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Abstract

This research aims to determine the chemostratigraphy of the Yolde Formation. The formation has been
inadequately studied systematically in the light of chemostratigraphy. The existing works on the
formation either lack representativeness in terms of the proxies used or are subjective during their
division procedures. From the field studies, five (5) samples of sandstone and shale units of the Yolde
Formation were collected. The samples were analyzed for both major and trace elements using an X-ray
fluorescence machine. The following geochemical parameters were studied; Al,Os, Al,Oy/Fe;Os,
KO»/Al>Os, TiO»/Al>,Os, CaO, Cr, Rb/Sc, and Zr. From the studies, six (6) chemozones were identified
in the Yolde Formation. Transgressive and regressive depositional sequences were observed with a
significant sequence boundary of maximum flooding surface which is a time-significant feature. The
chemostratigraphic scheme could not only be comparable to the regional sequence stratigraphic scheme
but also more objective and higher resolution. This research gives a systematic chemostratigraphic
analysis of Yolde Formation, which testifies to the feasibility and potential of the usage of
chemostratigraphy for stratigraphic development.
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Introduction

Chemostratigraphy is a scientific research method that involves the analysis of chemical
variations in rock strata to understand and interpret geological processes and events. This
approach utilizes the measurement of trace and major elements, such as Al:O;, Al,O3/FexOs,
KO,/ ALLO;, TiO2/ AlO;,, CaO, Cr, Rb/Sc, and Zr, to observe and discuss even subtle changes
in stratigraphic succession (Amodio et al., 2008; Ramkumar et al., 2015; oureiyatou et al., 2020;
Kwankam et al., 2021; Silesian et al., 2024). By examining the elemental composition of rocks,
chemostratigraphy provides valuable insights into the depositional environment, diagenetic
alterations, and correlation of sedimentary sequences. The use of trace and major elements in
chemostratigraphy allows researchers to identify distinct geochemical signatures within rock
layers (Birdwell et al., 2017; Chen et al., 2015; Ramkumar et al., 2015; Sano et al., 2013; Turner,
Tréanton, et al.,, 2015; Weissert et al., 2008). These signatures can be indicative of various
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geological processes, including changes in sediment sources, climate fluctuations, sea and
base level variations, and tectonic activities (Pearce et al., 1999; Weissert et al., 2008; Montero-
Serrano et al., 2010; Turner, Molinares-Blanco, et al., 2015; Tréanton, et al., 2015). Furthermore,
chemostratigraphy enables the correlation of rock units across different locations based on
their chemical fingerprints, providing a powerful tool for understanding regional geological
history and reconstructing ancient environments.

In the context of the Yolde Formation in the Yola Arm of the Northern Benue Trough (Fig. 1
and 2), the application of chemostratigraphy presents an opportunity to fill a significant gap
in scientific understanding. The Yolde Formation has not been extensively studied using
chemostratigraphic methods, making it a crucial area for investigation. By employing
chemostratigraphy in this region, the study aim to unravel the complex geological history
preserved within the Yolde Formation and contribute to a more comprehensive
understanding of the Northern Benue Trough'’s stratigraphic evolution. Some of the recent
works that were carried out on the Yolde Formation are; (Sarki Yandoka et al., 2019; Epuh &
Joshua, 2020; Adepehin et al., 2021).

This research endeavour is motivated by the need to expand knowledge about the Yolde
Formation through a rigorous scientific approach that integrates chemostratigraphy. The
utilization of trace and major elements as geochemical proxies will enable the identification
and interpretation of subtle variations in stratigraphic succession within the Yolde Formation.
Ultimately, this study seeks to enhance our understanding of the geological processes that
shaped the Yola Arm of the Northern Benue Trough and contribute valuable insights to the
broader field of stratigraphic research.

Geologic Setting

The length of the Benue Trough is estimated to be 1,000 km, and about 50-150 km wide. The
basin is intracontinental and it is trending in the NE - SW direction as a rifted depression in
Nigeria. The Benue Trough is a sedimentary basin filled with both continental and marine
sediments. The accumulated sediments are estimated to be roughly 6,500 m Carter et al.,
(1963). All the proposed models for the evolution of the basin have been linked to intraplate
rifting. The megastructure of the basin reflects a three-arm rift model (Guiraud, 1990).
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Figure.l. The topographic map of the Study area (Modified after Federal Survey Agency, 2010)
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The structure of the basin and its origin due to the rifting tectonic process gave rise to
deformation based on gravity data (Grant, 1971). Subsequent authors interpreted the basin as
a set of pull-apart structures that started during the Early Cretaceous (Benkhelil, 1983, 1986;
R. Guiraud & Maurin, 1992) and this resulted in the formation of a sinistral movement that
trends in NE - SW transcurrent fault associated with the opening of Atlantic oceanic crust.
Other workers believed that the basin (Benue Trough) is a product of the opening of the
equatorial domain of the South Atlantic Ocean ( Popoff, 1990; Fairhead & Binks, 1991). The
Benue Trough has been divided into three (3) geographical regions: the Southern, Central, and
Northern Benue Troughs. The Northern Benue Trough (Fig. 2) reflects a Y-shaped structure
which is bounded to the Northeast by basement rocks known as Hawal Massif, and at the
Southern margin by Adamawa Massif, while to the west by the sandstone of the Keri Keri
Formation Cretaceous (Benkhelil, 1983, 1986; R. Guiraud & Maurin, 1992). The Northern
Benue Trough is reported to have evolved into three sub-basins namely: the Muri-Lamurde
which is trending northeast, Yola Arm with E - W trending, and N - S trending Gongola Arm

(Fig. 2).

The Stratigraphy of the Northern Benue Trough was first developed by Carter, et al., (1963).
The thickest, oldest, and most exposed formation within the Yola Arm is the Bima Formation
(Fig. 3). The Bima Formation nonconformably lies on the Precambrian basement complex. In
sequential succession, the Bima Formation is overlain by the following formations;
transitional Yolde Formation, which is overlain by five marine formations namely; the
Turonian Dukul Formation, Jessu Formation, Sekuliye Formation, Numanha Formation
Lamja Formation Carter et al., (1963). (Fig. 3) for the stratigraphic chart.
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Figure. 2. Geologic map of the Northern Benue Trough (Modified after Guiraud, 1990)
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Figure 3. The Stratigraphy of Upper Benue Trough Stratigraphic succession of the Upper Benue Trough
(modified by Finthan & Mamman, (2020).

Methodology

The research investigation was carried out in two phases and this involved both field study
and laboratory analysis. Five representative samples were collected from the Yolde
Formation, the samples were taken at a depth of 50 cm to obtain fresh samples. The samples
were given ID and labelled accordingly. The second phase of the methods involves whole-
rock and lithogeochemistry which was made possible with the aid of an X-ray fluorescence
(XRF) machine with model name Phillips PW 1400 at Activation Laboratory Ontario, Canada.
The chemostratigraphic framework for the Yolde Formation was established through

constrained clustering analysis (Soureiyatou et al., 2020; Kwankam et al., 2021; Silesian et al.,
2024).

Results

The geochemical composition of sedimentary rocks is largely controlled by some peculiar
factors e.g., weathering, sorting due to mechanical decomposition, diagenesis, and source rock
composition (Von & Correns, 1950; Murat, 1972; Joo et al., 2005). Tectonic setting, paleoclimatic
conditions, and even source rock compositions of rocks can be obtained from the
geochemistry of sedimentary rocks (Taylor & McLennan, 1985). Previous researchers have
established the relationship between sedimentary rocks and their source areas as well as
tectonic settings (Crook, 1974; Dickinson & Suczek, 1979; Dickinson, 1983; Bhatia, 1983; Bhatia
& Crook, 1986; Roser & Korsch, 1986, 1988). The whole rock geochemistry of clastic
sedimentary rocks could probably serve as a pointer to the source rock areas from which the
sediments were generated (Taylor and McLennan, 1985). The geochemistry of the
sedimentary rocks is principally controlled by weathering, transportation, and diagenesis as
stated earlier and these may be identified by utilizing trace elements such as Cr, Zr, Sc, Rb,
AlLO», KO, CaO, FexOs, and TixO and the interpretation of such geologic phenomenon were
established with the help of the existing literature ( Bhatia, (1983) Roser and Korsch, (1986);
and Bhatia and Taylor, (1981), the stability of the above elements e.g Cr, Zr, Sc, Rb without
losing its originalty in the process of sedimentation and transportation gives impetus for

elements to be used as a tool for discriminating chemostratigraphic sequences (Catuneanu,
2002; Catuneanu et al., 2010, 2011; Selim, 2017).
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The chemostratigraphy of the Yolde Formation Yola Arm of the Northern Benue Trough has
not been established in detail, hence there is a need for this subject matter to be investigated
through whole rock geochemistry and it necessitated the aim of this research.

The Geochemistry

The major and trace elements analyzed from the Yolde Formations are presented in (Table
1).

Table 1. The result of the lithogeochemistry and whole analysis for the Yolde Formation in
Yola Arm.

Samples Unit symbols  YF1 YF2 YF3 YF4 YF5
AlLOs % 10.05 6.2 14.02 10.13 14.35
Fe,O5(T) % 1.21 0.76 2.16 4.24 3.15
CaO % 13.72 0.14 5.48 9.6 4.7
K0 % 3.58 2.88 1.31 0.66 1.37
TiOs % 0.38 0.255 0.962 0.446 0.871
Sc ppm 1 2 7 5 8

Sr ppm 214 74 122 266 181
Zr ppm 653 328 657 487 527
Cr ppm <20 <20 50 20 50
Rb ppm 103 79 54 23 52

Chemostratigraphy of the Yolde Formation

The lithosection of the Yolde Formation has been sub-divided into six chemozones based on
the geochemical compositions of the representative samples with a mix of sandstone, shales,
and limestone (Fig.4) which display the chemostratigraphic signatures of the data which
enhance the visibility of the features of the geochemical intervals. This indicates the elemental
enrichment, depletion, and continued trends as related to geochemical profiles. The studied
intervals have been divided into distinct chemozones to reflect subtle variations.

The Chemozones

Chemozone I

This chemozone is composed of mudstone with a high content of clay and a low concentration
of Rubidium with a high content of Zircon. The subzone has a lower amount of Chromium
indicating the availability of insignificant Chromium bearing minerals. The formation
characteristically shows a high amount of clay compared to the overlying sandstone
chemofacies (see Fig. 4) and this is due to fact that there’s abundant amount of AlLOs in
analyzed samples (Table 1)..

Chemozone II

This chemozone is overlying the chemozone I at the bottom of the section of the Yolde
Formation, it is characterized by thick shales overlain by dark mudstone and sandstone
intercalation (Fig. 4). The sandstone is fine-grained and is thinly bedded and are characterized
by moderate content of clay with low content of K;O/ AL,Osindicating presence of moderate
plagioclase/kaolinite content with high K-feldspar/illite. Low to moderate Ti.O/Al:O; and
high Zr and low to moderate Cr, reflect the availability of the Zircon and Chromium bearing
minerals. The presence of Fe;O/ AlLO;s signifies the presence of pyrite cement in the sandstone.
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Chemozone III

This subzone of the chemofacies is directly overlying the second chemozone in stratigraphic
succession. It is composed of sandstone characterized by moderate content of K.O/Al,O
which is an indicator of increase in K-feldspar/illite and a greater proportion of TiO2/ Al,Os
pointing towards higher concentration of Titanium bearing heavy minerals in the Yolde
Formation ( Fig. 4) and this is due to fact that there’s abundant amount of Al,O; in nalyzed
samples (Farouk et al., 2018; Roy et al., 2018; Sial et al., 2019; Milad et al., 2020; Paronish et al.,
2020; Michael & Craigie, 2021; Tonner, 2022).
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Figure 4. Major and trace elements geochemical signatures for the study intervals in Yolde Formation.
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Chemozone IV

The chemozone IV is stratigraphically overlying the chemozone III. It is composed of
sandstone facies unit with a high content of KxO/ALO; indicating the abundance of K-
tfeldspar/illite similar to the underlying chemozone III. It has a greater content of TiO>/ AL.Os
as well as pointing towards the presence of Titanium bearing heavy minerals.

Chemozone V

This unit of the chemofacies is also composed of sandstone facies bearing the geochemical
imprints of the Yolde Formation. It is characterized by moderate clay content and with low
heavy minerals bearing elements (Cr and Zr).

Chemozone VI
This chemozone is stratigraphically the shallowest of all the chemozones. It is composed of
shaly nodular limestone. It has a high amount of CaO, TiO, and Fe;Os/ AL,O:.

Discussion

While control on the chemostratigraphic implication based on the concentration of trace
elements is unequivocally the amount of Al2Os, Al,O3/FexOs, KO2/ Al,Os, TiO/ Al,Os, CaO,
Cr, Rb/Sc and Zr derived from the nearby large landmass and transgressive marine
sequences. Zircon (Zr) is particularly significant in indicating subtle changes in depositional
sequences, though is not been observed systematically in the Yolde Formation to indicate a
time-significant pattern in this study. The multiscale (meters, decimeters), repetitive rhythmic
intercalating stacking pattern observed in the chemostratigraphic sequences based on ALO;,
AlOs/FexOs, KO»/ALO;, TiO2/ Al:Os, CaO, Cr, Rb/Sc, and Zr logs is reminiscent of
variations in sediments controlled by base-level and sea level fluctuations, irrespective of the
actual variable being analyzed. For example, one can compare the Zr stacking patterns to the
sigmoid, sets of the sigmoid, and cosets of the sigmoid (Pomar & Ward, 1994, 1995) and the
resultant rhythmic variation in magnetic susceptibility described by (Davies et al., 2014b,
2014a) in the reef complexes of Mallorca. Numerous authors have used geochemistry
susceptibility as a proxy for terrestrial input and demonstrated a base-level control (da Silva
et al., (2009); da Silva & Boulvain, 2002, 2006; Hladil et al., 2003; Racki et al., 2002). However, if
a base-level and sea-level control were responsible for the Al;Os, Al:O3/Fe)O;, KO»/ Al Os,
TiO./ Al,O;, CaO, Cr, Rb/Sc and Zr chemostratigraphic stacking patterns in Yolde Formation.
These chemostratigraphic signatures have shown close correspondence with the carbonate
facies cycle stacking patterns defined by (I). While in some cases the tops of ALO;,
ALO3/FexOs, KO2/ AlLOs, TiO2/ AlOs, CaO, Cr, Rb/Sc, and Zr cycles correspond to carbonate
cycle tops (e.g., cycles 5a and 6a on Fig. 8), there is no consistent correlation between the two
types of cycles. Additionally, in places, ALOs, ALOs/Fe;O;, KO/ Al,O;, TiO,/ Al,O3, CaO, Cr,
Rb/Sc, and Zr maxima correspond to the top of upward-shoaling cycles, whereas elsewhere,
they are coincident with the top of shallowing cycles (Fig. 4. Therefore, potentially, the AL,Os,
ALOs/FexOs, KO2/ ALOs, TiO,/ ALOs, CaO, Cr, Rb/Sc and Zr cycles were not created solely
in response to base-level fluctuations, but with marine transgressive effect that ushered the
lower part of the facies sequences in the Yolde Formation. Although the various Al>Os,
AlOs3/FexOs, KO»/ALO;, TiO2/AlLOs, CaO, Cr, Rb/Sc and Zr cycles do not always
correspond to carbonate cycle, the change in Yolde Formation through AlLOs, ALOs;/Fe;Os,
KO,/ ALLO;, TiO2/ AlOs, CaO, Cr, Rb/Sc and Zr chemostratigraphic logs chemical logs occurs
in association with the interpreted chemostratigraphic sequences ( Fig. 4) and this this just as
in WNA and WNB (Playton et al., 2017; Soureiyatou et al., 2020; Kwankam et al., 2021; Silesian
et al., 2024)
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One potential explanation for this change in AlbO;, ALOs/Fe:O;, KO2/ ALO;, TiO2/ AlOs,
CaO, Cr, Rb/Sc, and Zr stacking patterns in association with the super-sequence MFS is an
increase in biohermal/reef-flat facies at the super-sequence MFS in the two sections as
observed in WNA and WNB (Playton et al., 2017). According to Playton et al., (2017);
Biohermal facies are highly productive, and with increased accommodation associated with
the MFS, increasing carbonate production in a reef-flat setting would dilute clastic content,
assuming relatively constant clastic supply. However in the Yolde Formation, it is obvious
that there are clear, well-defined sandstone beds and shale sequences derived from a nearby
landmass and transitional marine facies, it is reasonable to assume that Al2O;, Al:O3/FexOs,
KO,/ ALO;, TiO2/ Al,O;,CaO, Cr, Rb/Sc and Zr delivery to Yolde Formation was but riverine
and marine, which qualifies it to be transitional as reported by Carter, et al., (1963). This
finding may be correct, because cycles 1 through 4 indicate a repeated pattern of gradual
increase in silt- to fine-sand-sized terrigenous content of the sediment over approximately 10
m of section, followed by a sharp increase over about 1 m of section. Cycles 5 and 6, by
contrast, indicate a repeated pattern of gradual increase in terrigenous content, followed by a
gradual decrease in the terrigenous content with limestone capping the section. In this case,
the underlying chemostratigraphic 1 through 4 likely represent a prograding sequence,
culminating in a maximum regressive surface (MRS). Such stacking patterns reflect consistent
with the position in a long-term transgressive system tract (TST) because cycles within longer-
term TSTs have part of the flooding/rise preserved within them. This depositional scenario is
similarly reflected in the case Yolde Formation in the Yola Arm of the Northern Benue Trough.
The terrigenous content of the fluvial depositional facies of the Yolde Formation is linked to
base-level fluctuations as it also reflects positive accommodation space, whereas, the
underlying transitional marine facies reflect negative accommodation space ((Farouk et al.,
2018; Roy et al., 2018; Sial et al., 2019; Milad et al., 2020; Paronish et al., 2020; Michael & Craigie,
2021; Tonner, 2022). Reflecting on these depositional processes, the AlLO;, AlOs;/Fe;Os,
KO,/ ALLO;, TiO2/ AlOs, CaO, Cr, Rb/Sc, and Zr stacking patterns in cycles 1 through 4 started
with high accommodation and reduce to a minimum at the top of a cycle, and there is a rapid
increase in accommodation spaces. Therefore, a windblown delivery mechanism means the
transgressive-regressive patterns suggested by the AlLO; ALO;/FexOs, KO,/ ALOs,
TiO./ Al,O;,CaO, Cr, Rb/Sc, and Zr concentrations are again consistent with the move toward
a super-sequence TST, where overall deepening and preservation of both prograding and
retrograding parts of cycles have been clearly expressed. Furthermore, the significant
fluctuations of the Al,Os;, Al,O3/FexOs, KO»/ Al,Os, TiO»/ Al,Os, CaO, Cr, Rb/Sc, and Zr
concentrations in zigzag form suggest that long-term climatic fluctuations are likely the
driving factor. Reworking of the clastic component, postdelivery will influence the
distribution of sediments on the shoreface. The narrow shoreface has been prone to current
sweeping and longshore drift processes, and the complex reentrant and promontory
paleogeography of the shoreface (Playford et al. 2009) has caused complexity in currents, with
resultant highly localized sediment dispersal patterns. Siliciclastic detritus is recorded
throughout the shoreface deposits, intricately commingled with the carbonates and also
forming discrete sandstone beds (Hillbun et al., 2015). This suggests that the terrestrial
component, in this case, in the form of sandstone beds, was not reacting exclusively to the
base level. The ubiquitous presence of siliciclastic material in the platform-top setting was due
to the constant proximity of the shoreline, which in turn was due to the narrowness of the
carbonate platform in this area. This proximity and constant supply of terrestrial detritus may
be the reasons that terrestrial content fluctuations do not follow a classic carbonate siliciclastic
model with reciprocal sedimentation (Farouk et al., 2018; Roy et al., 2018; Sial et al., 2019; Milad
et al., 2020; Paronish et al., 2020; Michael & Craigie, 2021; Tonner, 2022).

Conclusion
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This research revealed that the upper part of the Yolde Formation, primarily composed of
sandstone, and the lower part, consisting of thick shale and shale/siltstone intercalation,
exhibit significant variability in geochemical characteristics. The geochemical analysis
revealed transgressive-regressive cycles, with the identification of a prominent maximum
flooding surface, serving as a significant sequence boundary in Yolde Formation stratigraphy.
This observation aligns with two concurrent global eustasy events. Leveraging these
geochemical heterogeneities, a chemostratigraphic framework for the Yolde Formation was
established through constrained clustering analysis, leading to the identification of six distinct
chemozones. These chemozones demonstrate comparability to regional sequence
stratigraphic schemes and offer enhanced resolution.
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