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This research presents findings from a study focused on the Lower Triassic (Induan) Lower Mahil KS-1 Formation, situated on a homoclinal carbonate platform in Northern Oman. The sequence stratigraphy of this formation is characterized by a considerable thickness variation, slumps, and breccia deposits related to active normal faults coupled with intra-basin growth faults. The main objective was to establish a reliable stratigraphic framework for the Lower Mahil KS-1 Formation by integrating high-resolution carbon isotope data along with high-resolution spectral and total gamma-ray data. To achieve this, whole-rock samples were analyzed for δ13C and δ18O isotopes. Spectral and total gamma-ray records were obtained for the formation. Isotope sampling is conducted every 0.5 m in the Saiq Plateau and Wadi Sahtan sections. Furthermore, spectral gamma-ray measurements were taken at intervals of 10 cm from the logged sections. Within the third-order sequence, the spectral gamma-ray data revealed a distinct sea-level trend, leading to the division of KS1 into two different parts. Five fourth-order depositional sequences were identified by analyzing stable carbon isotopes, uranium, and total gamma-ray profiles. Four of these sequences displayed complete patterns, reflecting transgression and regression phases, while the fifth sequence was incomplete and solely comprised a transgressive phase. An essential outcome of the study is the correlation of the δ13C curve of the Lower Mahil KS-1 Formation with other similar formations around the Tethys region. This correlation indicates that the Lower Mahil KS-1 Formation captures the near-primary signal of carbon isotope variations in coeval seawater. As a result, it holds promise as a reference section for future investigations and studies in this field. Compared to the prior investigation, this study utilizes data with higher precision, capturing spectral gamma-ray measurements at 10 cm intervals and isotope measurements at 50 cm intervals. Furthermore, the study’s focus is confined explicitly to KS1.
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1 INTRODUCTION
Sequence stratigraphy defines sequences as repeating strata separated by erosion or nondeposition surfaces (Vail, 1987; Van Wagoner et al., 1988). Sea-level changes and tectonic subsidence control sediment accommodation potential (Haq et al., 1987; Aigner and Bachmann, 1992; Schlager, 1993), influencing retrogradation, aggradation, and progradation trends (Catuneanu et al., 2009). Eustatic fluctuations create cycles of different orders on the sea-level curve, varying durations (Vail et al., 1977; Goldhammer et al., 1991). Marine outcrops reveal three key depositional surfaces during specific time intervals: sequence boundary (SB), maximum flooding surface (MFS), and transgression surface (TS). These define distinct depositional system tracts (HST, TST, and LST) within sequences (Mitchum et al., 1991). The transgressive surface marks the onset of relative sea-level rise and significant lithologic changes (Dravis, 1996; Brachert et al., 2003). The maximum flooding surface shows periods of depositional starvation (Haq et al., 1987). Stable isotope data offer quantitative evidence for ocean circulation and global climate changes (Marshall, 1992).
Marine carbonate rocks serve as a repository of ancient oceanic chemistry information due to chemical precipitation (Patterson and Walter, 1994; Jenkyns and Clayton, 1997). Carbon and oxygen stable isotopes are studied over geologic history, aiding chemostratigraphic correlations using marine carbonate rocks and fossils (Scholle and Arthur, 1980; Scholle, 1995; Kump and Arthur, 1999; Veizer et al., 1999; Moustafa et al., 2016). The δ13C and δ18O exhibit shifts correlating with major stratigraphic surfaces: a positive shift toward maximum flooding surface (MFS) and decreasing excursion toward sequence boundary (SB) (Hamon and Merzeraud, 2007; Moustafa et al., 2016; Peyravi et al., 2021). Carbon isotopes, mainly derived from seawater at sediment deposition time, maintain their marine signature over time (Garrels and Abraham, 1981; Vahrenkamp, 1996). δ13C is a reliable criterion for correlating and constraining stratigraphic sequences and is considered a proxy of sea-level changes (Morante, 1996; Vahrenkamp, 1996; Veizer et al., 1999; Bartley et al., 2001; Krull et al., 2004; Sharifi-Yazdi et al., 2019; Gröcke, 2020). Stable oxygen isotopes, determined by water composition and temperature, help in understanding ancient seawater changes and climate Hudson, 1977; Hoefs and Hoefs, 1997; Hamon and Merzeraud, 2007; Grossman and Joachimski, 2020].
δ18O variations provide valuable information on climate changes and diagenetic fluids (Sharifi-Yazdi et al., 2019; McConnaughey, 1989; deMenocal et al., 1990; Moustafa et al., 2016). Spectral gamma-ray logs offer valuable insights into stratigraphy, formation composition, and lithology (Fertl and Rieke, 1980; Davies et al., 1996; Hampson et al., 2005; Tavakoli, 2017; Khalifa and Mills, 2020; Farouk et al., 2022; Farouk et al., 2023). These logs measure natural radioactivity resulting from unstable isotopes in rocks (Buccianti et al., 2009; Klaja and Dudek, 2016). The spectral gamma-ray spectrometry tool allows the measurement of radioactivity from primary isotopic sources, namely, Thorium (Th), Uranium (U), and Potassium (K) (Serra et al., 1980; Hurst, 1990; Davies et al., 1996; Glover, 2000). These elements are observed and measured separately using the tool, with K recorded as a percentage and U238 and Th232 recorded in parts per million (ppm) (Serra et al., 1980; Myers and Bristow, 1989a; Hurst, 1990; Doveton and Prensky, 1992; Buccianti et al., 2009; Klaja and Dudek, 2016; Guagliardi et al., 2020). The relative abundance of Th and K in a formation indicates pure carbonate, whereas the presence of U in carbonate rock suggests the presence of organic material (Serra, 1984; Glover, 2000; Gao et al., 2020). The sum of Th, U, and K radiation should match the total gamma-ray value (total GR) measured by the entire gamma-ray tool. Low gamma radiation suggests coarse-grained sandstone and carbonate rocks, while high gamma ray indicates fine-grained sediments or clay-rich formations like shale and mudstone (Doveton and Prensky, 1992; Klaja and Dudek, 2016).
The computed gamma-ray response (CGR), derived from the sum of potassium and thorium radiation, is used to avoid the potential effects of U radiation (Glover, 2000; Cong et al., 2019). Analyzing the spectral gamma-ray data often involves using ratios of the abundances of primary radioactive sources (Glover, 2000). The Th/K ratio and Th-K cross-plots aid in identifying facies, clay mineral segregation, and other radioactive species (Myers and Bristow, 1989b; Hurst, 1990; Doveton and Prensky, 1992). Additionally, Th/U ratio variations can indicate sedimentary processing and depositional settings, providing insights into transgressive-regressive and oxidizing-reducing conditions (Adams and Weaver, 1958; Doveton and Prensky, 1992; Klaja and Dudek, 2016). A low Th/U ratio, when coinciding with a notable U peak, may indicate the maximum flooding surface (Davies et al., 1996).
This study aimed to provide a sequence stratigraphic interpretation of the Lower Triassic Mahil Formation (KS-1) in Saiq Plateau and Wadi Sahtan, northern Oman (Figure 1). The research integrated various data sets, including detailed measured sections, stable carbon isotopes, gamma-ray measurements, lithologies, and microfacies analysis. The main objective was to enhance the understanding of the Mahil Formation by integrating high-resolution carbon isotopes and gamma-ray measurements, leading to the identification and correlation of key stratigraphic surfaces and depositional sequences. This integration addressed potential misleading interpretations of the isotopic curve and gamma-ray within the Khuff Formation.
[image: Figure 1]FIGURE 1 | Location maps of the study areas in the Oman Mountains. (A) The geological map of the Oman Mountains displays the study areas. It indicates the Saiq and Mahil formations of the Akhdar Group, which belong to the Permian Triassic boundary (PTr) [modified after (59)]. (B) A Google image of the Sultanate of Oman highlights the location of the northern Oman Mountains, specifically the Jabel Akhdar Window (marked with a red square). (C) Another Google image focuses on the two study locations, namely, the Saiq Plateau and Wadi Sahtan, marked with yellow stars.
The study explored the relationship between facies characteristics, isotopic values, and depositional environments, enhancing the understanding of the area’s geological history, using detailed measured sections, microfacies analysis, stable carbon isotopes, and gamma-ray measurements allowed for a comprehensive characterization of the depositional environments and their spatial distribution within the Mahil Formation.
Biostratigraphic data were also incorporated to aid in age determination and correlation. The methodological advancements in this study, including higher resolution sampling and recent microfacies analysis, contribute to a more accurate interpretation of the sequence stratigraphy and a better understanding of the geology of the studied area. Overall, this research contributes valuable insights to the field and enhances our knowledge of the depositional processes and paleoenvironmental changes within the Mahil Formation.
2 GEOLOGICAL SETTING AND STRATIGRAPHY
During the Middle Permian-Early Triassic, the movement of Cimmerian terranes away from the Pangea Supercontinent and the opening of the Neo-Tethys Ocean resulted in a significant syn-to post-rift stage in northern Oman (Pillevuit, 1993; Abdolmaleki and Tavakoli, 2016; Haghighat et al., 2020). Subsequently, the Khuff Formation, a well-bedded, widespread shallow-water carbonate deposit, formed on the passive continental margin of the Neo-Tethys Ocean due to rapid subsidence caused by a Late Permian marine transgression (Al-Jallal and Ibrahim, 1991; Wender et al., 1998; Poppelreiter and Marshall, 2013; Walz et al., 2013; Alqahtani, 2019). The Khuff Formation was deposited on a flat epeiric carbonate ramp, forming extensive facies tracts covering tens to hundreds of kilometers (Insalaco et al., 2006).
During the Late Paleozoic period, the Neo-Tethys Ocean along the Arabian Plate margin underwent significant geological processes, including extensional tectonics, crustal stretching, and rapid subsidence (Geert et al., 2001; Martin, 2001; Poppelreiter and Marshall, 2013; Cooper et al., 2016). These forces gradually caused continental rifting across the entire plate, resulting in passive borders oriented towards the north and southeast. The swift subsidence and substantial marine transgression led to the new passive margin Khuff deposits (Alqahtani, 2019). This geological evolution involved marine flooding and a transition from clastic to carbonate deposition, driven by the increased accommodation space resulting from rifting and drifting activities (Koehrer et al., 2010; Koehrer et al., 2012; Bendias et al., 2013). Consequently, the Khuff period was characterized by shallow marine conditions, predominantly marked by the deposition of carbonate rocks (Poppelreiter and Marshall, 2013).
The subsurface Khuff Formation is time-equivalent to the Saiq and Lower Mahil members in the Northern Oman Mountains. The Late Permian Saiq Formation correlates with the Lower and Middle Khuff formations in the Oman subsurface (Figure 2), while the overlying Triassic dolomitic Mahil Formation corresponds to the Upper Khuff, Sudair, and Jilh formations in the Oman subsurface (Alsharhan et al., 1986; Walz et al., 2013).
[image: Figure 2]FIGURE 2 | The sequence and sedimentary framework scheme of the Khuff Formation and its equivalents in the Oman Mountains, as presented by (Koehrer et al., 2010).
The Khuff Permian lies unconformably on the pre-Permian rocks of the Oman Mountains and is conformably overlain with a sharp contact by the Middle Triassic Sudair Shale (Lee, 1990; Al-Jallal and Ibrahim, 1991; Al-Aswad, 1997; Vaslet et al., 2005; Al-Husseini et al., 2013; Walz et al., 2013). The Saiq-Mahil boundary (SMB) has different interpretations among researchers (Baud and Sylvain, 2013). identified two positions of the SMB in Al Jabal al-Akhdar, with an interval of about 75 m thick on the Saiq Plateau. They named this interval “Saiq unit C” for the “upper SMB position” or the “lower Mahil member” for the “lower SMB position.” On the other hand (Koehrer et al., 2010), proposed a different interpretation, considering the Lower Triassic Khuff Formation as one supersequence comprising six transgressive-regressive sequences (KS6–KS1). According to (Koehrer et al., 2010), on the Saiq Plateau in Oman, the Upper Saiq Formation is time-equivalent to the Lower and Middle Khuff Formation (K5–K3), and the Lower Mahil Member is time-equivalent to the Upper Khuff Formation (K2-K1). Their interpretation has been widely used in publications related to the petroleum industry. (Koehrer et al., 2010; Baud and Richoz, 2013).
3 DATASET AND METHODOLOGY
In this study, data were collected from two logged sections: a 49 m Saiq Plateau and a 40 m Wadi Sahtan, both from the upper part of the Lower Mahil Formation (KS-1). The tectonic-sedimentary evolution and the fault activity of the passive margin of Neo Tethys in North Oman, field observation, and restored field geological cross-section have been carried out. Sedimentological logs were manually constructed in the field, focusing on lithology, grain size, bed thickness, color, and sedimentary structure.
Additionally, 179 fresh carbonate samples were collected from both sections. Gamma-ray radiation measurements were taken at intervals of 10 cm using a portable radiation spectrometer survey instrument (RS 230 BGO-SUPER-SPEC) equipped with a 2 × 2″ sodium-iodide detector. The output data provided parts per million (ppm) values for uranium and thorium and percentage (%) values for potassium. The samples underwent processing, thin sectioning, and half-staining in the laboratory following (Dickson, 1965) procedure.
Microsampling was performed using a Hand-Operated Micro-drilling device with a 0.1–0.8 mm bit at the Department of Earth Sciences of Sultan Qaboos University (SQU). The collected samples were sent to the Stable Isotope Geosciences Facility (SIGF) at Texas A&M University for stable carbon and oxygen isotope analysis using a Kiel IV carbonate device coupled with a Thermo Scientific MAT 253 isotope ratio mass spectrometer. The precision of the analyses was reported as 0.04‰ for δ13C and 0.06‰ for δ18O, relative to Vienna Pee Dee Belemnite (VPDB) using the NBS-19 standard (δ13C = 1.95‰, δ18O = −2.20‰).
4 LITHOFACIES AND DEPOSITIONAL ENVIRONMENT OF LOWER MAHIL KS-1
The lithofacies and microfacies of the lower Mahil KS-1 outcrop-microfacies are outlined in (Al Ruqaishi et al., 2023) (Figures 3–5) and summarized in Tables 1–3. Accordingly, microfacies were grouped into three lithofacies-dominated groups: location, fossil, and lithofacies association distribution.
[image: Figure 3]FIGURE 3 | Sedimentological log of the Saiq Plateau section of the Lower Mahil KS-1 Formation. The log provides information on the height, lithology, texture, sedimentary features, sample locations, fossils, microfacies, and distribution of lithofacies associations. Refer to the legend provided for further details and explanations [modified from (Al Raqaishi et al., 2023)].
[image: Figure 4]FIGURE 4 | Sedimentological log of the Wadi Sahtan section of the Lower Mahil KS-1 Formation. The log provides information on the height, lithology, texture, sedimentary features, sample locations, fossils, microfacies, and distribution of lithofacies associations. Refer to the legend provided for further details and explanations [modified from (Al Raqaishi et al., 2023)].
[image: Figure 5]FIGURE 5 | Legend for the sedimentological logs of the Saiq Plateau and Wadi Sahtan sections, Lower Mahil KS-1 Formation, Northern Oman [modified from (Al Raqaishi et al., 2023)].
TABLE 1 | Summarizes the breccia-dominated lithofacies, microfacies, and their lithofacies association within the Lower Mahil KS-1 Formation in Jabel Akhdar. The information in the table has been modified from the research conducted by (Al Raqaishi et al., 2023).
[image: Table 1]4.1 Polymictic brecciated floatstones dominated lithofacies
The Upper Lower-Triassic Mahil Formation contains thickly bedded polymictic brecciated floatstones, which comprise eight identified microfacies types, including undifferentiated foraminifera brecciated floatstones and foraminifera undifferentiated brecciated floatstones. These lithofacies consist of various skeletal and non-skeletal grains, with foraminifera being the most predominant, along with observed bivalve and brachiopod fragments (Table 1; Figures 3–6).
[image: Figure 6]FIGURE 6 | Photomicrographs captured under plane-polarized light, focusing on the breccia-dominated microfacies group. The photomicrographs showcase (A) Undifferentiated foraminiferal brecciated floatstone (UFBF) microfacies from the Saiq Plateau section at level 41 m. (B) Foraminiferal skeletal brecciated floatstone (FSBF) microfacies from the Saiq Plateau section at level 42.5 m. (C) Undifferentiated foraminiferal brecciated floatstone (UFBF) microfacies from the Wadi Sahtan section at level 30 m. (D) Foraminiferal undifferentiated brecciated floatstone (FUBF) microfacies from the Wadi Sahtan section at level 33 m.
4.2 Grain-dominated lithofacies
The most dominant lithofacies in both logged sections are grain-dominated, primarily consisting of grainstone and packstone lithologies (Figure 7). Eight microfacies have been identified within these lithofacies, including oolitic packstone/grainstone, foraminiferal packstone/grainstone, and other microfacies types. These microfacies contain small benthic foraminifera, brachiopods, ostracod, bivalves, ooids, peloids, and intraclasts (Table 2).
[image: Figure 7]FIGURE 7 | Provides a comprehensive overview of the grain-dominated microfacies group through thin section photomicrographs taken under plane-polarized light. In (A), the foraminiferal peloidal grainstone (FPG) microfacies is revealed at a depth of 2 m in the Saiq Plateau section, while (B) displays the foraminiferal intraclastic grainstone (FIG) microfacies at 6 m in the same section. (C,D) Offer a glimpse into the oolitic grainstone (OG) microfacies at depths of 25.5 m and 27 m on the Saiq Plateau. Meanwhile, (E) showcases the undifferentiated grainstone (UG) microfacies at 35.5 m in the Saiq Plateau section, and finally, (F) captures the undifferentiated packstone (UP) microfacies at a depth of 25.5 m in the Wadi Sahtan section.
TABLE 2 | Presents the grain-dominated lithofacies, microfacies, and their lithofacies association within the Lower Mahil KS-1 Formation in Jabel Akhdar. The data in the table is based on the research conducted by (Al Raqaishi et al., 2023).
[image: Table 2]4.3 Mud-dominated lithofacies
The least dominant lithofacies in both logged sections are mud-dominated, primarily composed of wackestone. Only two microfacies have been identified: foraminiferal wackestone and undifferentiated skeletal wackestone. These mud-dominated lithofacies are matrix-supported and contain micrite (Figure 8). The skeletal components are varied but mainly consist of small benthic foraminifera (Table 3).
[image: Figure 8]FIGURE 8 | Presents thin section photomicrographs under plane-polarized light, illustrating the mud-dominated microfacies group. Subfigure (A) showcases the foraminiferal wackestone (FW) microfacies, specifically from the Saiq Plateau section at a depth of 1.5 m. In subfigure (B), we observe another depiction of the foraminiferal wackestone (FW) microfacies, this time from the Wadi Sahtan section at a depth of 0.5 m. Lastly, subfigure (C) displays the undifferentiated skeletal wackestone (USW) microfacies, captured in the Wadi Sahtan section at a depth of 15.1 m.
TABLE 3 | Presents a concise summary of the mud-dominated lithofacies, microfacies, and their associated lithofacies within the Lower Mahil Formation, which is the equivalent of the Khuff KS-1 formation, as observed in the Jabel Akhdar region.
[image: Table 3]5 DEPOSITIONAL MODEL
The depositional model of the Lower Mahil Formation depicts a broad epeiric homoclinal carbonate ramp extending from shallow-subtidal to relatively deep-subtidal environments (Figure 9). The microfacies interpretations within this formation are categorized into three primary lithofacies associations, organized in order from proximal to distal according to (Al Raqaishi et al., 2023). These lithofacies association listed below from shallow-subtidal to relatively deep-subtidal environments.
[image: Figure 9]FIGURE 9 | Cartoon depicting a 3-D depositional model of the Lower Mahil Formation KS-1 in the Northern Oman Mountains. The model incorporates key features such as sea level (SL) variations.
5.1 Backshoal lithofacies association (LFA1)
The low-energy, shallow subtidal landward side of the shoal’s crest is identifiable by the presence of polymictic breccia floatstone (Figure 10), foraminiferal peloidal grainstones (Figure 7A), and undifferentiated skeletal wackestone (Figure 8C) microfacies. This area is characterized by matrix-supported microfacies, the absence of subaerial exposure features, rare marine biota presence, and weak microbial lamination (Figure 6). The depositional environment suggests limited biological activity and a lack of exposure to air during formation, contributing to the development of specific sedimentary rock types in this geological setting.
[image: Figure 10]FIGURE 10 | Field photographs capturing the breccia floatstone within the backshoal lithofacies association (LFA1) in the upper portion of the (A) Saiq Plateau section and (B) Wadi Sahtan section. The images provide visual evidence of the observed lithofacies.
5.2 Shoal lithofacies association (LFA2)
The weakly developed oolitic shoal was recognized only in the Saiq Plateau, indicating high to moderate energy conditions. This lithofacies association is mainly formed because of the abundance of the well-sorting oolite pack/grainstone and intraclass (Figures 7C–E). Further, it consists of weakly developed crossbedding and well-developed planar lamination (Figure 11).
[image: Figure 11]FIGURE 11 | Field photographs provide a visual representation of the sedimentary characteristics observed within the shoal lithofacies association (LFA2) in the Saiq Plateau section. Subfigure (A) highlights the presence of local parallel lamination, while subfigure (B) illustrates weakly developed cross-bedding.
5.3 Foreshoal lithofacies association (LFA3)
This LFA is dominant in both studied sections. This association is represented mainly by the foraminiferal packstone to grainstone microfacies abundance and occurrence of the open marine biota such as brachiopods, gastropods, ostracods, bryozoa, and sponges (Figures 7B, F; Figures 8A, B). Furthermore, local hummocky structures and parallel lamination (Figure 12) were observed, which indicate storm waves in the foreshore environment.
[image: Figure 12]FIGURE 12 | Showcases field photographs that visually depict the sedimentary characteristics found within the foreshoal lithofacies association (LFA3) in both the Saiq Plateau and Wadi Sahtan areas. Subfigure (A) reveals local parallel lamination, captured at the Saiq Plateau section at a depth of 8.5 m. Subfigure (B) displays parallel and low angle lamination, observed in the Wadi Sahtan section at a depth of 3.4 m. Lastly, subfigure (C) demonstrates local weakly hummocky structure development, found in the Wadi Sahtan section at a depth of 5 m.
6 RESULTS
6.1 Syntectonic control on Lower Mahil KS-1
The Late Paleozoic-Early Mesozoic series display specific content and layer geometry, including breccias, variations in thickness, and slumps, which offer compelling evidence for the presence of an Early Triassic extensional regime in the hanging wall of an ancient normal fault. Several sealed normal faults are clear indicators of this regime (Figure 13A). To explore the fault-controlled deposits of the Mahil Formation after pre-folding, a comprehensive study was carried out in Wadi Sahtan. The researchers aimed to restore the bedding plane to its original horizontal orientation, which revealed significant sites affected by the faulting. Upon rotation to their original positions, the results demonstrate that these faults were normal before the compressional tilting (Figure 13B). Consequently, the findings from this pre-deformation analysis in the Lower Triassic fault unequivocally indicate normal faulting, thus confirming the presence of an extensional (normal faulting) tectonic regime during that time. Moreover, normal faulting gives rise to growth strata filled with syntectonic sequences linked to typical syntectonic breccias and soft-sediment sequences associated with the ancient normal faulting activity. These normal faults are observed in the Saiq Plateau, particularly concerning Lower Triassic growth strata.
[image: Figure 13]FIGURE 13 | (A) The NNW trending field geologic cross-section across the Wadi Sahtan shows the sealed normal fault associated with growth strata filled by syntectonic sequences linked to typical syntectonic breccias and soft-sediment. (B) Tectonic model explains the extensional tectonic activity during the deposit of the Lower Triassic Mahil Formation.
6.2 Carbon and oxygen isotopes
The Bulk-rock carbon and oxygen isotopic values of the Lower Mahil carbonates from Saiq Plateau and Wadi Sahtan are plotted against thickness levels in the measured section, lithology, and microfacies (Figures 14, 15). The δ13C values of the Lower Mahil Formation in the Saiq Plateau section range from +1.5‰ to +3.6‰ VPDB (average 2.1‰). The isotopic trends plotted against height and lithologies in the sedimentological log (Figure 14) show marked variations: the δ13C values show minimum points as well as the highest point at the middle of the section. The δ13C values start with a slightly decreased trend from 2.4‰ to 1.9‰. Then they increase to a distinct peak of 3.1‰ at 10 m before presenting another increase to 3.3‰ at 14.5 m. After a new negative shift at 19 m, the δ13C curve increases until the maximum value of 3.6‰ at 22.5 m. Then the δ13C drops to 1.7‰ at 26.5 m before increasing to 2.5‰ at 31.5 m. Then, the curve exhibits relatively low values of δ13C, and the trend remains almost steady as the δ13C is maintained between 1.5‰ and 2.8‰ to the end of the section.
[image: Figure 14]FIGURE 14 | Spectral gamma-ray, total gamma-ray, carbon isotope, and oxygen isotope curves plotted against the height, microfacies, and lithofacies associations in the Saiq Plateau section. The figure provides a comprehensive view of the variations in these parameters and their correlations with different microfacies and lithofacies associations in the studied section. This figure complements the legend provided in Figure 5, offering a comprehensive overview of the variations in these parameters and their relationships with different microfacies and lithofacies associations in the studied Saiq Plateau section.
[image: Figure 15]FIGURE 15 | Spectral gamma-ray, total gamma-ray, carbon isotope, and oxygen isotope curves plotted against the height, microfacies, and lithofacies associations in the Wadi Sahtan section. This figure complements the legend provided in Figure 5, offering a comprehensive overview of the variations in these parameters and their relationships with different microfacies and lithofacies associations in the studied Wadi Sahtan section.
δ13C values slightly drop from 2.3‰ to 1.2‰ at 0.5–9.5 m, although a spike of the maximum values occurs at 3.5 m. In the following, a rise from 1.4‰ to 2.6‰ before a drop to 1.1‰ are revealed in the curve. Then the trend shows a slight decrease in the δ13C values until a remarkable negative carbon isotope excursion at the end of the section.
The δ18O values are lower than that of δ13C values in both sections. In the Saiq Plateau section, the δ18O range from −4.2‰ to −1.2‰ VPDB (average −2.5‰). All the microfacies generally maintained similar variations in their δ18O average values, ranging from −2.8‰ to −2.2‰. In comparison, the foraminiferal packstone and foraminiferal grainstone show the most depleted values (average −2.8‰ for the first one and −2.7‰ for the last one). When δ18O plotted relative to the height and lithofacies (Figure 14), the most notable feature is that the section begins with the maximum oxygen isotope value of −1.2‰ VPDB, localized in the lower part of the Lower Mahil. A sharp fall in δ18O values from −1.2‰ to −3.9‰ occurred at the height of 1 m and pronounced negative oxygen isotope excursion. After a positive oxygen isotope shift, the relatively steady fluctuation is interrupted by a spiky negative carbon isotope shift to the minimum value of −4.2‰. In the middle part of the section, the δ18O values exhibit a temporary increase and a sudden drop to −3.9‰ is observed before rising again to the second peak of −2.5‰. Afterward, the δ18O values return to −3.0‰ and display a negative shift. Finally, the trend shows a positive excursion to the end of the section. The variation of δ18O is less evident and less consistent than that of δ13C. However, in some intervals approximately correlated with δ13C but not generally correlated, few similar evolutions can be observed with a positive trend at 14.5 and 31.5 m, a negative one at 38 m, and a slightly decreasing trend from 14.5 to 19 m.
6.3 Gamma-ray data
Figures 14, 15 are displayed at 49 and 40 m sections to overview the spectral gamma-ray signatures within the outcrops, including the identified lithologies and the twenty-four microfacies. Spectral gamma-ray data are arranged in Figures 13, 14, including the complete gamma-ray logs, each spectral curve (K, U, and Th), total gamma-ray (total GR), computed gamma-ray (CGR), Th/U ratio, and Th/K ratio for each section.
6.3.1 Potassium (K)
Potassium values are the lowest and most negligible among all the other spectral and total gamma-ray measurements within both sections. In Saiq Plateau, the K span is 0%–0.8% (average of 0.1%), and the most repetitive value is 0.1%. Potassium values in the Wadi Sahtan section range from 0% to 0.7% (0.1% is the average), and 0.1% is the most frequent value. Both section trends against height display almost the same pattern. The K curve in Saiq Plateau has just started and is continuous with values fluctuating between 0% and 1%, slight 0.2% and 0.3% peaks are observed. The trend exhibits an increase to the end of the section. Wadi Sahtan section also begins and keeps the subtle trend of values between 0% and 1%, which is disturbed by the maximum peak at 30.2 m before returning to its subtle condition. At 32.6 m, the trend displays a positive excretion to the end of the section.
6.3.2 Uranium (U)
The Saiq Plateau has uranium values ranging from 0 to 2.3 ppm. The highest reading is again observed in the upper section at 44.7 m within undifferentiated foraminiferal brecciated floatstone microfacies (Figures 5, 13 for legend). Although concentrated more in the foraminiferal packstone, the lowest value is within different microfacies. The U average is 0.8 ppm, and 0.9 ppm is the most repeated value. The Wadi Sahtan section shows uranium range from 0 to 4.4 ppm. A distinctive peak is noticed at the height of 20.1 m, reflecting the maximum point within the foraminiferal packstone microfacies (Figure 15). The lowest U values are observed in the lower part of the section, mainly related to the foraminiferal grainstone microfacies. The average uranium value is 1.4 ppm, and the most frequent value is 1.2 ppm. The U versus height in both sections shows a similar overall trend. Both begin with a subtle range; then an irregularly decreasing trend is developed. After that, a positive shift was noticed before it slightly dropped. Forward, the trends increased again upward to the end of the sections. Some disturbing increasing and decreasing spikes are detected along both sections (Figures 14, 15).
6.3.3 Thorium (Th)
The thorium values within all microfacies in the Saiq Plateau section vary, spanning 0–3.5 ppm (average 0.8 ppm. The maximum reading of 3.5 ppm is observed within the undifferentiated foraminiferal brecciated floatstone microfacies at 44.8 m, briefly above the U maximum peak, while the minimum value is 0, which occurs in various microfacies types. In the Wadi Sahtan section, thorium values display a more comprehensive range than the Saiq section; it is between 0 and 5 ppm, although the Wadi Sahtan section shows a lower thorium value in general as the average is 0.4 ppm, and the most frequent value is 0.3 ppm The Saiq Plateau Th trend continued steadily with some positive spikes until it shifted positively and exhibited a minor increase in their values. The Wadi Sahtan shows oscillation pulses before the trend increases to the end of the section.
6.3.4 Total gamma-ray (total GR)
The total gamma-ray of the Saiq Plateau section ranges between 2 API and 41.2 API with an average of 11.3 API. The undifferentiated foraminiferal brecciated floatstone shows the highest gamma-ray measurements within the Lower Mahil Formation. The lowest total gamma-ray (API) measurements are observed within undifferentiated grainstone at 33.3 m (Figure 14). However, the total gamma-ray in Wadi Sahtan ranges between 0 and 38.8 API with an average of 13.8 API. The most repetitive values are 10, 12, and 15.2 API. The maximum value observed in the foraminiferal packstone microfacies, at level 20.1 m, coincides with the U peak. The lowest total gamma-ray values within foraminiferal grainstone link to the U decreasing spikes (Figure 15). Overall, the total gamma-ray trends versus height are similar to the uranium trends within both sections. The Saiq Plateau section starts with a steady trend with a few increasing spikes. Then the trend exhibits a decreasing deviation before it increases at levels 21.8–22 m.
6.3.5 Computed gamma-ray (CGR)
The computed gamma-ray within the Saiq Plateau fluctuates from −2 API to 26.8 API (average 4 API), and the most frequent value is 3.6 API. The undifferentiated foraminiferal brecciated floatstone shows the maximum value, and the foraminifera wackestone, located in the lower portion of the section, displays the minimum CGR value (Figure 14). A similar observation was made for the Wadi Sahtan section. The CGR ranges from 0 to 20 API with an average of 2.8 API, and the more frequent value that appears is 2.8 AP. The CGR curves are comparable to the total GR curves within the sections, despite the CGR values being much lower than the total GR values. The Saiq Plateau curve started with a steady trend with increasing and decreasing fluctuations and a notable sharp increasing spike of 22.6 API; at level 7.1 m. Then the trend shows a minor decrease before it increases to the end. The Wadi Sahtan curve also starts with a subtle trend disturbed by increasing and decreasing minor shifts, and finally, it displays an apparent increasing deviation. The clear difference between CGR and GR curves is that the sharp peaks in the gamma-ray curve are not observed within the CGR curve except the peak at level 28.2 m (Figure 15).
6.3.6 Th/U ratio
Saiq Plateau manifests a Th/U ratio ranging from 0 to 15, revealing an average of 1.6 with a most frequent value equal to 0.8. The maximum point is associated with the foraminifera grainstone microfacies and appears at 10.3 m. At the same time, the minimum value is occurred within one microfacies. The Th/U ratio in Wadi Sahtan signifies much lower values than the Saiq Plateau. The value span is 0–3.1 (average and mode are 0.3). The foraminiferal grainstone reveals the maximum point, while the minimum one frequently repeats through different microfacies. The most common feature between the Th/U ratio curves is that both show a steady trend and convey three notable sharp positive spikes. In the Saiq Plateau curve, the sharpest ones are with values of 15, 14, and 10 at 10.3, 20.5, and 34.2 m, respectively, even though the curve displays other increasing peaks but are more attenuated (Figure 13). The sharpest peaks in the Wadi Sahtan curve are 2, 2.3, 3.1 at 14.4, 24.5, and 28.2 m, respectively (Figure 15).
6.3.7 Th/K ratio
The Th/K ratio in the Saiq Plateau section ranges from 0 to 30 (average 6.9). The highest point at 7.1 m is related to foraminiferal intraclastic grainstone, whereas the minimum value is associated with various microfacies frequently repeated within different heights. The Th/K ratio in Wadi Sahtan reveals a 0 to 14 values range (average 4.4). The maximum values related to foraminifera undifferentiated brecciated floatstone microfacies were observed at 32.9 and 35.1 m. On the other hand, the zero value is often repeated within foraminifera packstone, undifferentiated packstone, and foraminifera grainstone microfacies. Both sections’ curves illustrate very hesitant and high oscillation trends (Figures 14, 15).
6.4 Sequence stratigraphy
The Lower Mahil Formation (KS-1 Khuff-Equivalent) is categorized based on age, representing a one-third order sequence (third). This third order sequence has distinct phases of sea level transgression and regression. Further subdivisions are made within this third order sequence to identify five fourth-order sequences (fourth) based on factors such as facies, isotope, and gamma-ray analysis. The sequence stratigraphy in this context identifies five fourth-order sequences, namely, 4S1, 4S2, 4S3, 4S4, and one incomplete sequence, 4S5. Furthermore, each of these five fourth-order sequences can be further divided into fifth-order cycles.
Sequence 1 (S1): is located in the lower portion of the Lower Mahil Formation, with its lower boundary at the base of the Mahil KS-1 Formation. The transgressive system tract (TST) of S1 is distinguished by significant increases in carbon isotope, uranium, and total gamma-ray values, indicating an upward trend. Foraminifera wackestone, foraminifera packstone, and foraminifera grainstone microfacies characterize this TST. The maximum flooding surface is identified within a higher positive excursion, specifically within the foraminiferal packstone microfacies. Moving higher in the sequence, the high system tract (HST) of S1 comprises foraminiferal packstone, foraminiferal grainstone, and undifferentiated packstone microfacies. The overall trend within the HST shows a decreasing shift toward the sequence boundary (SB). This implies a gradual shallowing of the environment leading to the eventual termination of the sequence. The interplay of various microfacies and the changes in geochemical values provide valuable insights into the sedimentary processes and depositional history during the formation of Sequence 1 within the Lower Mahil Formation.
Sequence 2 (S2) is characterized by distinct sequence boundaries, which are identified by the most decreasing shifts in the U (uranium), GRtotal (total gamma-ray), and C isotope profiles. Various microfacies were developed within the transgressive system tract (TST) of S2, with foraminiferal grainstone being the most common. Some microfacies pinch out towards other sections, such as foraminiferal intraclastic grainstone and foraminiferal grainstone, which pinch towards the Wadi Sahtan logged section. Additionally, the foraminiferal packstone pinches out towards the Saiq Plateau logged section. The maximum flooding surface is found within the highest positive deviation of the trends passing through the foraminiferal grainstone and undifferentiated grainstone microfacies. During the high system tract (HST), the foraminiferal packstone further pinches towards the Saiq Plateau, while the foraminiferal grainstone remains the dominant microfacies. Notably, Sequence 2 exhibits a thinning trend towards the Wadi Sahtan logged section, indicating a reduction in sediment accumulation in that direction. Identifying different microfacies, pinch-outs, and variations in sediment thickness provide valuable information about the depositional environment and processes that shaped Sequence 2 in the studied area within the Lower Mahil Formation.
Sequence 3 (S3) is defined by its lower and upper boundaries, which are identified based on the lowest points in the selected log profiles (Figure 16). The transgressive system tract (TST) of S3 exhibits a variety of microfacies, with the foraminiferal grainstone being the most predominant. However, some microfacies pinch out towards the Wadi Sahtan logged section, including the foraminiferal intraclastic grainstone, foraminiferal peloidal grainstone, and foraminiferal packstone. Simultaneously, the foraminiferal packstone is prevalent in the Wadi Sahtan section but pinches towards the Saiq Plateau section. The maximum flooding surface (MFS) of S3 coincides with the MFZ (Maximum Flooding Zone) of the third-order sequence, comprising foraminiferal packstone microfacies deposited in the deepest side of the studied area, likely in a foreshore setting. During the high system tract (HST), the foraminiferal packstone and oolitic grainstone are prominent microfacies, and both pinch out towards the Wadi Sahtan section. In contrast, the foraminiferal packstone dominates, and the undifferentiated packstone pinches towards the Saiq Plateau section. The sequence is capped by the sequence boundary (SB), indicated by decreasing trend on the selected profiles. Remarkably, Sequence 3 stands out as the thickest sequence within the studied area, indicating a considerable amount of sediment accumulation during its formation. The diverse microfacies, pinch-outs, and changes in sediment thickness provide valuable insights into the complex depositional processes and environmental changes that influenced the development of Sequence 3 within the Lower Mahil Formation.
[image: Figure 16]FIGURE 16 | Chemostratigraphy correlation between the Saiq Plateau and Wadi Sahtan sections for the Lower Mahil Formation in Northern Oman. The correlation is based on the carbon isotope, uranium, and total gamma-ray profiles. For further details and explanations, refer to the legend provided in Figure 5. The figure provides valuable insights into the chemical variations and their correlation between the two studied sections.
Sequence 4 (S4) commences at the sequence boundary (SB) where Sequence 3 ends. The presence of undifferentiated grainstone, undifferentiated packstone, and undifferentiated foraminiferal brecciated floatstone microfacies characterizes the transgressive system tract (TST) of S4. The deposition of undifferentiated foraminiferal and foraminiferal undifferentiated brecciated floatstone microfacies marks the maximum flooding surface (MFS). During the high system tract (HST) phase of S4, the microfacies assemblage includes undifferentiated foraminiferal, intraclastic peloidal, undifferentiated peloidal, and foraminiferal undifferentiated brecciated floatstone. These microfacies suggest specific depositional environments and sedimentary processes during the HST.
The termination of Sequence 4 is marked by another sequence boundary (SB) located on top of the undifferentiated peloidal and undifferentiated foraminiferal brecciated floatstone microfacies. This sequence boundary indicates a change in depositional conditions, potentially leading to a subsequent depositional sequence in the geological record. Various microfacies and their changes within Sequence 4 provide valuable information about the sedimentary processes and environmental dynamics during its formation within the Lower Mahil Formation. Understanding each sequence’s distinct characteristics helps interpret the studied area’s geological history and paleoenvironmental conditions.
Sequence 5 (S5) represents the last fourth-order sequence in the studied area, but it is incomplete as it comprises only the transgressive system tract (TST). The lower boundary of S5 coincides with the termination of Sequence 4 (S4). The TST of S5 contains various microfacies, with the undifferentiated foraminiferal brecciated floatstone being the most common one. Several microfacies, including peloidal skeletal, foraminiferal skeletal, foraminiferal peloidal, and brecciated floatstone, pinch out towards the Wadi Sahtan section during the TST. Conversely, the foraminiferal undifferentiated brecciated floatstone microfacies pinch out towards the Saiq Plateau section. These variations in microfacies distributions suggest changes in depositional conditions and environmental settings during the TST of Sequence 5.
As Sequence 5 is incomplete and consists only of the TST, it ends in both studied sections with the termination of the brecciated floatstone microfacies. The absence of higher-order system tracts (HST) and the termination of the sequence with the brecciated floatstone suggest a potentially rapid depositional event or environmental change that led to the incomplete formation of this sequence in the Lower Mahil Formation. Studying the characteristics and termination of Sequence 5 provides valuable insights into the sedimentary processes and paleoenvironmental conditions during its formation. It contributes to a comprehensive understanding of the geological history of the studied area.
7 DISCUSSION
7.1 Syn-rift tethyan passive margin geometry
The Middle Permian to Early Triassic period in northern Oman witnessed the opening of the Neo-Tethys Ocean, leading to a significant syn-to post-rift phase (Lee, 1990; Robertson et al., 1990; Pillevuit, 1993; Wender et al., 1998; Alsharhan, 2006; Koehrer et al., 2010; Koehrer et al., 2011; Bendias et al., 2013; Peyravi et al., 2015). Consequently, the passive continental margin of the newly formed Neo-Tethys Ocean experienced the deposition of well-bedded, widespread shallow-water carbonate deposits known as the Khuff Formation (Al-Jallal and Ibrahim, 1991; Al-Aswad, 1997; Maurer et al., 2009; Koehrer et al., 2010; Fontana et al., 2013; Beckert et al., 2015). The presence of abundant breccias at the top of the sections, along with variations in thickness and slumps, provides evidence for the Early Triassic extensional regime in the hanging wall of an ancient normal fault (Figures 13A, B). By restoring the bedding plane to its original horizontal orientation (Gharbi et al., 2022), Mahil Formation’s fault-controlled deposits was observed after pre-folding. This extensional phase occurred concurrently with the rifting in the Arabian plate in the north and the rapid subsidence in the passive margin basin of the Neo-Tethys in the south (Glennie, 2000; Sharland et al., 2001). The interpreted tilted block geometry accounts for the significant Lower Triassic thickening variation, likely associated with substantial volcanic activity (Sharland et al., 2001; Chauvet, 2007; Jabir and Ali, 2023).
7.2 Stable carbon and oxygen isotopes
Isotopic values in the Saiq Plateau and Wadi Sahtan sections are primarily controlled by fluctuations in global seawater geochemistry and diagenesis [80, 81]. The δ13C shows little variation between the two sections, with average values of 2.1‰ for Saiq Plateau and 1.7‰ for Wadi Sahtan, increasing upwards. Lower Mahil KS-1 Formation δ13C values are relatively low, as expected from the Triassic samples (Baud et al., 1996). This depletion is possibly linked to diagenetic activities and the Permian-Triassic boundary mass extinction (Peyravi et al., 2016). The drop in δ13C values indicates a shift in the carbon cycle from organic carbon (reduced phase) in Permian time to dissolved carbonate (oxidized phase) in Triassic time (Gruszczynski et al., 1989; Magaritz and Holser, 1991; Morante, 1996; Horacek et al., 2007a). Enrichment of δ13C could result from local variations in salinity, circulation, and productivity (Grossman et al., 1993; Moustafa et al., 2016). Instead, higher δ13C values may be attributed to aragonite-rich sediments, which have relatively positive δ13C values compared to calcitic sediments (Weber and Schmalz, 1968; Swart et al., 2009; Moustafa et al., 2016). Local minima in δ13C may indicate intervals of subaerial erosion and oxidation (Magaritz and Holser, 1991; Atudorei, 1999; Swart and Kennedy, 2012). The δ13C curves are associated with rising relative sea levels, while negative shifts indicate falling relative sea levels (Immenhauser et al., 2003; Swart and Eberli, 2005; Fanton and Holmden, 2007). The δ13C curves are associated with rising sea levels, while negative shifts indicate falling sea levels (Immenhauser et al., 2003; Swart and Eberli, 2005; Fanton and Holmden, 2007).
Diagenesis significantly affects δ18O values, with low δ18O values possibly resulting from subaerial exposure and interaction with meteoric waters, reducing salinity [(Allan and Matthews, 1990; Grossman et al., 1993; Swart and Kennedy, 2012]. High-temperature water can also shift δ18O values towards negative values (Allan and Richard K, 1990; Popp et al., 1986; Grossman et al., 1993; Grossman et al., 2008). Chemostratigraphic correlation in this study primarily relies on carbon (δ13C) data rather than oxygen (δ18O) to minimize diagenesis-related errors (Figure 16).
7.3 Spectral and total gamma-ray
The interpretation of potassium (K), thorium (Th), and computed gamma-ray logs in carbonate sections reveals relatively low K and Th values in the Saiq and Wadi Sahtan sections, indicating the negligibility of K and Th’s insolubility in carbonates (Glover, 2000; Omidpour et al., 2021). The Th/U ratio suggests oxidizing conditions during regression phases or near sequence boundaries, while the Th/K ratio indicates sudden depositional changes and potential diagenetic alterations (Serra, 1984; Doveton, 1991; Glover, 2000). In both sections, K values are nearly zero due to the absence of evaporative conditions in the Lower Mahil Formation (Al Raqaishi et al., 2023).
The Saiq Plateau section shows some local K and Th peaks within the backshoal lithofacies association, attributed to unobserved features or textures resulting from dolomitization (Figure 14). Additionally, the Th/U ratio confirms intervals of subaerial exposure and high vertical lithofacies variation (Adams and Weaver, 1958; Doveton, 1991; Klaja and Dudek, 2016).
The Wadi Sahtan section exhibits a positive K and Th excursion near the conformity boundary, indicating subaerial exposure and clastic influx (Figure 15). The Th/U ratio in both sections is relatively low, suggesting marine-reducing settings and U enrichments (Adams and Weaver, 1958; Doveton, 1991; Doveton and Prensky, 1992; Klaja and Dudek, 2016). The Th/K ratio varies depending on depositional settings and diagenetic alterations, with high values indicating oxidizing conditions (Serra, 1984; Glover, 2000).
7.4 Uranium and gamma-ray in sequence stratigraphy
Using spectral gamma-ray, specifically uranium (U) and total gamma-ray (total GR), improves chemostratigraphic resolution, aiding in identifying fourth sequences described in Section 6 and more detailed fifth-order cycles. The interpreted uranium and total gamma-ray curves match closely, indicating that the total gamma-ray in the studied sections reflects U values rather than clay minerals. The Lower Mahil mainly consists of radiometric dolomite, making U an inappropriate shale indicator. Uranium and total gamma-ray readings in the Saiq Plateau section range between 0 and 2.3 ppm and 2–41.2 API, respectively, while in the Wadi Sahtan section, they range from 0 to 4.4 ppm for U and 0–38.8 API for total GR (Figures 14–16).
Elevated readings in uranium (U) and total gamma-ray (GR) measurements serve as indicators of maximum flooding surfaces, signifying phases of transgression and increased accommodation space. This phenomenon has been noted in various studies (Davies et al., 1996; Ehrenberg and Svana, 2001; Halgedahl et al., 2009; Farouk et al., 2022; Farouk et al., 2023). The presence of enriched U and total gamma-ray values is linked to the deposition of organic-rich marine sediments in deep-water environments. These conditions correspond to transgressive events and rapid sea-level rises, often accompanied by a landward shift in sedimentary facies.
Conversely, during regression within carbonate systems, carbonate production slows down, leading to an increased proportion of coarser materials. This shift results in negative decreasing deviations in uranium and total gamma-ray logs (Halgedahl et al., 2009; Kalvoda et al., 2011; Tavakoli, 2017; Farouk et al., 2022; Farouk et al., 2023). Consequently, uranium values in the Saiq Plateau section tend to be slightly lower than those in the Wadi Sahtan section. This might be attributed to the shallower location of the Saiq Plateau or the relatively reduced context at greater depths, where uranium values exhibit more variability. Another contributing factor could be the diminished supply of clay detritus to the distal area of the study site, the “Wadi Sahtan section,” resulting in lower sedimentation rates and higher uranium values (Serra, 1984; Klaja and Dudek, 2016; Omidpour et al., 2021).
Spikes in U and total GR readings recognize maximum flooding surfaces, indicating transgressive phases (Davies et al., 1996; Ehrenberg and Svana, 2001; Halgedahl et al., 2009). Enrichment in U and total gamma-ray points to the accumulation of organic-rich marine sediments under deep-water, reducing conditions, corresponding to transgressive events. On the other hand, regressions within carbonate systems result in decelerated carbonate production and increased coarser material, leading to negative excursions in uranium and total gamma-ray logs (Halgedahl et al., 2009; Kalvoda et al., 2011). The U data in the Saiq Plateau section is slightly lower than that of the Wadi Sahtan section, possibly due to the shallower location of the Saiq Plateau, as more variable U values are regularly found in deeper reduced contexts (Serra, 1984; Klaja and Dudek, 2016; Omidpour et al., 2021).
7.5 Uranium (U) and gamma-ray log response to lithofacies
The studied sections exhibit highly variable uranium (U) and total gamma-ray (total GR) data, without any specific trend associated with lithofacies and microfacies textures (Figures 14–16). The dominance of grain-dominated lithofacies in the dolomitized Lower Mahil Formation could explain the variability and lack of clear data for the same textures (Al Raqaishi, 2022).
In the grain-dominated Lower Mahil Formation, the relationship between gamma-activity and grain size is not evident. Previous studies have shown that low gamma-readings are typical of coarse-grained sediments, while high gamma-activity characterizes finer-grained sediments (Berstad and Dypvik, 1981; Dypvik and Eriksen, 1983; Tavakoli, 2017; Farouk et al., 2022; Farouk et al., 2023). However, this pattern is not observed in this formation.
Brecciated floatstone microfacies within thick mud-supported beds with various fossils show some elevated U and total GR readings. This could be attributed to readings from the mud-matrix, unseen fractures filled with “uranium-rich” matter, minor siliciclastic inputs, presence of stylolite, fossils, and the duration of subaerial exposure, which affects U and total GR readings (Luczaj, 1998; Ehrenberg and Svana, 2001; Halgedahl et al., 2009; Tavakoli, 2017; Farouk et al., 2022; Farouk et al., 2023).
7.6 Sequence stratigraphy
7.6.1 Duration of Lower Mahil KS-1
The Lower Mahil Formation, deposited during the Induan stage (251–252.2 million years ago) with a duration of approximately 1.2 million years (Gradstein et al., 2012), constitutes a third-order sequence, as identified by (Sarg et al., 1999). This third-order sequence comprises five sequences, each with a duration of around 240 thousand years, making them fourth-order sequences. During greenhouse times, cycles are likely dominated by high-frequency, low-amplitude sea level changes driven by precession (Read, 1985; 1998) Consequently, one would expect many higher-order cycles in the 1.3 million years Lower Mahil composite sequence due to discontinuities between the vertically stacking cycles.
However, the duration of higher-order cycles in the Lower Mahil Formation is challenging to assess as they are rarely regionally mappable. The maximum number of higher-order cycles observed in the Lower Mahil Formation is ten cycles. Nonetheless, since there are some incomplete cycles exposed, the formation likely has at least 11 higher-order cycles. Given the 1.3 million years duration of the composite sequence, this would suggest that the higher-order cycles have an approximate duration of 109 thousand years, indicating fifth-order cycles. This likely implies that the Lower Mahil Formation contains many missing “beats” due to erosional discontinuity surfaces (Balog et al., 1997; Moustafa et al., 2019).
7.6.2 Third-order sequence
The deposition of the Lower Mahil Formation corresponds to the third-order sequence (KS1), following the framework established (Vail et al., 1977; Haq et al., 1987), who identified third-order durations ranging from 1 to 10 million years. Two distinct patterns of third-order sea-level changes during transgression and regression are revealed through total and spectral gamma-ray analysis. The most comprehensive and precise logs, including U and total GR profiles, were selected for careful spectral and gamma-ray analysis. The maximum flooding surface (MFS/MFZ) is associated with high U, total GR, and carbon isotope values in both sections (Figure 17). Moreover, the lower sequence boundary is identified at the beginning of the section, with no clear indication of a sequence boundary at the outcrop location. However, the upper sequence boundary is marked by the appearance of breccia, which is placed at the end of the breccia facies, signifying the end of the section. As discussed earlier, the breccia’s source is tectonic (see Section 7.1; Figures 13A, B).
[image: Figure 17]FIGURE 17 | (A–D) Provides a visual representation of the third-order sequence stratigraphy signature determined through spectral gamma-ray analysis. This figure specifically emphasizes two distinct phases: transgression [illustrated by blue, (B,D)] and regression [depicted by red, (A,C)].
It is evident from the data that U was higher during the transgression phase compared to the regression phase (Figure 17). This observation of two phases of sea level or one third order sequence has also been noted in different studies (Maurer et al., 2009; Koehrer et al., 2010; Baud and Richoz, 2013; Bendias et al., 2013), albeit with slight differences from the findings of this study. Here, both phases of sea level have similar thicknesses (Figure 17).
7.6.3 Fourth-order sequence
Based on the principles outlined (Vail et al., 1977; Sarg, 1988; Kerans, and Tinker, 1997), the KS1 exhibits five sequences, namely, four complete fourth-order sequences (S1, S2, S3, and S4) and one incomplete sequence (S5). These sequences are identified based on factors such as vertical facies distribution, carbon isotope, U, total GR log variations, stacking patterns, and changes in components in different system tracts within the succession. Sequence boundaries (SB) mark the beginning and end of each sequence without clear evidence of subaerial exposure. Transgressive and regressive trends are observed within each sequence, indicated by maximum flooding surfaces and bounded by sequence boundaries at the top and bottom. Negative peaks correspond to sequence boundaries, while positive peaks correspond to maximum flooding surfaces. As discussed earlier, relative sea level rises are associated with positive shifts in the δ13C curve, while relative sea level falls are linked to negative shifts in the δ13C curve (Immenhauser et al., 2003; Swart et al., 2005; Fanton and Holmden, 2007).
During transgression, there is an increase in carbon isotope, U, and total GR trends in both sections. Conversely, regression is associated with decreased carbon isotope, U, and total GR. This trend is evident in sequences S1 and S4, with clear patterns of transgression and regression reflected in the carbon isotope, U, and total GR profiles (Figure 17). A similar pattern is observed in the other fourth order sequences (S2, S3, and S5). Integrating gamma-ray and isotope data allows for the generation of high-resolution sequence stratigraphy.
Another significant aspect relates to the thickness of the fourth-order sequences, which varies in each sequence. These thickness variations may be attributed to differential syn-rift subsidence during the deposition of the Lower Mahil Formation, indicating that the Lower Mahil Formation was laid down during active tectonics.
7.6.4 Fifth-order cycle
Fifth-order cycles (meter-scale cycles) represent the smallest units of genetically related facies assemblage within each sequence, and they commonly are bounded by local flooding and sequence boundary surfaces (Arnott, 1995; Embry, 2005). Fifth-order cycles in the KS1 (Figure 16) range in thickness from a few meters to up to 7 m. The thickness, geometry, lateral extent, and lithology of fifth-order cycles vary across depositional settings within the ramp. Boundaries of fifth-order cycles in the succession were defined using the U and total GR patterns only. Boundaries cannot be observed in the outcrops. 10 fifth-order cycles and one incomplete fifth-order cycle are delineated within the KS1 third-order sequence. However, no single cycle is traceable throughout the sections (Figure 16). Relying upon the interpretation mentioned above, the higher value of uranium reflects the preservation of organic matter in reduction settings (Luczaj, 1998; Ehrenberg and Svana, 2001; Halgedahl et al., 2009), showing a transgression trend and vice versa is true. In the fifth-order cycles, sequence boundaries (SB) are defined by the low U and total GR values corresponding to the oxidizing and the maximum flooding surfaces (MFS) defined by the U and total GR peaks corresponding to the reduction conditions (Luczaj, 1998; Ehrenberg and Svana, 2001; Halgedahl et al., 2009).
7.7 Sea-level changes in third and fourth-order sequences
The stratigraphic sequences, as determined by (Haq et al., 1987), serve as indicators of relative sea-level fluctuations. Increasing shifts in the U, total GR, and δ13C curves are associated with rising relative sea levels, while negative shifts indicate falling relative sea levels (Immenhauser et al., 2003; Swart and Gregor, 2005 Fanton and Holmden, 2007). In our interpretation of the relative sea-level changes during the Lower Triassic, we have adopted the third-order and fourth-order sequences (Figure 19). Additionally, Figure 19 illustrates the first and second-order relative sea-level variations based on a previous study by (Alsharhan, 2006). The third-order relative sea-level trends identified in this study exhibit distinct patterns. These patterns align transgression with high gamma-ray and carbon isotope levels, while regression corresponds to low gamma-ray and carbon isotope levels. The analysis of spectral gamma-rays and carbon isotopes suggests a believable connection between relative sea levels and the global sea level. Moreover, the variations in relative sea levels are proposed to be linked with tectonic activities, including rifting and drifting (as discussed by Koehrer et al., 2010; Koehrer et al., 2012; Bendias et al., 2013). Consequently, the spectral gamma-ray and carbon isotope data from this study (Figures 16–19) could serve as proxies for monitoring sea level changes, enabling broader global correlations.
[image: Figure 18]FIGURE 18 | Chemostratigraphy correlation between the Saiq Plateau and Wadi Sahtan sections for the Lower Mahil Formation in Northern Oman. The correlation is based on the carbon isotope, uranium, and total gamma-ray profiles. This correlation shows changes in the carbon isotope, uranium, and total gamma-rays of S1 and S4.
[image: Figure 19]FIGURE 19 | Schematic diagram comparing relative sea-level changes for different orders. The figure displays data for the first and second orders relative sea-level variations as documented by [72]. Additionally, it showcases the third and fourth orders relative sea-level changes based on the findings of this current study. This comparison provides valuable insights into sea-level fluctuations at various temporal scales, ranging from higher-order to lower-order changes, as recorded in the geological record.
8 CONCLUSION
In northern Oman, the Lower Triassic Mahil KS-1 Formation samples from Saiq Plateau and Wadi Sahtan sections underwent chemostratigraphic analysis to interpret sequence stratigraphy. Isotope data were integrated with high-resolution spectral and total gamma-ray measurements to construct a precise stratigraphic model. The Saiq Plateau and Wadi Sahtan sections displayed similar δ13C ranges (1.5‰–3.5‰ and 1‰–2.5‰, respectively), while the Saiq Plateau section exhibited a wider range and lighter δ18O (−4.2 to −1.2‰) compared to the Wadi Sahtan section (−2 to+0.2‰). The Lower Mahil Formation is interpreted to have been deposited during a third-order sequence, and fourth-order sequences were identified based on stable carbon isotopes, uranium, and total gamma-ray variations. Correlation between Saiq Plateau and Wadi Sahtan sections revealed five fourth-order sequences within the Lower Mahil KS-1 Formation, with four complete and one incomplete sequence. Diagenesis is likely to influence oxygen isotopes, particularly during exposure to meteoric water. The presence of potassium and thorium positive peaks (computed gamma-ray peaks) suggests the existence of hidden thin layers of marly carbonate in the grainy-dominated, highly dolomitized Lower Mahil Formation. Rising uranium and total gamma-ray curves indicate the transgression phase, reflecting organic matter preservation in reduction settings during rising sea levels and the finer grain size. Conversely, uranium and total gamma-ray curve reduction signifies the regression phase. High-resolution uranium and total gamma-ray analyses are employed to identify fifth-order cycles. Additional studies on more sections in northern Oman during the Lower Triassic are needed to establish a more robust stratigraphic framework. At the same time, further work is required to construct the global isotopic curve.
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Lithology Microfacies Microfacies Section Description Sedimentary

abbreviation structures
EUCRELE]
Breccia- Brecciated Brecciated floatstone BE Saiq Plateau | 0.8 m thick, consisting of Thick bed, LEAI)
dominated floatstone barren ‘microbial lamination
sparry fabric-destructive Backshoal
dolomite
Intraclastic-peloidal IPBE Saiq Plateau 0.5 m thick, clasts are Trace of ooids, (LFA1)
brecciated floatstone grain-supported fabric, fecal pellets, botryoidal
poorly sorted, intraclasts Backshoal
without

preferred orientation

Peloidal-skeletal PSBE Saiq Plateau 1'm thick, clasts are Benthic foraminifera, (LFA1)
brecciated floatstone grain-supported fabric bivalve
with a fragments, peloids. Backshoal
‘micritic matrix (17 vol%)
Foraminiferal-peloidal FPBE Saiq Plateau 0.4 m thick, clasts are Benthic foraminifera, (LFA1)
brecciated floatstone grain-supported mainly, | ooids, oval and elongated
moderately peloids, undefined grains | Backshoal
sorted,

and densely packed

Foraminiferal-skeletal FSBE Saiq Plateau | 0.5 m thick, clasts appear | Benthic foraminifera, (LFAL)

brecciated floatstone to be significant in ostracods,
size and are composed of bivalve fragments, Backshoal
complete to brachiopods, gastropods,
partially micritized fecal pellets, rounded
moderately sorted grains peloids, botryoidal
Foraminiferal FUBF Wadi Sahtan | 4.5 m thick, the size of the | Benthic foraminifera, (LFAL)
undifferentiated dolomitic crystals ranges undefined grains
brecciated floatstone from 4 to 250 pm Backshoal
Undifferentiated UEBF SaiqPlateauand | 6 m thick in Saiq and | Undefined grains, benthic | (LEA1)
foraminiferal Wadi Sahtan 23m foraminifera,
brecciated floatstone thick in Wadi Sahtan, a trace of bivalve Backshoal
clasts arevaried in sizeand | fragments, gastropods,
angularity ostracods, ooids, peloids,
botryoidal
Undifferentiated UPBF Saiq Plateau 04 m thick Ghosts of undefined (LFAL)
brecciated grains,
floatstone benthic foraminifera, oval | Backshoal
and elongated

peloids, a trace of ooids
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Lithology ~ Microfacies Microfacies Section Description Sedimentary structures
abbreviation and fauna
Mud- Wackestone Foraminiferal FW Saiq Plateau | 1 m thick, mud-dominated | Mechanical parallel, low angle | (LFA3)
dominated wackestone and Wadi fabric and wavy lamination, benthic
Sahtan foraminifera, undefined grains
Foreshoal
Undifferentiated usw Wadi Sahtan | 0.3 m thick, mud-supported Benthic foraminifera, (LEA1)

Backshoal

skeletal wackestone

fabric without preferred grains’
orientation, and sorting is
generally poor

cephalopods, trace of rounded
peloids, undefined grains
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Lithology

Grainstone |~ Oolitic grainstone

Foraminiferal
intraclasts grainstone

Foraminiferal
peloidal grainstone

Foraminiferal
grainstone

Undifferentiated
grainstone

Ooliticintraclasts
packstone

Foraminiferal
packstone

Undifferentiated
packstone

Abbreviation

oG

FIG

FPG

FG

UG

orp

FP

uP

Section

Saiq Plateau

Saiq Plateau

Saiq Plateau

Saiq Plateau
and Wadi
Sahtan

Saiq Plateau
and Wadi
Sahtan

Saiq Plateau

Saiq Plateau
and Wadi
Sahtan

Saiq Plateau
and Wadi
Sahtan

Description

0.5-1.7 m thick, moderately
well sorted

2-1 m thick, moderately
sorted, grains-supported fabric

0.75 m thick, grain-supported,
poorly sorted

13.3 m thick in Saiq, 7.9 m
thick in Wadi Sahtan, grain-
supported fabric, poorly sorted
without preferred orientation

65 m thick in Saig, and 1 m

thick in Wadi Sahtan, grains

were heavily damaged by the
strong dolomitization

0.5 m thick, grain-supported,
and moderately sorted

4.8 m thick in Saig, 13.8 m
thick in Wadi Sahtan, grain-
supported fabric with a minor
matrix, poorly sorted, with no
preferred orientation

14 m thick in Saiq and 3.9 m

thick in Wadi Sahtan, damaged

by dolomitization, diagenetic
deformation

Sedimentary
structures and fauna

cross-bedding, weakly

mechanical parallel lamination, |

pebbly clast, foraminifera, ooids,
composite ooids, peloids,
intraclasts.

well-bedded layers, mechanical
parallel lamination, small benthic
foraminifera, brachiopods,
ostracods,
cephalopods, bryozoans, ooids,
intraclasts

Weakly developed microbial
wavy lamination, small benthic
foraminifera,

a trace of brachiopods, and
ostracods, fecal pellets, oval and
rounded peloids, botryoidal

Local well bedding, parallel,
wavy, low angle, and tangential
cross lamination, local pebbly
size clasts and weakly developed
(HCS), small benthic
foraminifera, brachiopods,
gastropods, ostracods,
bryozoans, sponges, rounded
ooids, fecal pellets peloids, oval
peloids, botryoidal, grapestones

Local mechanical parallel
lamination, karstification
foraminifera, concentric ooids,
fecal pellets, peloids, botryoidal,
aggregate grains, undefined
grains

Small benthic foraminifera,
concentric and rounded ooids,
composite ooids, elongated and

oval peloids, intraclasts

Local cross-bedding, planar
mechanical lamination, local low
angle and wavy lamination,
foraminifera, brachiopod, a trace
of sponge, rounded ooids, fecal
pellets, rounded peloids,
botryoidal, undefined grains

Trace of foraminifera, ooids,
botryoidal and oval peloids,
undefined grains

(LFA2)

Shoal

(LFA3)

Foreshoal

(LEAL)

Backshoal

(LFA3)

Foreshoal

(LFA3)

Foreshoal

(LFA2)

Shoal

(LFA3)
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