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Abstract

Grain size analysis is an essential sedimentological tool for determining hydro-
dynamic conditions, mode of transport and deposition of detrital sediments.
In this study, detailed grain size analysis was conducted using fifty-six sieve
analysis samples acquired from a total of three well core data (WX, WY and
WZ) in order to determine the depositional environment of the Y-Field in the
Jubilee Field, a hydrocarbon reservoir, supported by facies analysis. Deposi-
tional environments, hydrodynamic conditions and mode of sediment transport
were determined using bivariate plots and linear discriminate function (LDF)
analysis. The results reveal that the unit consists of medium to silt sands with
majority being poorly sorted. The sediments have a unimodal distribution of
2¢ and 1¢, while few beds have a bimodal of 3¢, 4¢, 5¢, 6¢, 7¢ and
8¢ . The unit has near symmetrical to very fine skewed but mostly platykurtic
to very leptokurtic sediments. Bivariate plots of the statistical measures show
that the depositional environments were impacted mostly by river conditions.
Additionally, the cumulative frequency curves show that the majority of the
sediments were transported via saltation while fine grains were transported by
suspension and a few indications of the traction process. The sediment classi-
fication ternary diagram reveals that 44% of the samples are silty sand, 22%
sandy silt and 6% sand per the fine plot. For the coarse plot, most of the samples
(22%) are slightly gravelly sand with one sample (6%) being gravelly muddy
sand. The Shepard 1954 classification revealed for the coarse plot as sand, silt
and clay which is about 28%. Most of the samples (50%) grouped in the sand
region and few others (22%) in the silty sand and sandy silt regions (22%) in
the fine plot. The results of the LDF analysis are mainly indicative of shallow
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marine, beach, turbidity current and fluvial environments.
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1. Introduction

Grain size is a significant physical characteristic of sediments and is essential to
understand the inherent characteristics and dynamic forces at play during depo-
sition. Likewise, grain size metrics aid in investigating the provenance (origin) of sed-
iments, environment of deposition, textural classification of sedimentary rocks and
the energy flux of different mechanisms that transported the sediments (Ghaznavi et
al., 2019). Prior to final induration, clastic rock grain size metrics provide precise
information on the transport, sorting, and depositional conditions of the sediment
(Baiyegunhi et al., 2020). For a deeper comprehension of depositional environ-
ments, studying other sedimentological factors, such as sedimentary structures
and their relationships, palaeocurrent, geometry, and fossil content, becomes nec-
essary in addition to particle size analysis. This is because these parameters are more
dependent on the mechanisms in place during sediment deposition (Ghaznavi et
al., 2019).

The exploration phase for commercial reserves necessitates a comprehension
of the mechanisms of deposition of the petroleum play system in order to deter-
mine whether a suitable reservoir rock is likely to have formed (Nichols, 2009).
The grain size of minerals is dependent on the kind of depositional environment,
medium of transport, the duration and distance of transportation and the pre-
dominate depositional conditions which serves as an environmental indicator
(Kanhaiya et al., 2017; Lopez, 2017; Ocheli et al., 2018). The facies of the reservoir
are determined by the grain-size distribution and its relationship has a significant
impact on hydrocarbon and water circulation within the reservoir unit. As a result,
this component of sedimentological study is critical for well planning and effective
reservoir management (Ogbe, 2021).

Grain-size distribution, including the frequency of stacking patterns and accu-
mulations of a sand-body’s complexity, produces a high level of reservoir varia-
bility which differs depending on the environment of deposition (Ogbe, 2021).
The level of complexity and variability introduces uncertainty in estimating sand
connectivity and creates difficulties in hydrocarbon extraction techniques (Ogbe,
2021). To overcome these difficulties, an in-depth knowledge of the size distribu-
tion of grains and environment of deposition, as well as the depositional processes
that occur throughout reservoir development, is essential (Ogbe, 2021).

Ansah et al. (2022) characterised the depositional setting of the Jubilee Field

reservoir system; however, a comprehensive and thorough textural investigation

DOI: 10.4236/gep.2026.147014

224 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2026.147014

A. Asante-Annor et al.

was not well highlighted. Therefore, this research aims to examine the sedimen-
tological characteristics of the Jubilee Field reservoir system using grain size anal-
ysis dataset. This study will focus on the use of sieve analysis to examine deposi-
tional characteristics and its potential impacts on reservoir quality. This work
seeks to use detailed grain size analysis to deduce the depositional environment of

the reservoir system.

2. Study Location

The area of study is situated in the Jubilee Field (Figure 1) which is located 60 km
offshore between the West Cape Three Points and the Deepwater Tano blocks in
Ghana. It is situated at a water depth of 1100 m (Anon, 2009; TGL, 2019).
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Figure 1. Location map of the study area.

3. Stratigraphical Setting

Tano Basin is an offshore basin and a member of the West African Transform
Margin basin complex that is located in southwest Ghana (Bempong et al., 2019).
It is largely offshore and a smaller portion onshore. The Tano Basin encompasses
three oil fields which includes; the Jubilee field, Tweneboa Enyenra and Ntomme
(TEN) oil field and Sankofa Gye Nyame field (Bempong et al., 2022). The Ro-
manche and St. Paul transform zones comprises its eastern and western bounda-
ries, the ocean and the African continent, its southern and northern boundaries,
respectively. During the Mesozoic Era, rifting caused it to modify into a pull-apart
basin (Atta-Peters et al., 2013).

According to Bempong et al. (2021), as the South Atlantic Ocean widened and
grew deeper, subsequent rift system expansion and subsidence thinned the crust
of the continent and developed openings for lithic fill to enter the basin. The lithic
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A) Early Cretac -
Continental rifting and transform faulting initiates

B)Aptian 1 10.3. i i
Rapidly forming isolated riftbasins

fill of the basin started within the Aptian (Figure 2, Figure 3) with substantial
continental clastic from the rivers Tano and Ankobra. On the other hand, the ba-
sin is altered by wrench tectonics in the Cretaceous through an extensive trans-
form fault characterised by fracture and sagging (Rupke et al., 2010). The undersea
canyon system acted as a clastic material delivery channel into the Tano Basin
(Daily et al., 2013). Four patterns (Figure 2), which are listed below, describe the
relation between tectonic periods and related sedimentation:

1) Paleozoic to Lower Mesozoic strata were identified as the pre-rift stage of a
stable platform.

2) The syn-rift stage, which started in the Jurassic and advanced into the Early
Cretaceous was characterised by a continental separation between South America
and Africa. The separation forced the continental boundary to be in a transpres-
sional setting as evidenced by the number of folds and flow features in the basin.
These data suggest that the continental margin contributed in the total shearing
of the two plates (Ansah et al., 2022).
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Source: Rupke et al., 2010.

Figure 2. Geological setting of the study area.

3) The top syn-rift unconformity depicts the climax of a time of rapid conti-
nental separation and distortion. An apparent angular unconformity over the
continental platform, as shown on the seismic profile by a Top Syn-rift reflection,
distinguishes it. The most recent continental collision of the two plates, which
happened in the late Albian or early Cenomanian marks the unconformity. The

occurrence of thermal rising of the outer margins of Ghana towards the end of the
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Albian is likely to correlate with magnetic under plating noted in deep magnetic
data and seismic gravity along the margin (Antobreh et al., 2009).

4) After the ultimate separation of the African and American plates, marine
deposition that occurred from the Cenomanian to the recent depicts the post-rift
stage. During this era, large-scale ocean transforms faults (Romanche and St. Paul)
formed across the path of the earlier continental transforms. Despite the possibil-
ity of some deformation continuing beyond the margins of the continents, the

final separation typically indicates a period of thermal and rapid subsidence.
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Figure 3. Chronostratigraphic summary of the study area.

4., Materials and Methods

A total of two well core data (WY and WZ) comprising of one hundred and forty-
one sieve analysis samples were used for detailed granulometric analysis. The sam-
ples cover depths ranging from 3175.60 m to 3506.60 m and represents 18 sedi-
mentary facies. The number of samples obtained from each facies reflects its oc-
currence within the cored intervals. During data analysis, samples exhibiting the
same lithofacies and similar depositional characteristics were grouped into 18 fa-
cies (Table 1). These groups represent statistically and sedimentologically com-
parable intervals and were used for subsequent grain-size and reservoir quality

analysis to facilitate interpretation.
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Table 1. Summary table of the depositional facies.

Well

WX

wYy

Total

Depth (m) Facies Number of Samples
3421.50 - 3474.80 Dewatered/deformed sandstone (Sd) 8
3465.50 - 3503.91 Sandy heterolithics (Hs) 5
3298.10 - 3410.50 Pebbly sandstone (Sc) 22
3401.50 - 3466.50 Mudstone (M) 7
3393.50 - 3492.70 Irregularly laminated heterolithics (Hi) 10
3394.50 - 3462.54 Slump deformed mudstones/heterolithics (MHd) 5
3396.50 - 3483.50 Muddy debrite (Dm) 7
3403.05 - 3404.20 Planar laminated heterolithics (Hp) 2
3406.25 - 3504.50 Ripple cross-laminated sandstone (Sxr) 5
3407.42 - 3484.25 Structureless sandstone (Ss) 11
3408.50 - 3502.50 Planar stratified sandstone (Sp) 9
3414.50 - 3479.50 Sandy debrite (Ds) 4
3419.05 - 3499.50 Weakly stratified sandstone (Sm) 5
3425.50 - 3434.50 Conglomerate (Cgl) 6
3439.50 - 3495.50 Bioturbated sandstone (Sb) 2

3450.57 Injectite (I) 1
3468.50 - 3505.50 Bioturbated heterolithics (Hb) 15
3500.55 - 3506.60 Fine grained sandstone (Sf) 5
3175.6 - 3188.30 Dewatered/deformed sandstone (Sd) 2

3231.3 Sandy heterolithics (Hs) 1
3250.4 - 3298.10 Pebbly sandstone (Sc) 5

3337.3 Mudstone (M) 1

3234 - 3422.40 Structureless sandstone (Ss) 3
141

For the statistical analysis, a scale proposed by Krumbein and Monk (1943)

based on the following relationship was used:
¢ =—log, (D) (1)

where ¢ is phi size and Dis the grain diameter in millimeters.

Plots of cumulative frequency curves were plotted versus the grain sizes in ¢
unit to identify the ¢5, ¢$16, ¢$25, ¢$50, ¢75, $84 and ¢95 percen-
tiles and then the statistical measures which includes mean, standard deviation,
skewness, and kurtosis, were calculated using both the graphical and moment
methods. The statistical measurement for the graphical method which have been
verified by Folk and Ward (1957) is defined as follows:

M. = us + Do + Ds

Graphic Mean, M, 3 (2)
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¢84 — ¢15 + ¢95 — ¢5
4 6.6

_ Das 16 — 200 + o5 + $s — 2050 (4)
2(¢34 _¢1e) 2(¢95 _¢5)

3)

Inclusive Graphic Standard Deviation, O; =

Inclusive Graphic Skewness, SK,

Graphic Kurtosis, K, = Ll (5)
2-44(¢75 - ¢25)

The statistical measurement for the moment method which have been verified

by Krumbein and Pettijohn (1938) is as follows:

- 2 fm
Mean (1 Moment), X, = W (6)
— \2
- Tf(m-X,)
Standard Deviation (2"¢ Moment), o, = 100 (7)
— \3
2 f(m=-X
Skewness (3" Moment), Sk, = (—3‘1)) (8)
10057,
— \4
2f(m-X
Kurtosis (4" Moment), K, = (—44’) 9
100c;

where f= weight percent (frequency) in each grain-size grade present;

m = midpoint of each grain-size grade in phi values;

n = total number in sample; 100 when £is in percent.

Sediment classification analysis was done to classify the samples using a classi-
fication scheme from (Folk, 1954, 1974) and (Shepard, 1954) produced by pro-
gram SEDPLOT in Figure 4 (Poppe & Eliason, 2008).

B3 SEDPLOT o

ZUSGS

g workd

SEDPLOT Sediment Classification and Plotting Program

Figure 4. Window for SEDPLOT program.
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The GSSTAT software (Figure 5) was used to generate statistics to characterise
sediment grain-size distribution using the method of moments (Poppe et al.,
2004).

[ GSSTAT - o X

Select Statistics Method

" Method of Moments

" Inclusive Graphics

On systems with no mouse you may hold down "Alt" and press the underlined letter to select options. Alt-F4 closes

Figure 5. Window for GSSTAT program.

Bivariate plots were plotted between the different statistical parameters to es-
tablish the interrelationships between depositional settings according to the vari-
ation in the sediment textures (Ghaznavi et al., 2019). Linear discriminate func-
tion (LDF) analysis was further used to discriminate and interpret the depositional
processes and environments using the following equations as established by Sahu,
1964:

e To distinguish between the aeolian and beach environments
Y, = —3.5688M, +3.701667 —2.0766SK, +3.1135K (10)
For beach environment Y; is greater than —2.7411 and for aeolian environment

Y1 is less than —2.7411.

e To delineate between beach and shallow-marine environment

Y, =15.6534M, +65.7091c2 +18.1071SK, +18.5043K (11)

For beach environment Y, is less than 63.3650 and for shallow-marine environ-
ment Y; is greater than 63.3650.

o The following equation distinguishes the shallow-marine and fluvial settings

Y, = 0.2852M, —8.7604c7 — 4.8932SK, +0.0482K (12)

For shallow-marine environment Y3 is greater than —7.4190 and for fluvial en-
vironment Y3 is less than ~7.4190.
e The following equation distinguishes the fluvial and marine turbidity environ-

ments

Y, = 0.7215M, —0.40304c7 +6.7322SK, +5.2927K (13)
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For marine turbidity environment Y; is greater than 10.000 and for fluvial en-

vironment Y is less than 10.000.

5. Rationale and Interpretive Limits of the Bivariate
and LDF Discriminants

The bivariate schemes of Friedman (1961, 1967) and the linear discriminant func-
tions of Sahu (1964) were calibrated on grain-size populations from beach, dune,
fluvial, shallow-marine and turbidity-current sands, where sorting, skewness and
kurtosis reflect differences in traction, saltation and suspension transport. The
grain-size moments are used here for the detrital (heterolithic), debrite, structure-
less, stratified and slumped sandstone/mudstone facies of the study interval, be-
cause of the fact that these are grain-populations transported and reworked by the
same basic mechanism (traction, saltation, suspension and gravity-flow support)
and because of this, the moments of the grain-size are still informative in the rel-
ative dominance of these processes even though the facies were deposited by sed-
iment gravity-flow rather than by the steady, unidirectional or wave-driven cur-
rents on which the discriminants were originally built (Sahu, 1964; Friedman,
1967; Kanhaiya et al., 2017). This is a continuation of existing practice in granu-
lometric facies studies of ancient, gravity-flow-influenced reservoir sandstones, in
which the same bivariate and LDF schemes are employed as a first order textural
screen as well as in conjunction with core description rather than as a standalone
indicator of environment (Ghaznavi et al., 2019; Baiyegunhi et al., 2020).

The use of these discriminants in a deep-water, gravity-flow dominated reser-
voir has definite interpretive limitations, however. The bivariate plots (Friedman
1961, 1967) and associated Y1 - Y4 linear discriminant function equations (Sahu
1964), do not incorporate an explicit debris-flow or hybrid-flow category, and
therefore remobilised, poorly sorted deposits (such as debris flows, slumped het-
erolithics, and injectites) are not distinguished as a genetically distinct class in the
classification scheme. Rather, based exclusively on the bulk grain-size statistics,
such deposits are assigned to whichever pure end-member facies (beach, shallow-
marine, fluvial, or turbidite) they most closely approximate. Bioturbation, dewater-
ing and soft-sediment deformation can occur in these facies as post-depositional
overprints, altering the primary grain-size distribution without being related to
the depositional process, and so may lead to a bias in the computed shape param-
eters, skewness, kurtosis and Y-values. The Friedman (1961, 1967) and Sahu (1964)
calibration datasets are from modern, unconsolidated, shallow, current or wave-
dominated sediments, so the labels of the environment are used as indicative only,
and are interpreted here only in conjunction with the core sedimentological de-

scription.

6. Results and Discussion

6.1. Frequency Curves

Frequency distribution curves from the three wells (WX, WY and WZ) indicate
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the distribution of the descriptive statistical curves for the three wells and show
peak constituents and uniformity of sediment fraction for the study location (Fig-
ure 6). The curves are primarily unimodal with a dominating peak around 2¢
(Figure 6(F)) and 1¢ (Figure 6(]) and Figure 6(K)), whereas, a few of the sam-
ples exhibit bimodal behaviour with distinct peaks at 3¢ (Figure 6(C), Figure
6(D), Figure 6(H), Figure 6(G), Figure 6(J)-(0)), 4¢ (Figures 6(A)-(G), Fig-
uress 6(P)-(Q)), 5¢ (Figure 6(E), Figure 6(K), Figure 6(O) and Figure 6(P)),
6¢ (Figure 6(H), Figure 6(J), Figure 6(K), Figure 6(M) and Figure 6(N)), 7¢
(Figures 6(A)-(L), Figures 6(O)-(R)) and 8¢ (Figure 6(D)). This is explained
by the occurrence of both unimodal and bimodal populations, indicating the pres-
ence of both types of sediments (i.e., pure sand without any silt particles and sand
mixed with some finer particles). For sediments depicting unimodality, sediments
settled throughout a uniform depositional process. Bimodality is attributed to the
mixing of populations of various sizes from the source areas, variations in the ve-
locities of depositional, or differences in the modes of transportation, such as roll-
ing, saltation, or suspension (Ghaznavi et al., 2019). The bimodality is also most

likely as a result of the low energy present during sediment deposition.
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Figure 6. Frequency distribution curves for facies of the study area: A) IRregularly Laminated Het-
erolithics, B) Planar Laminated Heterolithics, C) Sandy Heterolithics, D) Bioturbated Heterolithics,
E) Muddy Debrite, F) Sandy Debrite, G) Ripple Cross-Laminated Sandstone, H) Structureless
Sandstone, I) Weakly Stratified Sandstone, J) Pebbly Sandstone, K) Planar Stratified Sandstone, L)
Dewatered/Deformed Sandstone, M) Bioturbated Sandstone, N) Fine Grained Sandstone, O) Mud-
stone, P) Slump Deformed Mudstones/Heterolithics, Q) Conglomerate and R) Injectite.

6.2. Cumulative Frequency Curves

Additionally, phi values were plotted against the cumulative frequencies. The cu-
mulative frequency plot highlights the various ways that the sediments were trans-
ported and deposited as well as their significance in the origin of the rock samples.
The curve typically exhibited an S-shaped pattern when plotted on an arithmetic
scale (Figure 7) and the slope of the central portion of the curve can be used to
predict sorting. Low velocity and rapid rate of deposition leads to poor sorting
and a broader and gentle slope in the distribution curves. In contrast, a very steep
slope is an indication of good sorting (Ghaznavi et al., 2019; Oyanyan & Olugun,
2023; Cheng et al., 2023; Atat et al., 2022). From the cumulative frequency curves,
the samples are predominantly silt, with few samples being medium to fine grain
and very few being coarse in nature. The broadness and gentleness of the slope
indicates that the grains are poorly sorted to very poorly sort (Figure 7). The cu-
mulative frequencies also revealed that most of the sediments was transported by
the process of saltation which is dependent on the rate of deposition followed by
suspension population which reflects conditions above the depositional interface

(Visher, 1969) and a few indications of the traction process.
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Figure 7. Cumulative frequency curves for facies of the study area: A) Irregularly Laminated
Heterolithics, B) Planar Laminated Heterolithics, C) Sandy Heterolithics, D) Bioturbated Het-
erolithics, E) Muddy Debrite, F) Sandy Debrite, G) Ripple Cross-Laminated Sandstone, H
Structureless Sandstone, I) Weakly Stratified Sandstone, J) Pebbly Sandstone, K) Planar Strati-
fied Sandstone, L) Dewatered/Deformed Sandstone, M) Bioturbated Sandstone, N) Fine
Grained Sandstone, O) Mudstone, P) Slump Deformed Mudstones/Heterolithics, Q) Conglom-
erate and R) Injectite.

6.3. Sediment Classification

On the Folk (1954, 1974) sediment classification ternary diagram, the samples
generally form a tight grouping along the sand, silty sand and sandy silt side for
the fine plot. Of the 18 samples, one, (Sm) about 6% of the total is classified as
sand, eight others (Sb, Sf, Sp, Sxr, Hs, I, Hb and Dm) which is about 44% are
classified as silty sand and four samples, (Hp, Hi, M, MHd) making up 22% of the
sample total are classified as sandy silt (Figure 8(A)).

For the coarse plot, four samples, (Cgl, Sc, Sd and Ss) about 22% grouped
around slightly gravelly sand with only one sample (Ds) constituting 6%, plotted
in the gravelly muddy sand (Figure 8(B)).
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Figure 8. Ternary diagrams of sediment classification scheme from Folk (1954, 1974), Produced by program SEDPLOT: A) sam-
ples with no gravel and B) samples with GREATER THAN 0.1% gravel.

GRAVELLY SEDIMENT

On the Shepard (1954) sediment classification ternary diagram, the samples
generally form a tight grouping along the sand, silt and clay (gravel < 10%) side
for the coarse plot. Of the 18 samples, five samples, (Cgl, Ss, Sc, Sd and Ds)
constituting 28% plotted in the sand, silt and clay (gravel <10%) region (Figure
9(A)).

For the fine plot, four samples, (Hi, Hp, MHd and M) about 22.2% grouped
around sandy silt, additional four, (Hb, Hs, Dm and I) which makes up 22.2% of
the samples plotted in the silty sand portion with ten other samples (Sb, Sd, Sf, Sc,

Sp, Sxr, Ss, Sm, Ds and Cgl) which is about 55.6% grouping in the sand region
(Figure 9(B)).

f . SAND, SILT, AND CLAY (GRAVEL < 10% ) \

4D

Shepard Gravel > 10% Plot Shepard Sand-Silt-ClayPlot

Figure 9. Ternary diagrams of sediment classification scheme from Shepard (1954) and modified by Schlee (1973), produced
by program SEDPLOT: a) samples with gravel and b) samples with no gravel.
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6.4. Statistical Parameters—Moment Measures

According to the graphic median, at a given value, half of the particles are coarser
and the other half are finer. The values in this sample range from 0.87 to 6.09, with
an average of 2.91 (Table 2) which shows that the grains are typically fine. The
median class yielded several fairly high results, indicating that the sediments are
abundant in a particular grain size.

The results of the mean demonstrates that the reservoir unit is primarily com-
posed of medium to silt sand deposits, with a range of 1.01 to 6.29 and an average
of 3.26 (Table 2). According to Ghaznavi et al. (2019), the peculiar size distribu-
tion of very fine sand may be the result of the low energy environment that oc-
curred at the time of deposition. The results of some samples, such as MHd, M,
Hp, Hi, Hb, Hs and Dm (Figure 10(A)) are relatively high since that kind of sed-
iment class predominates. On the other hand, some samples such as Cgl, Sc, Sm,
Sd and Ss (Figure 10(A)) however, is low because there are about equally many
fine and very fine sediments, and they are poorly sorted since there is a large var-

iation in grain size.

Table 2. Results for moment statistical parameters using GSSTAT software.

Depth (m) Facies Median Mean Standard Deviation Skewness Kurtosis
3421.50 - 3474.80 Dewatered/deformed sandstone (Sd) 1.26 1.41 1.57 0.32 1.55
3465.50 - 3503.91 Pebbly sandstone (Sc) 096 1.14 1.45 0.34 1.56
3298.10 - 3410.50 Sandy heterolithics (Hs) 3.40 4.12 2.14 0.55 1.19
3401.50 - 3466.50 Structureless sandstone (Ss) 1.64 1.77 1.50 0.30 1.45
3393.50 - 3492.70 Mudstone (M) 522 527 2.53 0.06 0.82
3394.50 - 3462.54 Irregularly laminated heterolithics (Hi) 461 4.89 2.66 0.14 0.93
3396.50 - 3483.50 Slump deformed mudstones/heterolithics (MHd) 6.09  6.29 2.36 0.07 0.85
3403.05 - 3404.20 Muddy debrite (Dm) 3.56 4.08 2.78 0.29 0.81
3406.25 - 3504.50 Planar laminated heterolithics (Hp) 444 5.00 2.27 0.37 0.87
3407.42 - 3484.25 Ripple cross-laminated sandstone (Sxr) 322 3.62 1.61 0.49 1.78
3408.50 - 3502.50 Planar stratified sandstone (Sp) 2.53 2.54 1.59 0.17 1.66
3414.50 - 3479.50 Sandy debrite (Ds) 1.65 2.30 2.23 0.51 1.32
3419.05 - 3499.50 Weakly stratified sandstone (Sm) 1.26 1.40 1.56 0.35 1.85
3425.50 - 3434.50 Conglomerate (Cgl) 0.87 1.01 1.27 0.29 1.60
3439.50 - 3495.50 Bioturbated sandstone (Sb) 2.56  2.71 1.38 0.38 1.87

3450.57 Injectite (I) 2.87 3.82 2.70 0.51 0.80
3468.50 - 3505.50 Bioturbated heterolithics (Hb) 344 420 2.47 0.46 0.93
3500.55 - 3506.60 Fine grained sandstone (Sf) 2.78 3.12 1.60 0.48 1.85

Average 291  3.26 1.98 0.34 1.32
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Figure 10. Histograms plotted with respect to the moment method: A) mean size, B) stand-
ard deviation, C) skewness and D) kurtosis.
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Standard Deviation assesses the homogeneity or sorting of the grains, which
reveals the energy conditions present during transport and deposition. Majority
of the samples denotes poor sorting, with only a few other samples, Hb, Hi, Hp,
Hs, MHd, M, Dm, Ds and I showing very poor sorting (Figure 10(B)). It ranges
from 1.27 to 2.78 with a mean of 1.98 (T'able 2). The poorly sorted sediments show
a mixing of sediments of different sizes as well as a little variation in the mode of
transporting current velocity. Although it reflects the energy state of the environ-
ment of deposition (Ghaznavi et al., 2019), it does not primarily assess the degree
to which the sediment has been mixed.

Skewness evaluates the degree of asymmetry in the frequency curves in terms
of the dominance of fine or coarse-grained fractions and thus evident of deposi-
tion energy. The skewness values for the sand samples range from 0.06 to 0.55
with an average skewness of 0.34 (Table 2). Almost all the samples are very fine
skewed or exhibits positive skewness, suggesting that the sample accumulated in
a low-energy environment with only one sample, MHd being near symmetrical
and M being fine skewed (Figure 10(C)). This denotes that a higher percentage
of particles is present in the fine tail of the sediments.

Kurtosis denotes the sharpness of the grain size frequency distribution which
compares sorting of the middle portion to the tail spread and indicates whether
the distribution is relatively narrow and peaked (leptokurtic) or broad and flat
(platykurtic). With an average value of 1.32, the peak of the samples ranges from
0.80 to 1.87 (Table 2). The grains occupy the very leptokurtic zone with better
sorting at the tails (Figure 10(D)).

6.5. Interrelationship of Size Parameters

Based on the presumption that distinct depositional settings represent various
fluid mechanisms for sediment transport and deposition, bivariate plots are pro-
duced to discriminate between them (Sutherland & Lee, 1994). The majority of
the sample clusters in the field of medium and silt sand grains and are very poorly
sorted to poorly sorted as shown by the mean size and standard deviation plot
(Figure 11(A)). The very fine-grained sediments are an indication of low-energy
conditions of deposition (Boggs, 2009).

The samples are clustered around very fine skewed and fine skewed, with an
average mean value of 1.19, according to the bivariate plot between mean size and
skewness (Figure 11(B)). They all lie in the fine and very fine skewed group but
encircle in medium to silt grain sizes. According to Mean vs Kurtosis bivariate
analysis indicates that the medium sand to silt grain sizes is scattered in platykur-
tic to very leptokurtic conditions (Figure 11(C)).

Standard deviation vs skewness plot shows that the very poorly sorted sedi-
ments are near symmetrical to strongly fine skewed in nature and the poorly
sorted sediments are fine to very fine skewed (Figure 11(D)). Standard deviation
vs kurtosis indicates that the very poorly sorted sediments are platykurtic to mes-

okurtic and poorly sorted sediments are leptokurtic to very leptokurtic in nature
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(Figure 11(E)) and the skewness vs kurtosis plot exhibits near symmetrical to very
fine skewing, revealing the sediment are scattered in the very platykurtic to very
leptokurtic regions (Figure 11(F)).
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Figure 11. Bivariate plots between: A) mean and standard deviation, B) mean and skew-
ness, C) mean and kurtosis, D) sorting and kurtosis, E) sorting and skewness and F) skew-
ness and kurtosis; CS coarse sand, MS medium sand, FS fine sand, VFS, very fine sand,
MWS moderately well sorted, M.S moderately sorted, ns near symmetrical.

6.6. Bivariate Grain Size Parameters

Bivariate is most successful at differentiating between beach and river sands as
well as river and coastal dune sands according to (Moiola & Weiser, 1968) and
(Azidane et al., 2021), and whether quarter, half, or whole phi data are employed,
the differentiation is accurate. Therefore, statistical values obtained using both
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graphical and moment approaches were shown in different bivariate diagrams to

confirm the existing paleoenvironmental conditions. Friedman (1961, 1967) cre-

ated a bivariate by graphing skewness vs standard deviation to discriminate be-

tween beach and river sedimentary environments. The sample points plotted in

the river (fluvial) environment when the graphical and moment measures were

used (Figure 12(A)). The distinction between coastal dune and river environ-

ments was further made using the bivariate between skewness and kurtosis by
(Folk & Ward, 1957) and (Ghaznavi et al., 2019), which supported (Friedman’s
1961, 1967) findings. Most of the sample plot in the river environment with only

a few plotting in the coastal dune environment for both graphical and moment

statistical measures (Figure 12(B)).
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Figure 12. A) bivariate plot of skewness vs standard deviation (source: Friedman, 1967)
and B) bivariate plot of skewness vs kurtosis (source: Folk & Ward, 1957).

6.7. Linear Discriminate Function (LDF) Analysis

Using (Equations (10)-(13)), it was discovered that Y1 demonstrated that each

sample belongs to the beach environment after the linear discriminate function

values were calculated using statistical parameters obtained by the graphical tech-

nique (Table 3). All of the sediments are shallow marine sediments with Hb and

Sf being beach sediments, according to Y2 values. Y3 was used to compare the

fluvial and shallow-marine predominance, and it was found that the former pre-

dominated. According to Y4, the sediments were primarily deposited by turbidity

current with only Sf being fluvial in nature.

Table 3. Results of linear discriminate function analysis using the graphical method.

Depth (m)
3421.50 - 3474.80
3465.50 - 3503.91
3298.10 - 3410.50
3401.50 - 3466.50

Facies

Dewatered/deformed sandstone (Sd)

Sandy heterolithics (Hs)
Pebbly sandstone (Sc)
Mudstone (M)

Yl Env Y2 Env Y3 Env Y4 Env

6.84
3.38
7.23
5.95

B

B
B
B

197.74 SM -20.19
366.85 SM —-37.31
183.18 SM -18.73
489.84 SM -51.36

10.95 MT
14.07 MT
10.99 MT
11.30 MT
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Table 4. Results of linear discriminate function analysis using the moment method.

Continued

3393.50 - 3492.70

Irregularly laminated heterolithics (Hi)

5.42

3394.50 - 3462.54 Slump deformed mudstones/heterolithics (MHd) -2.71

3396.50 - 3483.50
3403.05 - 3404.20
3406.25 - 3504.50
3407.42 - 3484.25
3408.50 - 3502.50
3414.50 - 3479.50
3419.05 - 3499.50
3425.50 - 3434.50
3439.50 - 3495.50
3450.57
3468.50 - 3505.50
3500.55 - 3506.60

Muddy debrite (Dm)

Planar laminated heterolithics (Hp)

Ripple cross-laminated sandstone (Sxr)

Structureless sandstone (Ss)

Planar stratified sandstone (Sp)

Weakly stratified sandstone (Sm)

Sandy debrite (Ds)

Conglomerate (Cgl)

Bioturbated sandstone (Sb)

Bioturbated heterolithics (Hb)

Injectite (I)

Fine grained sandstone (Sf)

Average

8.73
1.61
0.47
4.88
1.76
11.06
8.52
7.15
2.42
14.30
6.95
-2.23
5.10

=B v~ R o~ B o B v~ B o B o S B« ~ B v~ A o - B v S B v B o B o S B &

454.62 SM —-47.44
399.05 SM -36.84
459.99 SM -50.17
393.18 SM -38.37
258.39 SM -23.05
195.19 SM -18.91
199.28 SM -17.37
347.21 SM -38.29
219.33 SM -22.55
169.39 SM -17.02
219.29 SM -19.45
551.52 SM -63.75
-46.16 B
-2395 B
279.66 SM -32.83

—46.16
-23.95

12.24 MT
10.97 MT
12.22 MT
12.92 MT
15.10 MT
11.07 MT
13.19 MT
13.43 MT
12.75 MT
11.34 MT
14.12 MT
12.86 MT
13.14 MT
644 F

12.17 MT

M M ™ ™ ™= ™ ™ o™ o

B Beach, SM Shallow Marine, F Fluvial, T Marine Turbidity Current
The application of moment-method statistical parameters to the Linear Discri-

minant Function (Table 4) yielded consistent results. Y1 classified all samples as

beach deposits while Y2 indicated a shallow-marine setting. Additionally, Y3 demon-

strated the fluvial nature of the sediments, and Y4 was used to discriminate be-

tween fluvial and marine (turbidity current) environments. It showed that the ma-

rine turbidity environment predominated, with seven samples (Hb, Hi, Hp, MHd,

M, Dm, and Cgl) classified as fluvial origin.

Depth (m)

3421.50 - 3474.80
3465.50 - 3503.91
3298.10 - 3410.50

3401.50 - 3466.50

3393.50 - 3492.70

3394.50 - 3462.54

3396.50 - 3483.50
3403.05 - 3404.20
3406.25 - 3504.50
3407.42 - 3484.25
3408.50 - 3502.50

3414.50 - 3479.50

Facies

Dewatered/deformed sandstone (Sd)
Sandy heterolithics (Hs)
Pebbly sandstone (Sc)

Mudstone (M)

(MHA)

Irregularly laminated heterolithics (Hi)

Slump deformed mudstones/heterolithics

Muddy debrite (Dm)

Planar laminated heterolithics (Hp)
Ripple cross-laminated sandstone (Sxr)
Structureless sandstone (Ss)
Planar stratified sandstone (Sp)

Sandy debrite (Ds)

Y1
8.25
4.81
7.87
7.31
11.34

0.67

15.97

1.20

5.90

5.11
13.25

Env

o] ™ W W W W

W W W W w =

Y2
218.51
397.39
191.02
519.35
561.22

481.43

591.93
439.66
268.80
207.82
239.67
396.43

Env Y3 Env
SM  -22.68 F
SM 4158 F
SM -19.68 F
SM -5483 F
SM  -6123 F
SM 4730 F
SM  —-6792 F
SM 4548 F
SM  -2399 F
SM  -20.60 F
SM  -22.17 F
SM 4534 F

Y4 Env
10.38 MT
11.13 MT
10.52 MT
5.97 F
6.54 F
7.26 F
6.07 F
8.63 F
1429 MT
10.06 MT
10.74 MT
10.07 MT
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Continued

3419.05 - 3499.50
3425.50 - 3434.50
3439.50 - 3495.50
3450.57
3468.50 - 3505.50
3500.55 - 3506.60

Weakly stratified sandstone (Sm)
Conglomerate (Cgl)
Bioturbated sandstone (Sb)
Injectite (I)
Bioturbated heterolithics (Hb)
Fine grained sandstone (Sf)

Average

9.05
6.75
2.41
14.78
9.53
3.10
7.25

[o-H v~ B o~ B v~ B o= B v B o<

222.39
156.65
209.04
562.85
492.17
259.98
356.46

SM
SM
SM
SM
SM
SM
SM

—22.54
-15.18
-17.68
-65.23
-54.45
-23.80
—37.32

12.18
10.50
13.64
7.49
8.59
14.24
9.91

MT
MT
MT

MT
F

B Beach, SM Shallow Marine, F Fluvial, T Marine Turbidity Current

The LDF plot of Y1 versus Y2 plot (Figure 13(A)) shows that the majority of
samples plot in the Beach shallow agitated field, with only three samples departing

into the aeolian or littoral fields. Similarly, the Y2 versus Y3 plot (Figure 13(B))

places nearly all samples in the Shallow marine agitated field, with two samples
plotting as Fluvial beach. The Y3 vs Y4 plot (Figure 13(C)) shows that all samples,
from both the graphical and moment techniques, fall inside the Fluvial/Turbidity

current field, with no samples falling in the purely fluvial or shallow marine fields.

This suggests that the sediments originated from a fluvial sand population but

were eventually deposited by turbidity-current (sediment gravity flow) processes,

indicating a deep-water turbidite system fed by a fluvial frontier rather than a

beach or shallow-marine reworking pathway.
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Figure 13. Linear discriminate function plot for the study area: A) Y1 vs Y2, B)
Y2 vs Y3 and C) Y3 vs Y4.

7. Conclusions

The following findings were drawn from the study of grain size data from one
hundred and forty-one samples of the Jubilee Field in the Turonian interval.

The grain size statistics and cumulative frequency curves reflect the relatively
very fine-grained character of the sediments. Most of the sample population was
transported via saltation, followed by the suspension process and very few indica-
tions of the traction process.

The LDF bivariate plot indicates that the sand in the studied facies is texturally
mature, characterised by being well sorted and rounded, typical of reworking in a
beach or shallow-marine environment. The sands were ultimately remobilised and
redeposited via turbidity currents, indicating a sediment-gravity-flow transport
mechanism, while also showing a textural characteristic of shallow marine depo-
sition.

The facies of the Jubilee Field were Irregularly Laminated Heterolithics, Planar
Laminated Heterolithics, Sandy Heterolithics, Bioturbated Heterolithics, Muddy
Debrite, Sandy Debrite, Ripple Cross-Laminated Sandstone, Structureless Sand-
stone, Weakly Stratified Sandstone, Pebbly Sandstone, Planar Stratified Sandstone,
Dewatered/Deformed Sandstone, Bioturbated Sandstone, Fine Grained Sandstone,
Mudstone, Slump Deformed Mudstones/Heterolithics, Conglomerate and Injec-

tite based on the lithology.
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