Proceedings of the Nigerian Society of Physical Sciences 2 (2025) 167

Published by Nigerian Society of Physical Sciences. Hosted by FLAYOO Publishing House LTD

()

Check for
updates

Proceedings of the Nigerian Society of Physical Sciences

o
(@

H

Journal Homepage: https://flayoophl.com/journals/index.php/pnspsc ire

Chemostratigraphy and paleoenvironmental analysis of sand-shale formations using core
geochemical spectroscopy tools

Oluwakemi Efemena®*, Franklin Lucas®

“Department of Geological Sciences, Achievers University, Owo, Ondo State, Nigeria
bDepartment of Geology, University of Benin, Benin City, Nigeria

ABSTRACT

Modern investigations into spectral gamma-ray (SGR) records enhance understanding of sedimentary environments and paleoen-
vironmental conditions. This study examines a 111 m sand and shale interval in the Tak-1 well, Niger Delta Basin, to characterize
clay mineral types and interpret depositional settings. The evaluation of lithology, mineral composition, and geochemical properties
through core slabs investigation and spectroscopic analysis revealed information about depositional settings. Spectroscopic analysis
of spectral gamma-ray data identified key elements—potassium (K), uranium (U), and thorium (Th)—to differentiate clay minerals,
correlate chemostratigraphy, and reconstruct paleoenvironments. Results show that the lithology consists predominantly of sandstone,
with occasional interbedding of shaly sand and sandy shale. Uranium and thorium are abundant in mudrocks, while feldspars, micas,
and glauconite dominate sandstones. Th/K ratio cross-plots identified smectite/mixed-layer clays, with low Th/K values indicating
potassium-rich minerals such as illite, mica, or feldspar. Sandstones contained potassium-bearing minerals like glauconite and
evaporites. High uranium values (10-15 ppm) and low Th/U ratios signified organic-rich source rocks formed under anoxic, reducing
conditions. Extremely low potassium values (<2%) indicated terrestrial sandstone deposits rich in feldspar. These geochemical
and mineralogical characteristics suggest a transitional depositional environment influenced by both terrestrial and marginal marine
settings. Fluctuating sea levels shaped sedimentation, with the study interval primarily reflecting a marine paralic anoxic setting with
intermittent deltaic influence.
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1. INTRODUCTION voirs associated with a complex depositional system, this field
The Tak-1 well is located in a hydrocarbon exploration block,  is of high interest. Just the Niger Delta is a world-class hydro-
approximately 14 km south of Assa North, in the northern part  carbon province that has developed as a result of fluvial, deltaic,
of the Niger Delta. Given its myriad hydrocarbon-bearing reser- ~ and marine processes since the Late Cretaceous [1]. In the stud-
ied field, the reservoirs are largely contained within deep marine

and marine paralic sequences, indicating a dynamic depositional
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turbidite sandstones, the geologic time limits a sandstone class
of excellent reservoirs of hydrocarbons, mainly due to their high
porosity and permeability. Such turbidites, deposited by subma-
rine flows that were driven by gravity, associated channelized
and lobated sand bodies [3]. In contrast, the paralic sequences
deposited in marine environments reflect a continuum between
completely marine and fully continental environments, contain-
ing interbedded sandstone, shales, and coals. Such paralic de-
posits are related to delta-front and shoreface settings, generat-
ing a vital component of hydrocarbon migration and trapping [4].
To maximize hydrocarbon exploration and production in this ge-
ologically complicated area, it is crucial to comprehend the strati-
graphic framework and reservoir architecture of the field.

In the Niger Delta region, the stratigraphy of subsurface struc-
tures predominantly comprises repeating sequences of finely
layered sediments, primarily alternating sandstones and shales.
These sedimentary successions are indicative of the interplay of
fluvial, deltaic, and marine depositional environments driven by
eustatic sea-level changes and sediment supply dynamics [5].
These cycles of sand and shale deposition are a consequence
of progradational and retrogradational phases of the deltaic sys-
tem that have played a role since the Late Cretaceous. Due to
their high porosity and permeability, the sand-dominated units
usually reflect high-energy environments such shoreface settings
and distributary channels, offering good reservoir quality. Con-
versely, the interbedded shales serve as source rocks and regional
seals, creating efficient hydrocarbon traps [6]. Additionally, syn-
depositional faulting and compactional processes alter reservoir
continuity and hydrocarbon migration paths, contributing to the
heterolithic structure of these strata.

The Niger Delta’s sand-shale alternations must be thoroughly
understood to properly characterize reservoirs, site wells, and op-
timize hydrocarbon recovery [7]. In this intricate depositional
system, geoscientists may more accurately define reservoir ge-
ometries and forecast fluid flow behavior by combining seismic,
well-log, and core data. Assessing the types of clay minerals
found in subsurface formations is essential to comprehending di-
agenetic processes, reservoir quality, and depositional environ-
ments. To differentiate between various clay minerals and evap-
orites using spectral gamma-ray data, a variety of graphical meth-
ods and cross-plots are frequently used.

Plots of potassium (K), thorium (Th), and uranium (U) ele-
mental concentrations are frequently used to illustrate the theo-
retical distribution of clay minerals and evaporites. Mineralog-
ical changes can be inferred from the different quantities of ra-
dioactive elements found in different clay minerals. For exam-
ple, kaolinite has low potassium but comparatively high thorium
concentrations, while illite and glauconite are rich in potassium.
Conversely, smectite has moderate potassium content, although
the concentration of thorium varies based on diagenetic changes
[8]. In spectral gamma-ray logs, evaporites like anhydrite and
halite may be distinguished since they usually have very little ra-
dioactivity. Dominating clay minerals are determined based on
a cross-plot of thorium to potassium, ranging from potassium-
bearing evaporites: < 0.06, Glauconite: 0.6-1.5, Kaolinite: 1.5-
2.0, Micas: 1.5-2.0 illite 2-3.5 and Mixed-layered: > 3.5 [8].

A thorough investigation of chemostratigraphy and pale-
oenvironmental analysis of sand-shale formations using core

geochemical spectroscopy tools is presented in this paper.
Chemostratigraphy enables the differentiation and correlation
of stratigraphic units by analyzing the elemental composition
of sedimentary sequences, offering insights into diagenetic pro-
cesses and depositional environments. This method helps create
more accurate geological models and improves our comprehen-
sion of reservoir heterogeneity. The resolution and accuracy of
these analyses have been enhanced by recent developments in
geochemical logging methods, allowing for more thorough char-
acterizations of intricate formations. Herron's geochemical clas-
sification system for terrigenous sands and shales, for example,
has proven crucial in improving stratigraphic interpretations [9].
To provide a more nuanced understanding of the stratigraphic ar-
chitecture and paleoenvironmental conditions of the study area,
our research attempts to expand upon these approaches.

2. DESCRIPTIVE AND GEOSTATISTICAL METHOD

Core slabs of the six core runs were examined for their litholog-
ical diversity and stratigraphic significance. To physically ex-
amine core slabs, lithological boundaries and sedimentary fea-
tures were identified by meticulous scrutiny in the core storage
and laboratory [10]. Recording visual features facilitated fur-
ther analysis, and high-resolution photos of every core slab cap-
tured were provided and examined in the laboratory. These pic-
tures were crucial resources for identifying sedimentary features
and lithological correlations [11]. Important stratigraphic mark-
ers and sedimentary textures were identified. Spectral gamma
ray logs were utilized to detect changes in radioactive elements
that are indicative of clay mineral composition and sedimentary
facies, such as potassium (K), uranium (U), and thorium (Th),
helping to delineate depositional environments and lithological
boundaries [12].

For assessing clay mineralogy and interpreting sedimentary fa-
cies, graphic distribution analysis and cross-plot techniques are
useful. When combined with spectral gamma-ray log interpreta-
tion, the Th/K and Th/U cross-plots improve the understanding
of clay mineral composition and depositional environments in
hydrocarbon reservoirs (Figure 1).

2.1. THORIUM TO POTASSIUM (TH/K) CROSS-PLOT

High potassium (K) and low thorium (Th) values typically indi-
cate the presence of illite and glauconite, high thorium and low
potassium values suggest a dominance of kaolinite while smec-
tite and mixed-layer clays fall somewhere in the middle of these
two extremes [12].

2.2. THORIUM TO URANIUM (TH/U) RATIO

The Th/U ratio is useful for distinguishing depositional redox
conditions and clay types. A high Th/U ratio (>7) suggests oxi-
dizing conditions, which favour kaolinite and other detrital clays,
whereas a low Th/U ratio (<2) may indicate reducing environ-
ments, that lacks oxygen, where organic matter and uranium en-
richment occur. However, in environments where oxygen avail-
ability fluctuates, leading to a mix of clay minerals such as illite,
smectite, and glauconite, the Th/U ratio typically falls within the
intermediate range (2—7), representing transitional settings [13].
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Table 1. Core description and gamma spectroscopy analyses.

Depth  Lithofacies Total Gamma Potassium Uranium Thorium Uranium-Free  Th/K  Th/U
Core#  meter API % ppm ppm ppm ppm/%  ppm
3041.00  Sandstone 14 2.0 2.8 0.3 11.19 0.17 0.12
3042.00  Sandstone 18.2 1.1 1.43 245 16.72 2.30 1.71
3043.80  Sandstone 41 3.1 8.2 0 32.65 0.00 0.00
1 3045.00  Sandstone 30 2.1 2.2 32 28.07 1.52 1.44
3050.00  Sandstone 17 2.2 2.2 0.03 14.64 0.01 0.01
3055.00  Sandstone 18 1.1 2.3 0.03 16.01 0.03 0.01
3059.63  Sandstone 26 1.9 1.6 0.09 23.92 0.05 0.06
3060.00  Sandstone 71 4.8 10.8 3.0 60.29 0.62 0.27
3065.00  Sandstone 22 2.3 2.8 0.5 19.06 0.23 0.19
’ 3067.00  Sandstone 26 1.6 1.2 1.08 24.95 0.70 0.89
3070.00  Sandstone 30 24 3.6 1.1 26.45 0.44 0.30
3075.00  Sandstone 46 4.9 33 2.2 42.90 0.46 0.67
3077.95  Sandstone 20 1.2 4.6 0.09 15.60 0.08 0.02
3080.00  Sandstone 33 2.7 3.6 2.5 29.89 0.93 0.69
3085.00  Sandstone 24 1.4 3.6 0.3 20.79 0.18 0.07
3 3087.00  Sandstone 76 5.2 10.8 0.3 65.33 0.06 0.03
3090.00  Sandstone 22 1.5 3.7 1.6 18.09 1.04 04
3095.00  Sandstone 21 1.5 2.1 1.1 18.52 0.69 0.5
3096.00  Sandstone 16 1.2 0.46 1.8 15.95 1.46 3.75
3096.75  Sandstone 24 34 4.1 0.03 19.83 0.01 0.01
3100.00  Sandstone 25 2.3 5.2 0.4 19.58 0.17 0.07
3105.00  Sandstone 28 2.6 2.7 1.3 24.80 0.51 0.47
4 3107.33  Shaly sand 85.5 5.9 12.79 2.72 72.70 0.46 0.21
3110.00  Sandstone 47 3.6 6.7 2.5 40.73 0.69 0.37
3113.85  Sandstone 194 2.31 0.81 0.03 18.68 0.01 0.04
3115.00  Sandstone 28 1.9 5.0 1.1 22.92 0.55 0.21
3115.30  Sandstone 23 24 2.5 0.04 20.73 0.02 0.02
3120.00  Sandstone 27 1.6 4.7 0.0 22.60 0.00 0.00
3125.00  Sandstone 24 1.7 33 0.03 20.78 0.02 0.01
5 3127.11  Sandstone 23.30 2.53 1.19 1.50 22.11 0.59 1.26
3130.00  Sandstone 15 1.3 2.7 0.8 12.19 0.63 0.30
3132.57  Sandstone 63.3 4.35 9.81 4.82 53.46 1.11 0.49
3133.75  Sandstone 33 2.3 35 1.3 29.45 0.56 0.37
3135.00  Sandstone 59 53 6.7 1.0 51.99 0.19 0.15
3137.42  Sandy shale 109.57 7.2 14.66 5.06 9491 0.70 0.35
6 3140.00  Shaly sand 85 53 7.9 0.8 77.40 0.15 0.10
3145.00  Sandstone 62 6.2 5.7 2.0 55.87 0.33 0.35
3150.00  Sandstone 20 2.5 3.8 0.9 16.22 0.34 0.22
3152.00  Sandstone 35 2.7 3.1 2.9 32.01 1.06 0.94

3. RESULTS AND DISCUSSION

The description of the cores and spectral gamma log delineation
revealed the results presented in Table 1. Sandstone with con-
cretions, which are light grey, fine-grained, well-sorted, well-
cemented, and highly bioturbated, with muddy heteroliths and
ichnogenera like Thalassinoides, Chondrites, and Palaeophy-
cus, make up the majority of the examined interval. Light
to dark brown is the range of colors for the sandstone, which
has fine to medium-sized grains that are moderately to well-
sorted. At the mid-level, Ophiomorpha predominates and the
grain size increases to coarse and pebbly, with poorly sorted
pebbles and considerable bioturbation. In addition, the inter-
val (3388.00m—3388.35m) has sandy shale and shale, with fine-

grained sandstone and shale lamination that is highly bioturbated
by Ophiomorpha. Furthermore, the presence of fine to coarse
pebbly grains with discernible laminations in intercalated sand-
stone and shale suggests a dynamic depositional environment of
marine setting [14].

The spectral gamma-ray analysis (Table 1 and Figure 2) pro-
vided insights into the distribution of potassium (K), uranium
(U), and thorium (Th), which are key indicators of lithology and
depositional environments for paleoenvironmental reconstruc-
tion. The given data's gamma-ray values, represent lithological
diversity, range from 14 to 109.57 API units (Figure 2). Cleaner
sandstone deposits with less shale are generally indicated by
lower gamma-ray values, which are an indicator of high reser-
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voir quality [15]. Higher shale content, on the other hand, is sug-
gested by higher gamma-ray values (up to 109.57 API in core #6
at 3137.42 m). This suggests that there may be more clay miner-
als, less permeability, and maybe organic-rich intervals that could
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Figure 3. Schematic graph of clay mineral distribution and evaporates [18].
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Figure 4. Interpretation of Th/U ratio for depositional environment [24].

act as hydrocarbon source rocks instead of reservoirs.

Concentrations of potassium (K) in the examined core sam-
ples range from 1.1% to 7.2%, with the majority of results falling
below 3%. Periods with lower potassium contents are charac-
terized by quartz-rich sandstones, carbonates, or organic-rich
shales, where core slabs show a predominance of quartz in the
rock matrix. Because there are no minerals that contain potas-
sium, these settings naturally exhibit low potassium levels. Con-
versely, higher potassium levels (up to 7.2%) indicate an environ-
ment rich in clay, which is typical of deeper marine or lagoonal
environments with fine-grained sediments [16]. Uranium (U)
concentrations in the analyzed core samples range from 0.46 ppm
to 14.66 ppm, with notable variations across different depths.
The highest uranium value (14.66 ppm) occurs at 3137.42 m,
while other notable peaks include 12.79 ppm at 3107.33 m, 10.8
ppm at 3060.00 m/3087.00 m, and 9.81 ppm at 3132.00 m. These
peaks coincide with moderate potassium and thorium levels. The
lowest uranium content (0.46 ppm) is observed at 3096.00 m,
where potassium is also very low (1.2%) and thorium is rela-
tively high (1.8 ppm) [12]. Thorium (Th) concentrations in the
analyzed core samples range from 1.2 ppm to 14.6 ppm, with no-
table differences observed across various depths. Thorium values
are generally low across all cores, ranging from 0.0 to 3.2 ppm,
indicating a predominance of sand-rich facies with limited heavy
mineral enrichment. Higher thorium values (2.5-3.2 ppm) cor-
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relate with increased gamma activity and potassium levels, sug-
gesting the presence of shale or clay-rich layers, likely interbed-
ded within sandstones [17].

There are wide ranges of clay mineral groups present in
the examined cores, as indicated by the computed Th/K ra-
tios, which range from 0.00 to 1.52. Feldspathic sediments or
evaporites containing potassium are represented by values less
than 0.06. Indicating significant diagenesis and maritime effect,
glauconite-aligned ratios range from 0.6 to 1.5. Values greater
than 1.5 show that kaolinite, mica, or illite—which are typically
found in sediments that have seen more extensive weathering or
metamorphism—do not significantly dominate the sample [12].
This indicates that the sediments under investigation most likely
contain a mixture of feldspars, glauconitic minerals, and some
clay-rich components (Figure 2). A depth of 3.75 Th/U sug-
gests a change in the source of the sediment or a shift to more
oxidizing circumstances, which could be brought on by varia-
tions in sediment influx, elevated ventilation, or sea level fluc-
tuations. In Figure 3, Th/U < 2, most samples, however, show
dominantly decreasing circumstances during deposition. Marine
shales, deep-sea anoxic basins, and lagoonal environments with
limited oxygen availability are common places to find low Th/U
ratios (<2) [17].

3.1. TH/K RATIOS AND CLAY MINERAL ANALYSIS
INTEGRATION

Low K, and low Th values suggest the presence of illite
and glauconite, indicating marine-influenced, reducing condi-
tions with limited terrestrial input. Low Th/K ratios indicate
smectite/mixed-layer clays, suggesting deposition in reducing
environments with high organic matter, such as marine anoxic
basins [12, 17]. The precipitation of potassium salts influences
the formation and transformation of clay minerals. High potas-
sium concentrations can lead to the development of illite or
illite-smectite mixed-layer clays, as potassium ions become fixed
within clay structures during diagenesis [19, 20]. This process
results in a clay mineral assemblage dominated by illitic clays,
reflecting the availability of potassium from evaporite minerals
[21]. The presence of potassium evaporites indicates deposition
in arid conditions with high evaporation rates, typically in re-
stricted basins with limited water influx, favoring the concentra-
tion and precipitation of soluble salts [22]. The associated clay
minerals, particularly illite, suggest minimal chemical weather-
ing and a detrital input from areas dominated by physical weath-
ering, aligning with arid to semi-arid climatic conditions [23].
Therefore, the combined presence of potassium evaporites and
specific clay mineral assemblages serves as a strong indicator of
past arid climatic conditions and restricted depositional environ-
ments.

3.2. CORRELATION OF TH/U AND TH/K RATIOS FOR
ENHANCED DEPOSITIONAL INTERPRETATION

The depositional environments were deduced to be anoxic, based
on alow Th/U ratio (<2) combined with low K values, which sup-
port a smectite-dominated environment. This reflects a high or-
ganic matter accumulation zone with reducing conditions. Fluc-
tuating redox conditions were observed at a depth of 3096.00
m, suggesting an illite-rich, glauconite environment indicative of

moderate weathering and an estuarine or shallow marine setting
(Figure 4)

4. CONCLUSION

Integrating core descriptions with spectral gamma-ray data, the
results show that dark brown to dark gray sandstone predom-
inates. It has quartz, fine to coarse grains with pebbles, and
shows changes in the concentrations of uranium (U), thorium
(Th), and potassium (K). Rebuilding the depositional environ-
ment and stratigraphic distinction depend on these variances.
Cleaner sandstone formations with less shale and periods with
more clay material presence have been compared by the gamma-
ray trends [25]. These results are consistent with earlier research
by Refs. [26] and [27] that link stratigraphic differentiation and
reservoir quality to gamma-ray signals. Although there are spo-
radic clay-rich intervals that indicate localized modifications in
depositional settings, the detected potassium values further sub-
stantiate the occurrence of quartz-rich sandstones. According to
Ref. [28], core slab measurements support this hypothesis by
showing a matrix of rock that is dominated by quartz with trace
amounts of feldspathic contributions.

Variations in the concentrations of uranium and thorium of-
fer further information on the paleoenvironmental circumstances
of the period under study. While lower uranium values imply
more oxidizing environments, uranium enrichment at particular
depths indicates periods of greater organic matter accumulation
under reducing conditions [29]. In a similar vein, variations in
sediment provenance and diagenetic alterations are reflected in
the distribution of thorium concentrations, which lends support
to the idea of alternating sand-rich and shale-dominated facies
[30]. The determined Th/K ratios highlight the formation’s min-
eralogical complexity even further, suggesting a dynamic depo-
sitional system impacted by both terrestrial and marine sources
[31]. The presence of glauconitic minerals, as inferred from
Th/K ratios, further indicates marine influences and diagenetic
modifications that may have impacted sediment composition and
reservoir properties. When taken as a whole, these geochemical
markers help to clarify the depositional setting of the sequence
under study.

A notable shift in redox conditions is inferred from the Th/U
ratio variations. One depth, exhibiting a Th/U ratio of 3.75, sug-
gests oxidizing conditions potentially linked to sea-level fluctu-
ations, enhanced ventilation, or shifts in sediment influx [24].
However, the majority of the samples display Th/U ratios below
2, signifying predominantly reducing conditions during deposi-
tion. Such low Th/U values are characteristic of marine shales,
deep-sea anoxic basins, or lagoonal settings with restricted oxy-
gen availability [32, 33], reinforcing the interpretation of a depo-
sitional environment dominated by low-oxygen conditions. The
paleoenvironment suggests shifting depositional circumstances
and sea-level fluctuations, with a mostly deep-marine anoxic set-
ting and infrequent deltaic influence.

DATA AVAILABILITY

The data used in this study are available upon reasonable request
from the corresponding author.
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