - EIGEN-6C4; ¢ - GECO; d - SGG-UGM-1; and e - XGM2019e
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Figure 13. Geological versus tailored GGM-derived Bouguer gravity map of the Anambra Basin:
a - EGM2008; b - EIGEN-6C4; ¢ - GECO; d - SGG-UGM-1; and e -XGM2019e

values (particularly by amplifying at shorter wavelengths)
than in gravity values. Consequently, the noise might sup-
press some more detailed spatial features in the gravity
gradient that are otherwise clearly recognized in gravity
maps. Nevertheless, the gravity gradient maps provide
typically a better image of geological margins rather than
an image of geological units, even in the presence of noise.

4.2.1. Tailored GGM-derived Bouguer gravity maps

Interestingly, we can see that after removing a bias in the
GGM-derived gravity maps, the EGM2008 gravity pat-
tern closely mimics the gravity pattern of the untailored
version of EIGEN-6C4 in the Afikpo Basin. This is also
apparent from the statistical summary in Tables 4 and
5. It is worth mentioning that the tailored GECO model
was substantially improved as evident from the fact that it
more clearly delineates geological features in both basins.
We notice that the gravity image of the tailored versions
(see Figures 12 and 13) of EIGEN-6C4, GECO and SGG-
UGM-1 models are now more closely similar than their
untailored versions. This similarity may be occasioned by
their sources of data. We also see that the tailored Bouguer
gravity maps of all investigated GGMs better depict geo-
logical features in both basins than their untailored ver-
sions.

Summary and conclusions

We have evaluated the suitability of five combined GGMs
using both geological and statistical analyses with the aim

to select the most suitable GGM that can be used directly
or indirectly, with corrections, for an initial geological
mapping of middle belt and Southeastern Nigeria. For
this purpose, we digitized geological maps of the Afikpo
and Anambra Basins and evaluated geological signatures
implied in the Bouguer gravity and gravity gradient maps.
We selected these two prominent geological basins around
the study area because those basins could serve as a good
representation of the geological setting of the whole re-
gion. We further used more than 2,900 gravity measure-
ments provided by the Nigeria Geological Survey Agency
(NGSA) to assess the accuracy of these GGMs.

The RMS of differences between the ground-based
and GGM-derived free-air gravity anomalies range from
14.66 to 15.50 mgal (for all five investigated GGMs). The
corresponding RMS of differences in the Bouguer gravity
anomalies range from 11.45 to 12.29 mgal. These relatively
large differences are partly due to the inherent omission
and commission errors in the GGMs and partly also at-
tributed to systematic errors in ground-based gravity data
and topographic heights.

We demonstrated that the XGM2019e and EIGEN-
6C4 Bouguer gravity maps reproduce better the geologi-
cal configuration of both basins. We further demonstrated
the extent of how topographic errors could adversely af-
fect the accuracy of GGM and underscore the importance
of tailoring the existing GGMs to become more suitable
for a particular region. We found out that the XGM2019e
is the most suitable for geological mapping of this study
area. The main reason is that the topographic information
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was used to reconstruct a higher-degree spectrum of this
gravitation model. This is possible, because a higher-de-
gree free-air gravity spectrum is relatively highly spatially
correlated with the topographic relief. Nevertheless, this
model poorly exhibits some geological features in the
Niger Delta sediments of Afikpo basin. A reason might
be that the incorporation of the topographic information
does not necessarily improve the interpretational quality
for geological applications, because it can also suppress
some features particularly a gravitational signature of shal-
low density structures. We recommend that available grav-
ity datasets and any supporting geological, geophysical in-
formation should be used for a comprehensive geological
interpretation.

The noise in gravity gradient maps suppress more de-
tailed spatial features that are otherwise clearly recognized
in gravity maps. Nevertheless, the gravity gradient pro-
vides typically a better image of geological margins rather
than an image of geological units, even in the presence
of noise.
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