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Abstract

:

Grain-size analysis is a significant descriptive method to determine and evaluate depositional environments and hydrodynamic conditions in addition to classifying sedimentary rocks. In this study, grain-size analysis was conducted using dry-sieving procedures on fourteen representative sandstone samples from the Wasia Formation, a thick water aquifer and a hydrocarbon reservoir. Hydrodynamic conditions and depositional environments were determined using bivariate plots, linear discriminate function (LDF), log probability, and Passega diagram. The results reveal that the lower outcrop section consists of coarse- to medium-grained sandstone with a majority being poorly sorted, while the upper section is made up of medium- to medium-well-sorted fine-grained sandstone units. The sediments have a unimodal distribution of 2∅ (all the lower section) and 3∅ (most of the upper section), while two beds have a bimodal of 2 and 3∅. The lower section has wide range skewness with mainly mesokurtic curves, while the upper section is near-symmetrical to coarse-skewed but mostly leptokurtic. Additionally, log probability plots and the Passega diagram show that the majority of the indicative sediments were transported via one to two saltation levels, while fine-grains were transported via suspension. The results of the LDF method are predominantly indicative of aeolian, marine, and fluvial environments.
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1. Introduction


Grain-size analysis is a significant descriptive method to evaluate depositional environments and hydrodynamic conditions and to classify sedimentary rocks [1,2,3,4]. Such analysis delivers important indications about the sediment origin, transportation mechanism, and depositional environments [5]. Many researchers, including [1,2,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20], proved that the grain-size parameters can reveal the sedimentary conditions since each environment has unique characteristics that can be distinguished from others.



Boggs [21] revealed three main grain-size methods that researchers depend on: (I) grade scale method which measures the grain size; (II) graphical or statistical method using quantitative data; and (III) data genetic importance. However, statistical and graphical analyses are the most common methods to evaluate such data. They include plotting individual (linear) or cumulative weight percentages against the sieve size in phi (∅) units. Statistical parameters can then be calculated including grain-size mean, standard deviation, kurtosis, and skewness.



Friedman [22] revealed plotting different parameters on bivariate diagrams helps to distinguish different sedimentary environments, while other researchers, such as Visher [20] and Sagoe and Visher [23], suggest analyzing log-probability plots of cumulative grain size. Furthermore, Visher [20] proved that these curves represent straight lines (two to three), identifying sediment environments as well as sediments transportation mechanisms including suspension, saltation, and traction.



The Wasia Formation is a middle Cretaceous sedimentary sequence that mainly consists of sandstone and siltstone [24,25,26,27,28]. This research provides relatively detailed grain-size analysis of the Wasia Formation that contains 14 sandstone beds that are covered by a limestone unit on the top of the studied outcrop. The novelty of this research is to determine and evaluate the depositional process and environments of the Wasia Formation using the generation and integration of the grain-size analysis results in addition to the parameters’ plotting.



The Wasia Formation was named for Khashm Wasi, where it is outcropped in a discontinuous arc (lat. 20°54′–30°00′ N), and the complete outcrop is exposed at latitude of 24°23′ N [26,29,30,31] (Figure 1). Additionally, a stratigraphic column of the Cretaceous and Tertiary of the Arabian platform is shown in Figure S1. Steineke et al.’s study [29] was the first published research to describe the stratigraphic details of the Wasia Formation. The base of the Wasia Formation is at the point of contact of fine-grained sandstone and siltstone underlying with pebbly coarse-grained sandstone of the Biyadh Formation, while the top is at the point of contact of Wasia sandstone with the overlying limestone and dolomite of Aruma Formation [31]. The thickness of the Wasia Formation increases irregularly but gradually from south to north. The thickness in the south (near Wadi ad Dawasir) is about 25 to 30 m, while it reaches a maximum of 285 m in the north near Sakakah with an average outcrop of 42 m [26,28,29,30,32,33]. The Wasia Formation consists mainly of Middle-Cretaceous sandstone and siltstone units, the northern and central parts of which are mostly marine units, while the southern part is non-marine [25,27,29,31,34,35,36].



The Wasia Formation can be divided into up to seven members in limited locations. The rock units are (from oldest to youngest): Khafji, Safaniya, Mauddud, Wara, Ahmadi, Rumaila, and Mishrif [29,37]. The top five members were named after Kuwaiti formations, while the base two members (highest economically significant members) were named after Saudi Arabian locations [24]. These two members are equivalent to the Burgan Formation in Kuwait and the Nahr Umr Formation in Iraq [24,26,34,38]. The lithology of the Wasia Formation is mainly sandstone, where most of the sands are sub-rounded to angular [25,26,28,32]. Eastward, however, there is an increase in clays, marls, carbonates, and shales [25]. Wasia can be classified into two major sections. The lower sequence contains siliciclastic facies including four members: Khafji, Safaniya, Mauddud, and Wara. The upper section, on the other hand, includes a sequence of fine-grained siliciclastics and rare carbonates with three members: Ahmadi, Rumaila and Mishrif [30,32].



The Wasia Formation is one of the most important formations since it is a thick water aquifer [27,30,31,33] and a hydrocarbon reservoir [25,27,30,31,39,40,41,42]. The Wasia Formation aquifer varies in quality, being freshly meteoric (excellent quality) near the outcrop, while it becomes brine toward the northeast [31]. Moreover, the Waisa and its equivalents are one of the main hydrocarbon production units in the region [24,25,30,40]. It holds commercial productive oil and gas at several levels, especially in the Safaniya field (offshore). The Safaniya sandstone reservoir, for instance, has an average porosity of 31.5% (22.8–33.5%) and an average permeability of 6394 mD (14–9550 mD). It contains heavy oil with an API of 13.2–15.7° that has a high amount of sulfur (6.2–8.7%) [39]. Most of the oil and gas is accumulated in friable sandstone. However, a significant amount has been found in porous limestone units. There is also a gas accumulation in the Wasia Formation at Dammam field, as well as low-gravity oil at Khursaniyah field. Generally, most of the Wasia petroleum reservoirs are in the Khafji, Safaniya, and Ahmadi members [30]. It is worth noting that the Wasia Formation contains significant quantities of oil and gas in Saudi Arabia, Kuwait, Iraq and Bahrain. To date, this is the first comprehensive study that uses grain-size analysis to evaluate the depositional environments, hydrodynamic conditions, and sedimentary classifications of the Wasia Formation in Saudi Arabia.




2. Materials and Methods


This study investigated a 23 m thick outcrop of the Wasia Formation located north-east of Al-Kharj city, Riyadh Province (latitude 24°15′37″ N, longitude 47°26′12″ E). The outcrop was divided into fourteen beds based on its structures and grain size. All these beds consist of poorly cemented and friable sandstones. To investigate the entire outcrop, a fresh representative sample was collected from each bed, beginning from the bottom of the outcrop. For instance, sample 1 represents the bottom bed of the outcrop (Figure 1). A riffle sample splitter was used to prepare a representative dry fraction of 350 g of each sandstone sample. This portion was then sieved using a set of stacked sieves composed of 4000, 2000, 1000, 500, 250, 125, 63, and 38 microns mesh sizes and a receiving pan. Each sample was poured into the top sieve and shaken for 15 min. Each grain fraction in each sieve, as well as the pan, were collected, weighted and recorded. The grain sizes were converted from millimeters (D) to ∅ unit using the following equation [43]:


  ∅ = − l o  g 2   ( D )   



(1)







Then, the cumulative percentages were plotted versus the grain sizes in ∅ unit to identify the 95th, 84th, 75th, 50th, 25th, 16th, 5th, and 1st percentiles and then calculate the inclusive graphic mean (   M Z   ), inclusive graphic standard deviation (   σ I   ), inclusive graphic skewness (  Sk  ), and graphic kurtosis ( K ), which have been verified by Folk and Ward [9], as follows:


   M Z  =    ∅  16   +  ∅  50   +  ∅  84    3   



(2)






   σ I  =    ∅  84   −  ∅  16    4  +    ∅  95   −  ∅ 5    6.6    



(3)






  Sk =    ∅  84   +  ∅  16   − 2  ∅  50     2  (   ∅  84   −  ∅  16    )    +    ∅  95   +  ∅ 5  − 2  ∅  50     2  (   ∅  95   −  ∅ 5   )     



(4)






  K =    ∅  95   −  ∅ 5    2.44  (   ∅  75   −  ∅  25    )     



(5)







Bivariate curves were plotted to distinguish between depositional settings according to the variation in the sediment textures. Moreover, the linear discriminant function (LDF) was employed to discriminate the depositional process and environments. Parameters of the grain-size analysis, C-M plots (one-percentile value versus the median), and log-probability plots were used to distinguish depositional processes, sedimentation mechanisms and transportation methods [15,20].



The four parameters of the grain-size analysis are defined as follows:




	-

	
The inclusive graphic mean (   M Z   ) is a descriptive measure that represents the grain-size distribution of sediments.




	-

	
The inclusive graphic standard deviation (   σ I   ), commonly known as grain-size sorting, measures the degree of scattering of grain-size around the mean size.




	-

	
The inclusive graphic skewness (  Sk  ) is a descriptive parameter that displays the symmetry of the grain-size distribution.




	-

	
The graphic kurtosis ( K ) represents the sharpness of grain-size frequency curve that compares the sorting or spreading of the middle distribution section to the tail spread.










3. Results and Discussion


3.1. Grain-Size Statistics


The outcropped sandstone beds in this study vary in thickness from 0.3 m to around 3 m. The grain-size analysis results are shown in Table 1. The results are ordered according to their stratigraphic deposition in the outcrop, where bed 1 is the base of the outcrop. The sandstone beds are composed of pebbly coarse sandstone (mainly the bottom beds) to very fine sandstone (mostly the upper beds). At the lower five beds of the outcrop, the gravel-pebble percentage reaches up to 12.7% with minor clay (0.3 to 1.3%) with an average grain-size median of 409 microns. Most of these sandstones consist of medium-grained sands (48.5%), coarse-grained sands (26.3%), and fine-grained sands (19.9%). On the other hand, the silt-clay percentage of the upper section of the outcrop reaches 4.6% with minor gravel-bubble (0.7%) with an average grain-size median of 208 microns. Most of these beds consist of fine-grained sands (69.4%), medium-grained sands (24.0%) and coarse-grained sands (4.2%) (Table 1).



The volume percentage frequency plot (Figure 2) shows that the majority of the sandstones are unimodal (79%) with only two bimodal beds. All the lower section sandstones have a peak at 2∅ (250 microns), while 67% of the upper section beds have a peak at 3∅ (125 microns). On the other hand, three beds are unimodal with peaks at 2∅ and 3∅ and 3∅ and 4∅.




3.2. Grain-Size Parameters


Most of the depositional environments have unique conditions which affect the grain sizes and transportation methods [21,44,45,46,47]. Different grain-size statistical parameters were calculated from the cumulative grain-size distribution curves including the mean, standard deviation, skewness, and kurtosis (Table 2). The mean size is one of the most significant characteristics in different areas of study such as hydraulic conductivity of sandstone reservoir [48] and groundwater management [49]. A graphic mean of grain-size analysis from coarse- to medium-grained sandstone represents high-to-medium depositional environment energy. A narrow variation in the grain-size means indicates minor velocity fluctuations of the depositional medium or a single depositional source of the particles. Additionally, Folk and Ward [9] proved that the grain size have an inverse relationship with the grain sorting. Fine-to-medium sand particles, for example, have the best grain sorting, while the worst sorting can be associated with coarser particles. The variation in the kinetic energy regime can be interpreted via the standard deviation of the grain-size analysis, which represents the medium transportation velocity.



The results of the mean size (in ∅ unit) indicate that the studied outcrop can be subdivided into two sections: (I) lower section (bottom five beds), which is coarse- to medium-grained sandstone; and (II) upper section (upper nine beds), which is totally fine-grained sandstone. The grain-size mean of the lower section varies from 0.75∅ to 1.89∅, indicating that the beds are coarse- to medium-grained sandstone. On the other hand, the grain-size mean of the upper section ranges from 2.00∅ to 2.95∅, meaning that all the upper beds are fine-grained sandstone.



The variation in the sorting between the lower section (lower five beds) and the upper section (upper nine beds) of the studied outcrop indicates that either there is variation in the depositional medium velocity or the sediments were transported by two different methods. Both of grain size and sorting control reservoir permeability. In general, sediments that have better sorting (lower standard deviation) have higher permeability. Standard deviation, which represents the grain sorting, can be used to discriminate beach/shallow-marine from fluvial environments. The results of the grain-size standard deviation reveal that most of the lower section beds are poorly sorted with a standard deviation of 1.02∅. In contrast, the beds from the upper section are medium- to medium-well-sorted with an average standard deviation of 0.72∅.



The grain-size skewness values vary from strongly coarse-skewed (as low as −0.33∅) to fine-skewed (up to 0.18∅), with an average of −0.14∅ which considered as coarse-skewed (Figure 3). Such variation indicates energy fluctuation of the depositional environments. Folk and Ward [9] stated that beach environments are subjected to frequent waves and current actions resulting in fine grain winnowing, thus leading to negative skewness. The positive skewness, however, indicates the presence of fine particles, which is typical of a fluvial environment. Yang and Shi [47] stated that positive skewness can be a result of weathering by inducing fine particles.



The grain-size distribution kurtosis presents the central distribution ratio to the tail spread. A beach environment, for instance, can be considered leptokurtic [45], while Baiyegunhi et al. [1] claimed that leptokurtic and mesokurtic distributions represent the fine-grained supply after losing the sediments’ transportation energy. The results of the grain-size analysis revealed that most of the grain distributions are mesokurtic (43%) and leptokurtic (36%) (Figure 3).




3.3. Bivariate Plots of Statistical Parameters


The bivariate plot of the standard deviation versus the mean grain size (Figure 4A) indicates an inverse relationship between the standard deviation and the mean. When the mean size of the particles (in ∅ unit) increases, the standard deviation (the sorting) decreases. This is an indication that the coarser-grained sands (low mean value in ∅ unit) deposited at high energy level, leading to poor sorting (high standard deviation in ∅ unit), while the fine-grained sands deposited when the transportation energy reduces. The beds of the lower section of the outcrop are coarse- to medium-grained sands (average mean size of 1.22∅) with mainly poorly sorted particles (average standard deviation of 1.02∅). The beds of the upper section, however, are only fine-grained grains (average mean size of 2.29∅) with medium- to medium-well sorting (average standard deviation of 0.72∅).



The positive skewness is an indication that grain distribution curve is leaning toward the coarse grains. The majority of the skewness distribution of the lower section beds, which are coarse- to medium-grained sands, is strongly coarse- to strongly coarse-skewed, with skewness varying from 0.18 to −0.33∅ and an average skewness of −0.13∅ (Figure 4B). On the other hand, the grain distribution skewness of the upper section beds (only fine-grained particles) is coarse-skewed to near symmetrically, with negative skewness ranging from −0.26 to −0.04∅ with an average of −0.14∅.



The kurtosis of the grain distribution curve of the coarse-grained sands (lower section) is mainly mesokurtic, meaning that the particle distribution has normal peaks (Figure 4C). Its kurtosis varies from 0.78 to 1.12∅ with an average of 0.99∅. The upper section, in contrast, has a main kurtosis of mesokurtic (normal peaks) to leptokurtic (peaked) with a kurtosis ranging from 0.74 to 1.52∅ and an average of 1.18∅.



The bivariate plot of the standard deviation versus skewness shows an inversion relationship between the standard deviation (sorting) and the skewness (Figure 4D). When the transportation medium is high in energy, the deposited sediments are coarse in size, with low skewness and poor sorting (high standard deviation). The poorly and moderately sorted beds are coarse- to strongly coarse-skewed while most of the moderately-well sorted beds are near-symmetrical to fine skewed.



The bivariate plot of the kurtosis against the skewness shows a general inverse trend (Figure 4E). Most of the very leptokurtic and leptokurtic beds are coarse- to strongly coarse-skewed, while most of the fine-skewed to near-symmetrical beds are platykurtic and mesokurtic. The coarse-grained beds, which show high skewness values, have poor grain sorting and distribution, and thus low kurtosis values.




3.4. Linear Discriminate Function (LDF)


Sahu [18] introduced the linear discriminant function (LDF) to define the energy fluctuations and fluidity during sediment depositions [18,50]. Four LDFs (   Y 1   ,    Y 2   ,    Y 3   , and    Y 4   ) can be used to determine depositional processes and environments as follows:    Y 1    can distinguish between beach and aeolian,    Y 2    between shallow agitated water and beach,    Y 3    between fluvial and shallow marine, and    Y 4    between turbidity and fluvial current processes. All of the abovementioned functions are controlled by the grain-size analysis parameters, including graphic mean (   M Z   ), inclusive graphic standard deviation (   σ I   ), inclusive graphic skewness (  SK  ), and graphic kurtosis ( K ).



The following equation (   Y 1   ) can be used to discriminate between aeolian and beach processes. The cutoff of this equation is −2.7411. The environment can be defined as aeolian if    Y 1    is lower than −2.7411, while it can be defined as beach if    Y 1    is higher than −2.7411.


   Y 1  = − 3.5688      M   Z  + 3.7016      σ   I    2  − 2.0766    SK  + 3.1135    K   



(6)







The    Y 2    equation distinguishes between beach and shallow agitated water. The cutoff in this equation is 65.365. The environment is shallow agitated water if    Y 2    is more than 65.365, while it is beach if it is less than 65.365.


   Y 2  = 15.6534      M   Z  + 65.7091      σ   I    2  + 18.1071    SK  + 18.5043    K   



(7)







The    Y 3    equation distinguishes between fluvial and shallow marine. The cutoff in this equation is −7.419. The environment is shallow marine if    Y 3    is more than −7.419, while it is fluvial if it is less than −7.419.


   Y 3  = 0.2852      M   Z  − 8.7604      σ   I    2  − 4.8932    SK  + 0.0482    K   



(8)







Finally, the    Y 4    equation can be used to distinguish between fluvial process and turbidity current depositions. If the majority of the depositional process was controlled by turbidity currents,    Y 4    is supposed to be below 9.8433, while it should be controlled by fluvial processes if    Y 4    is above 9.8433.


   Y 4  = 0.7215      M   Z  − 0.40304      σ   I    2  + 6.7322    SK  + 5.2927    K   



(9)







The LDFs analysis results are shown in Table 3. The values of    Y 1    in Figure 5A, which discriminate between beach and aeolian process, vary from −4.21 to 7.91, indicating that the majority (64%) of the beds were deposited in aeolian environments, while five beds (36%) were deposited in beach environments. The results of    Y 2    range from 72.42 to 147.47, indicating that all the beds were deposited in shallow agitated water environments (Figure 5B). The results of    Y 3    and    Y 4    range from −14.74 to −1.04 and from 2.68 to 9.39, respectively, meaning that all of the upper section beds were deposited in shallow marine environments under turbidity currents, while the lower section beds were deposited in both fluvial (60%) and shallow marine (40%) environments under turbidity currents (Figure 5C).




3.5. Facies Analysis


Statistical grain-size analysis may be useful in defining depositional environments. Other methods, however, are expected to be utilized to support such settings. These methods include sediment body textures, sedimentary facies associations, sedimentary structures, unit thickness and fossils. In this research, the environments were investigated through grain-size parameters with the facies’ elements.



From the bottom to the top of the studied outcrop, 14 sandstone lithofacies were identified as: grayish-brown pebbly coarse-grained, yellowish-brown, yellowish-white, pebbly coarse-grained, medium-grained, fine- to medium-grained, fine-grained, yellowish-gray fine- to medium-grained, fine- to medium-grained, yellowish-gray fine-grained, fine-grained, yellowish-gray fine-grained, fine-grained, and yellowish-gray calcareous with marls and siltstone, respectively.



Based on grain-size analysis and the common characteristics of each environment, three depositional environments were identified in the studied outcrop. Aeolian is characterized by medium- to well-sorted deposits with large-scale cross-bedding. The fluvial environment, on the other hand, is primarily composed of poorly sorted gravel and sands, and the marine environment may contain carbonate, sand, silt, and clay depending on sea depth. The depositional environments of the outcrop where defined from the base of the outcrop as: (I) fluvial where coarse sand and granule where deposited; (II) marine where medium sands were deposited at tabular (planar) cross-bedding; (III) marine where medium and coarse-grained sands were deposited at large scale planar and trough cross-bedding; (IV) fluvial where coarse-grained sand and granule were deposited; (V) aeolian where medium-grained sands were deposited at planer cross-bedding with 28° dip; (VI) marine containing fine- to medium-grained sand; (VII) marine where fine-grained sand was deposited as laminae or thin beds; (VIII) marine where fine-grained sand was deposited as thin beds; (IX) aeolian where fine- to medium-grained sands were deposited as planar cross-bedding with 29° dip; (X) aeolian containing fine-grained sands; (XI) aeolian containing thinly bedded-laminated fine-grained sands; (XII) aeolian containing bedded fine-grained sands, (XIII) aeolian where fine-grained sands were deposited as large-scale trough crossbedded with 31° dip; and (XIV) shallow main (shallow subtidal) where massive fine-grained sandstone was deposited with siltstone and marls. The transitional environment of the studied sequence ranged from continental, shoreline and marine to shallow marine (shallow subtidal). It is worth noting that Sharief et al. [30] and Shabani et al. [42] stated that the depositional environments of the Wasia Formation range from fluvial to shallow and open marine environments.




3.6. Passega Diagram (C-M Pattern)


Passega [14] proposed a Passega diagram (C-M plot) to predict the predominant hydrodynamic forces prior to particles’ deposition. It is a significant geological method to reconstruct the depositional conditions of modern and ancient grains. It is a bivariate curve of coarser one-percentile (C) against the median (M) both in microns on a log-log diagram. The diagram can identify the transportation mode from rolling (N-O), rolling and bottom suspension (O-P), suspension and rolling (P-Q), graded suspension as mainly saltation (Q-R), uniform suspension (R-S) and pelagic suspension (T). Figure 6 shows that most (80%) of the lower section sediments of the outcrop were transported via rolling since they are coarser grains, while 43% of the beds were transported via rolling and bottom suspension, and 29% via suspension and rolling.




3.7. Visher Diagram


The log-probability plots are helpful to define the transportation methods and depositional processes which give insight into the depositional rate [20,23]. The results revealed that all the beds were transported via suspension and one or two saltation levels. The suspension method occurred for all grain sizes that are larger than 3∅ (grain diameter lower than 125 microns), while the saltation process happened for all the grains that are lower than 3∅ (grain diameter greater than 125 microns) (Figure 7 and Figure 8). Moreover, Figure 7 shows that most of the beds (57%) (1, 2, 3, 4, 6, 7 and 8) where transported via suspension (fine-grained sand, silt and clay) and two levels of saltation (medium-grained sands and coarser). Figure 8 indicates that six beds (43%) were transported by a suspension (fine-grained sands and finer) and a single level of saltation (medium-grained sands and coarser). It is worth noting that there is a relationship between the saltation level and the verbal kurtosis of the grain-size distribution. All the leptokurtic and very leptokurtic distributions contain only one level of saltation.



	
Bed

	
Facies (Thickness)

	
Sedimentary Structure

	
Strike and dip

	
Depositional

environment

	
Photo

	




	
14

	
Yellowish-gray calcareous sandstone (3 m)

	
Massive sandstone

	

	
Shallow marine (Shallow subtidal)

	
[image: Sustainability 15 07983 i001]

	
Transitional Environment: continental to shoreline to marine to shallow marine (shallow subtidal)




	
13

	
Fine-grained sandstone (2.5 m)



	
Large-scale trough crossbedded

	
Strike 134° SE

Dip 31° N

	
Aeolian

	
[image: Sustainability 15 07983 i002]




	
12

	
Yellowish-gray fine-grained sandstone (2 m)

	
Bedded, occasionally pebbles at the base of each

	

	
Aeolian

	
[image: Sustainability 15 07983 i003]




	
11

	
Fine-grained sandstone (1.5 m)

	
Thinly bedded—laminated

	

	
Aeolian

	
[image: Sustainability 15 07983 i004]




	
10

	
Yellowish-gray fine-grained sandstone (3 m)

	
Occasionally pebbles at the base of each bed

	

	
Aeolian

	
[image: Sustainability 15 07983 i005]




	
9

	
Fine to medium-grained sandstone (1 m)

	
Planar crossbedding

	
Strike 7° NW

Dip 29° E

	
Aeolian

	
[image: Sustainability 15 07983 i006]




	
8

	
Fine to medium-grained yellowish-gray sandstone (1.5 m)

	
Thinly bedded with a gradational contact

	

	
Marine

	
[image: Sustainability 15 07983 i007]




	
7

	
Fine-grained sandstone (2 m)

	
Laminated to thinly bedded with a gradational contact

	

	
Marine

	
[image: Sustainability 15 07983 i008]




	
6

	
Fine to medium-grained sandstone (1 m)

	
Gradational contacts with overlying / underlying beds

	

	
Marine

	
[image: Sustainability 15 07983 i009]




	
5

	
Medium-grained sandstone (0.5 m)

	
Planer crossbedding with pebbles at the base

	
Strike 328° NW

Dip 28° E

	
Aeolian

	
[image: Sustainability 15 07983 i010]




	
4

	
Pebbly coarse-grained sandstone (0.3 m)

	
Sharp contacts with overlying and the underlying units

	

	
Fluvial

	
[image: Sustainability 15 07983 i011]




	
3

	
Yellowish-white sandstone (3 m)

	
Large-scale planer and trough crossbedding

	
strike 350° NW

Dip 18° E

	
Marine

	
[image: Sustainability 15 07983 i012]




	
2

	
Yellowish-brown sandstone (1.2 m)

	
Tabular crossbedding with several crossbed sets

	
Crossbed strike 25°NW, dip 6° E

Crossbed sets dip 24° E

	
Marine

	
[image: Sustainability 15 07983 i013]




	
1

	
Grayish-brown pebbly coarse-grained sandstone (0.4 m)

	
The base of the section

	

	
Fluvial

	
[image: Sustainability 15 07983 i014]











4. Conclusions


	
To investigate the Wasia Formation outcrop, the grain-size analysis was conducted on its fourteen poorly cemented and friable sandstone beds, where a fresh representative sample was collected from each bed.



	
The mean grain-size values show a large variation throughout the studied outcrop. The mean grain size of the bottom five beds is 0.75–1.89∅, while the values of the above nine beds range from 2.00 to 2.95∅. Such variation is to be expected because the grain size of the outcrop’s bottom section is larger than that of the upper section.



	
Because the depositional environments of the bottom five beds of the studied outcrop were predominantly fluvial and marine, it was expected that such beds would have poor sorting and skewness variation, which is supported by the standard deviation results (average of 1.02∅). The depositional environments of the majority of the outcrop upper beds, on the other hand, were aeolian. As a result, well-sorting and symmetrical skewness were expected. The standard deviation and skewness of these beds, however, range from medium-sorted to medium-well-sorted and from coarse skewness to near symmetrical.



	
Rolling and/or differing saltation levels were expected to transfer the sediments of the beds that were deposited in marine and fluvial environments. Aeolian sediments, on the other hand, were expected to be transported via suspension. The log probability plots and Passega diagram reveal that the majority of the sediments in the lower beds (fluvial and marine) were carried via rolling and two levels of saltation, whereas the majority of the sediments in the upper beds (mostly aeolian) were transported via suspension and one level of saltation.



	
The LDF method confirms that the studied outcrop consists of aeolian, marine, and fluvial environments.
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Figure 1. Location, geological maps and stratigraphic columns, (A) a satellite map of Saudi Arabia, (B) a geological map of The AR Riyad Quadrangle (modified after https://ngd.sgs.gov.sa accessed on 23 January 2023), (C) a satellite map of the study area (D) a Cretaceous and Tertiary stratigraphic column of the Arabian platform (modified after [35,36]), and (E) a stratigraphic column of the studied outcrop. 
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Figure 2. Volume percentage plot of the Wasia Formation beds. 
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Figure 3. Textural components of the Wasia Formation beds. 
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Figure 4. Bivariate plots of: (A) standard deviation against mean, (B) skewness against mean, (C) kurtosis against mean, (D) standard deviation against skewness, and (E) kurtosis against skewness. 
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Figure 5. Binary plots of linear discriminate functions (LDF): (A) Y2 versus Y1; (B) Y3 versus Y2; and (C) Y4 versus Y3. 
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Figure 6. Passega diagram (C-M plot) showing transportation mechanisms (After [14]). 
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Figure 7. Log-probability plot showing 2-level saltation and suspension trends (after [20]). 
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Figure 8. Log-probability plot showing saltation and suspension trends (after [20]). 
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Table 1. Graphic measurements and grain-size parameters of the Wasia Formation beds.
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	Beds
	    ∅ 5    
	    ∅ 16    
	    ∅ 25    
	    ∅ 50    
	    ∅ 75    
	    ∅ 84    
	    ∅ 95    
	    C    
	      M   d      
	Gravel
	Sand
	Mud





	1
	−1.67
	−0.80
	−0.26
	1.11
	1.71
	1.93
	2.88
	4042
	472
	12.7%
	86%
	1.3%



	2
	1.06
	1.24
	1.39
	1.81
	2.37
	2.62
	2.92
	805
	298
	0.3%
	99%
	0.5%



	3
	0.01
	0.36
	0.64
	1.28
	1.79
	1.98
	2.74
	1876
	430
	0.5%
	99%
	0.3%



	4
	−1.40
	−0.33
	0.23
	1.18
	1.70
	1.88
	2.57
	4050
	455
	7.6%
	92%
	0.3%



	5
	−0.82
	0.18
	0.67
	1.44
	2.02
	2.41
	2.88
	3700
	391
	3.3%
	96%
	0.4%



	6
	1.09
	1.30
	1.48
	1.98
	2.52
	2.72
	2.96
	499
	254
	0.1%
	99%
	0.6%



	7
	1.15
	1.62
	2.00
	2.36
	2.71
	2.84
	3.00
	707
	206
	0.2%
	99%
	1.1%



	8
	0.85
	1.26
	1.49
	2.10
	2.63
	2.82
	3.39
	1750
	237
	0.7%
	98%
	1.3%



	9
	−0.17
	1.12
	1.39
	2.10
	2.61
	2.79
	3.19
	4363
	238
	2.5%
	96%
	1.1%



	10
	0.77
	1.48
	1.90
	2.35
	2.73
	2.86
	3.33
	1968
	207
	1.0%
	98%
	1.2%



	11
	0.41
	1.42
	1.89
	2.36
	2.75
	2.89
	3.55
	3031
	205
	1.3%
	97%
	1.8%



	12
	1.13
	2.03
	2.14
	2.48
	2.81
	2.93
	3.60
	1632
	190
	0.7%
	98%
	1.2%



	13
	1.22
	1.99
	2.12
	2.44
	2.77
	2.89
	3.43
	831
	194
	0.1%
	99%
	1.4%



	14
	0.98
	2.16
	2.37
	2.94
	3.52
	3.73
	3.99
	1442
	132
	0.1%
	95%
	4.6%







Where:  C  is the coarser one-percentile (in micron) and    M d    is the median (in micron).
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Table 2. Grain-size statistical parameters of the beds and their interpretations.
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	Beds
	      M   Z      
	Sizing
	      σ   I      
	Sorting
	     S k     
	Verbal Skewness
	    K    
	Verbal Kurtosis





	1
	0.75
	CS
	1.37
	PS
	−0.31
	SCSK
	0.946
	M



	2
	1.89
	MS
	0.63
	MWS
	0.18
	FSK
	0.778
	P



	3
	1.20
	MS
	0.82
	MS
	−0.04
	NS
	0.972
	M



	4
	0.91
	CS
	1.15
	PS
	−0.33
	SCSK
	1.107
	M



	5
	1.34
	MS
	1.12
	PS
	−0.17
	CSK
	1.124
	L



	6
	2.00
	FS
	0.64
	MWS
	0.04
	NS
	0.738
	P



	7
	2.27
	FS
	0.58
	MWS
	−0.26
	CSK
	1.060
	M



	8
	2.06
	FS
	0.77
	MS
	−0.03
	NS
	0.916
	M



	9
	2.00
	FS
	0.93
	MS
	−0.26
	CSK
	1.127
	L



	10
	2.23
	FS
	0.73
	MS
	−0.24
	CSK
	1.281
	L



	11
	2.22
	FS
	0.84
	MS
	−0.26
	CSK
	1.490
	L



	12
	2.48
	FS
	0.60
	MWS
	−0.05
	NS
	1.521
	VL



	13
	2.44
	FS
	0.56
	MWS
	−0.06
	NS
	1.377
	L



	14
	2.95
	FS
	0.85
	MS
	−0.15
	CSK
	1.067
	M







Where:    M Z    is the graphic mean,    σ I    is the graphic standard deviation,   Sk   is the graphic skewness,  K  is the graphic kurtosis, CS is coarse sand, MS is medium sand, FS is fine sand, PS is poorly sorted, MWS is medium-well-sorted, MS is medium-sorted, SCSK is strongly coarse-skewed, FSK is fine-skewed, NS is near symmetrical, CSK is coarse-skewed, M is mesokurtic, P is platykurtic, L is leptokurtic and VL is very leptokurtic.
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Table 3. Linear discriminate functions (LDF) and depositional environment interpretations of the beds.
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Sample

	
Discriminate Function

	
Environment of Deposition




	
Y1

	
Y2

	
Y3

	
Y4

	
Y1

	
Y2

	
Y3

	
Y4






	
1

	
7.91

	
147.47

	
−14.74

	
2.68

	
Aeolian

	
Shallow Agitated

	
Fluvial

	
Turbidity




	
2

	
−3.24

	
73.04

	
−3.75

	
6.56

	
Beach

	
Shallow Agitated

	
Shallow Marine

	
Turbidity




	
3

	
1.29

	
80.26

	
−5.31

	
5.50

	
Aeolian

	
Shallow Agitated

	
Shallow Marine

	
Turbidity




	
4

	
5.82

	
116.22

	
−9.72

	
3.73

	
Aeolian

	
Shallow Agitated

	
Fluvial

	
Turbidity




	
5

	
3.69

	
120.71

	
−9.66

	
5.26

	
Aeolian

	
Shallow Agitated

	
Fluvial

	
Turbidity




	
6

	
−3.43

	
72.42

	
−3.15

	
5.47

	
Beach

	
Shallow Agitated

	
Shallow Marine

	
Turbidity




	
7

	
−3.01

	
72.96

	
−1.04

	
5.39

	
Beach

	
Shallow Agitated

	
Shallow Marine

	
Turbidity




	
8

	
−2.22

	
87.95

	
−4.44

	
5.86

	
Aeolian

	
Shallow Agitated

	
Shallow Marine

	
Turbidity




	
9

	
0.09

	
104.10

	
−5.65

	
5.31

	
Aeolian

	
Shallow Agitated

	
Shallow Marine

	
Turbidity




	
10

	
−1.47

	
89.62

	
−2.83

	
6.53

	
Aeolian

	
Shallow Agitated

	
Shallow Marine

	
Turbidity




	
11

	
−0.12

	
104.41

	
−4.26

	
7.47

	
Aeolian

	
Shallow Agitated

	
Shallow Marine

	
Turbidity




	
12

	
−2.68

	
89.64

	
−2.14

	
9.39

	
Aeolian

	
Shallow Agitated

	
Shallow Marine

	
Turbidity




	
13

	
−3.15

	
83.18

	
−1.69

	
8.52

	
Beach

	
Shallow Agitated

	
Shallow Marine

	
Turbidity




	
14

	
−4.21

	
110.58

	
−4.70

	
6.48

	
Beach

	
Shallow Agitated

	
Shallow Marine

	
Turbidity
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