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The sedimentary strata in the Lingshan Island area are gaining attention because of their unique sedimentary and tectonic characteristics. However, the provenance and the depositional and tectonic setting in this area remain the focus of controversy. There is a significant slump deposit with lateral length up to 250 m in the Laohuzui section at the top of the Laiyang Group, which differs from the underlying turbidite deposits in morphology and composition. The sandstone in the Laohuzui section was continuously sampled and analyzed for major trace and rare earth elements. The results showed that the Laohuzui section is mixed with a continental margin provenance from the re-cyclic deposition in the arid region, which is different from the continental island arc provenance in the lower part of the Laiyang Group. Through the geochemical study of the igneous gravel contained in the olistolite and the comparison with the igneous rocks in the surrounding area, it is observed that the properties of the igneous gravel are most like those of the igneous rock deposit in the Zhucheng-Taolin area. In addition, the Lingshan Island and the Zhucheng-Taolin areas have similar sedimentary processes, suggesting that both received provenance from the Jiaonan uplift at the end of the Early Cretaceous. This study clarified the depositional processes of the later period of the Laiyang Group deposition in the Lingshan Island area.
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1 INTRODUCTION
The sedimentary sequence of a basin can inherit the tectonic background, sedimentary environment, and even the characteristics of paleoclimate conditions during the formation of the parent rocks. Consequently, provenance analysis is a crucial method for unraveling the sediment deposition and the tectonic activity (Bahlburg et al., 2010; Fan et al., 2019; Yang et al., 2019). Geochemical analyses have long been utilized to investigate the provenance of siliciclastic rocks (Armstrong-Altrin et al., 2004; Moosavirad et al., 2011; Zhang et al., 2018). The tectonic setting can be deduced by the geochemical characteristics of the siliciclastic sediments (Bhatia, 1983; Bhatia and Crook, 1986; Mclennan and Taylor, 1991; Khan et al., 2020; Ahmad et al., 2022). A combination of several elemental geochemical proxies such as Chemical Index of Alteration (CIA) (Nesbitt and Young, 1982) and index component variation (ICV) (Cox et al., 1995) is widely adopted to infer the weathering intensity of the source area (Xiaoping et al., 2012). Specific ratios of trace elements, for instance, Sr/Ba, Sr/Cu, Th/U, and Ni/Co, can reflect the paleoclimate, paleosalinity, and redox conditions faithfully.
The Lingshan Island is situated in the Sulu orogenic belt, formed by the collision between the North China Craton and the Yangtze Craton during the Late Triassic (Figure 1A). The sediments of the Lingshan Island are developed in the transitional period between the siltstone from the late Laiyang Group and the igneous rock from the early Qingshan Group. Although the regional stress fields of the Laiyang Group and Qingshan Group are generally in the tensile stress field, a rapid tectonic inversion occurred at about 125 Ma and received a brief compressive stress field (Figure 2) (Zhou et al., 2015). Such characteristics enable the sediments in the Lingshan Island area to reflect the tectonic activity and sedimentary environment of the Sulu orogenic belt in the Early Cretaceous. Previous studies regarded the Laiyang Group of the Lingshan Island area as the outer fan of submarine fans developed in a marine environment due to the development of flysch, synsedimentary collapse fold structures, synsedimentary deformation structures, analysis of microfossils, and the interbedding between thin sand, silt, and black shale (Lu et al., 2011, 2012, 2013). The geochemical data also show that the siltstone of the Laiyang Group was deposited in an arid, reducing marine environment (Zhang et al., 2017). However, the imbricate-like structures, groove patterns, and carbon debris development in the Laiyang Group of Lingshan Island are well developed (Zhong, 2012; Zhong et al., 2016), combined with the discovery of the typical lacustrine fauna fish fossils of the Jehol biota (Li et al., 2017) and the continuity of stratigraphic age of the Laiyang Group and Qingshan Group (Meng et al., 2018), and all indicate that the study area may be continental lacustrine shallow-water delta deposits. Although researchers have carried out more research studies on Lingshan Island, there is still controversy in provenance, sedimentary environment, and tectonic setting. In addition, previous studies have mainly focused on the Laiyang Group and Qingshan Group itself, while the slump deposits developed in the transitional zone between them have not received much attention so far.
[image: Figure 1]FIGURE 1 | Geotectonic location and geological schematic diagram of Lingshan Island. (A,B) Location and tectonic setting around Lingshan Island, modified after Shen et al. (2016) and Zhang et al. (2017). (C) The geological sketch map of Lingshan Island, modified after Luan et al. (2010).
[image: Figure 2]FIGURE 2 | Comprehensive strata log diagram of the Laohuzui section in Lingshan Island, the geological background modified after Zhou et al. (2015), and the sedimentary units of Lingshan Island modified after Wang J et al. (2014). The deformation degree of the strata gradually enhanced upward and transformed into mixed accumulation near the unconformity surface between the Laiyang Group and Qingshan Group.
The provenance, sedimentary environment, and tectonic environment of Lingshan Island are pivotal in resolving the controversies. Therefore, the author selected development in the transitional stage of the Laohuzui section as the research object, using unmanned aerial vehicle (UAV) laser radar 3D modeling and geochemical test. Restoring the sedimentary process occurring between the transition stage of the late Laiyang Group and Qingshan Group provides new evidence for the study of sedimentary, tectonic environment, and provenance analysis.
2 GEOLOGICAL BACKGROUND
Lingshan Island is the largest island in northern China, located 22 nautical miles south of Qingdao in Shandong province (Figure 1). Lingshan Island is composed of the Laiyang Group and Qingshan Group, separated by an unconformity marked by a set of thick pale off-white cryptocrystalline rhyolites. The strata of the Laiyang Group developed in the lower part of the island, and the layer above the sea is about 105 m thick, composed of thin gray sandstone and black mudstone (Figure 2) (Wang J et al., 2014). Fossils are rare in this area, and sporopollenin, sporadic dinoflagellates, and membranous algae fragments were only found in a few samples (Lu et al., 2011; Dong, 2014; Zhou et al., 2015). The upper Qingshan Group sediments are about 80 m thick, with complex lithology and variable occurrence, and are composed of volcanic rock and pyroclastic rock (Figure 2) (Wang J et al., 2014).
There are several sections of the Laiyang Group strata on Lingshan Island. Most sections, such as the Qiancengya section, consist of dark gray siltstone alteration with thin black mudstone; the collapse fold and soft sedimentary deformation are developed, but they are all confined within the layer (Figure 2).
The Laohuzui section, located in the southernmost part of Lingshan Island, extends horizontally for about 250 m. As the section closest to the unconformity surface, all the layers are strongly modified and different degrees of deformation occurs between layers (Figure 2). The sedimentary characteristics and composition of the section are quite different from the other section in the lower part of the Laiyang Group.
3 MATERIALS AND METHODS
In order to reflect the geochemical changes of the Laohuzui section and analyze the possible pattern, unmanned aerial vehicle radar technology was used to conduct 3D modeling of the Laohuzui section (Figures 3B–E), and the characteristics of the profile were analyzed. On this basis, the samples were collected from the Laohuzui section.
[image: Figure 3]FIGURE 3 | Distribution of the Laohuzui section and sampling sites. (A) The location of a laser radar 3D model and photo image from Google Earth, (B) stratum is still relatively flat at the western-most side of the Laohuzui section, (C) the melange have been well developed in the middle of the Laohuzui section , (D) the eastern part of the Laohuzui section is entirely composed of melange, a large olistolite with sandstone block developed within, and (E) the stratum is restored to flat interbedded sand and mudstone at the eastern-most side of the Laohuzui section.
In order to fully reflect the nature of the provenance area, nine fresh siltstone samples with similar particle sizes were taken from the Laohuzui section, named C1-1, C1-2, C2, C3, C4, C5, C6, C7, and C8. C1-1 and C1-2 were from the sandstone in the lower part of the Laohuzui section with good stratification (Figures 3B,C), C2 was taken from the siltstone mixed accumulation in the lower section with suffered severe deformation and no apparent stratification, C3 was obtained from the breccia groundmass around the sandstone block, C4 was taken from the vast sandstone block itself, C7 was taken from the groundmass of the boulder clay layer around the sandstone block, and C8 was derived from the mud gravel of the boulder clay layer. A14-2 was a sandstone sample which encased the igneous gravel. The sampling sites covered all the different sediment forms in the Laohuzui section (Figure 3D); C5 was taken from the sandstone layer with good stratification between the Laohuzui section and the rhyolites (Figure 3E). Four volcanic samples (A4, A3, A14-1, and A12) were also selected from breccia in the Laohuzui section. The sampling location is shown in Figure 3D.
The processing and geochemical testing for samples were conducted in the Shandong Eighth Geological and Mineral Exploration Institute laboratory. The principal elements were selected by an X-ray fluorescence (XRF) spectrometer and processed according to the national standard GBT14506.28-2010 (equipment model: Axios). During this analytical process, the test material was fused with anhydrous lithium tetraborate, ammonium nitrate as the oxidizer, lithium fluoride, and a small amount of lithium bromide as flux and release agent. The mass ratio of test material to flux was 1:8. The material was melted at 1,150°C∼1,250°C on the automatic fusion machine to make a thin glass section and measured on an X-ray fluorescence spectrometer. For Ni, Cu, Si, and Zr, the Compton scattering line was used as an internal standard to correct the matrix effect. For other elements, the absorption enhancement effect among the elements was corrected by theoretical theory, and the primary and secondary components were calculated according to the fluorescence intensity.
The REE and trace elements were dissolved in a closed vessel with hydrofluoric acid and nitric acid, and then the hydrofluoric acid was evaporated on the electric heating plate. After that, the leftover was sealed and dissolved with nitric acid and then directly measured by the standard external method of inductively coupled plasma mass spectrometry (ICP-MS) (equipment type: ICAP Qc) after dilution. Using the same reference material of the principal element as the quality control sample, the uncertainty for all the major/secondary elements and most trace elements was less than 5% of the measured value. The sample analysis results are shown in Table 1.
TABLE 1 | Main elements (%), trace elements, REE (PPM), and characteristic values of samples in the Laohuzui section.
[image: Table 1]4 RESULTS
4.1 Sedimentary Character
The Laohuzui section is exposed east–west along the highway, divided into three sections (Figure 3A). Among them, the left-most stratum is seriously modified and has no fixed tendency, but the structure of interbedded sand–mudstone is still relatively complete (Figure 3B). The stratum deformation gradually increased and turned into mixtite to the east, and the bedding architecture could not be distinguished (Figure 3C). There was a large olistolite with a sandstone block developed in the center of the Laohuzui slump deposit, surrounded by concentric circles of breccia (Figure 3D). To the topmost of the section, the strata changed into flat sand and interbedded mudstone deposits (Figure 3E). The overlying strata are the unconformities and rhyolite deposited as the boundary between Laiyang and Qingshan Groups.
Based on field observations, the rock slices collected from different regions were observed under the microscope (Figure 4), and the sampling locations are shown in Figures 2 and 3.
[image: Figure 4]FIGURE 4 | Typical microscopic features of the Laohuzui section. (A) Microscopic characteristics of the lower sample of the olistolite (c1–2) (plane-polarized light). (B) Microscopic characteristics of hybrid sediment samples (C2) (plane-polarized light). (C) Microscopic characteristics of gravel samples from the olistolite (C7) (cross-polarized light). (D) Microscopic characteristics of sandstone block samples (C4) (plane-polarized light). (E) Microscopic characteristics of the upper sample of the olistolite (C5) (plane-polarized light). (F) Microscopic characteristics of igneous gravel samples (A12) (plane-polarized light). Deb: debris, Pl: plagioclase.
Detrital particles of sand–mudstone samples in the Laohuzui section were mainly quartz, followed by feldspar and mica, and the cementation was mainly clay minerals. Among them, C2 and C5 slices showed apparent directional arrangement (Figure 4B), but the remaining samples did not, indicating that the dynamic environment at different positions of the Laohuzui section is varied. The grain size also varied considerably from silty sand to medium sand, but all of them were larger than the rest of the sections of the Laiyang Group, Lingshan Island (Zhang et al., 2017). With the approach of the sandstone block, the grain size of samples increased gradually.
Debris in thin sections was mainly metamorphic rock, basalt, and occasionally planted debris. The debris content and composition were significantly different between the slices. The samples C1-1 and C1-2 were mainly quartz particles, and metamorphic debris less than 0.5 mm is occasionally seen (Figure 4A). Debris in the millimeter level was observed in C2 (Figure 4B); the samples C7 and C4 with granular metamorphic rock and igneous rock debris accounted for more than one-third (Figures 4C,D), which also showed that the closer to the sandstone block, the more debris there is. However, sample C5 developed in the strata above the Laohuzui section showed no debris (Figure 4E). The samples of igneous gravel in the study area were mainly basalt, and the elongated plagioclase microcrystals were randomly distributed inside (Figure 4F).
Through comprehensive analysis of the microscopic characteristics and sampling locations, it was found that there were significant differences in the mineral content, particle size, and structure for the samples of the Laohuzui section. The closer to the olistolite, the larger the particle size, and the higher the debris content. The results also show that the sediment characteristics and composition of the Laohuzui section are very different from turbidite deposits in other sections of the Laiyang Group, Lingshan Island (Zhang et al., 2017).
4.2 Geochemical Characteristics of Siltstone Samples
Siltstone data from the Laohuzui section were compared with upper continental crust (UCC) (Rudnick and Gao, 2003) and post-Archean Australian shale (PAAS) (Taylor and McLennan, 1985), demonstrating that compared with the lower strata of the Laiyang Group, Lingshan Island (Zhang et al., 2017), the contents of elements in the Laohuzui section samples are generally closer to UCC. In the Laohuzui section, SiO2, Na2O, K2O, and P2O5 were significantly increased; however, the contents of MgO and CaO were significantly decreased, while the contents of Al2O3, Fe2O3, MnO, and TiO2 did not significantly change. The comparison between the Laohuzui section and the lower strata of the Laiyang Group showed that the element content variation and maturity are quite different. K2O/Na2O can represent the relative contents of potassium feldspar and plagioclase, in which the Na2O content in C4, C7, and A14-2 were greater than the K2O content, and in other samples, K2O was higher than Na2O. The SiO2/Al2O3 was 5.01–3.62, with an average of 4.31, usually indicating immature sedimentary rocks (Potter, 1978), but the maturity was significantly higher than the lower strata of the Laiyang Group in Lingshan Island (with an average of 3.78) (Zhang et al., 2017).
The standardization of trace UCC elements in siltstone samples is shown in Figure 5A. Large ionic lithophile elements (LILE) are geochemically active elements, mainly represented by Cs, Rb, Sr, U, and Rb, which have shown depletion in samples C7, C4, and A14–2, while other elements exhibited weak enrichment. All samples showed weak U depletion. Sr and Cs showed different characteristics in each sample. Representative high field strength elements (HFSE) such as Nb, Ta, Zr, Hf, Th, Yb, and Y are characterized by stable geochemical properties; are not susceptible to metamorphism, alteration, and weathering; and are more abundant in felsic rocks than mafic rock(Zhang et al., 2017). In Figure 5A, Nb, Yb, Hf, Y, and Zr elements generally showed weak enrichment; Ta showed strong enrichment; and Th showed a weak deficit, but the depletion of C7, C4, and A14-2 were relatively strong. The transitional elements are the trace elements with affinity to mafic rock. Among the transitional elements (V, Cr, Ni, and Sc) in this study, element V has weak depletion to weak enrichment, while the contents of Cr, Ni, and Sc were relatively low compared to UCC. The overall demonstration showed the characteristics of relative depletion.
[image: Figure 5]FIGURE 5 | (A) UCC microelement standardization diagram of siltstone. UCC values refer to Rudnick and Gao (2003). (B) Chondrite REE standardization diagram of siltstone. Chondrite values refer to Taylor and McLennan (1985).
The value of the total amount of rare earth elements (ΣREE) ranged from 245.2 × 10–6 to 363.0 × 10–6, with the average level of 280.4 × 10–6, which was higher than the Laiyang Group of the lower strata (153.00 × 10−6 to 254.38 × 10–6). Most samples’ light rare earth element (LREE) content was higher, and the heavy rare earth element (HREE) content of the majority of samples was higher than UCC, but it showed a state of weak enrichment to depletion compared with PAAS. However, A14–2 showed substantial depletion with UCC and PASS. The mean value of LREE/HREE was 11.1, which was higher than that of the lower strata of the Laiyang Group (10.21) (Zhang et al., 2017) and also higher than the ratio of PAAS (9.49) and UCC (9.56). It revealed that the REE in the study area is firmly enriched, especially the LREE (Figure 5B). The average value of (La/Sm)N was 0.93, more diminutive than PAAS, while (Gd/Yb)N was 1.57, higher than PAAS, indicating that the samples had lower LREE and higher HREE with differential degrees than PAAS. Moreover, the closer the sample is to the sandstone block, the higher the (La/Sm)N value and the lower the (Gd/Yb)N value are. At A14-2, the value of (La/Sm)N was as high as 1.18, and the value of (Gd/Yb)N was as low as 1.43, indicating that both heavy and light rare earth elements had a high degree of differentiation.
All the samples showed a positive Eu anomaly (δEu = 1.10–1.66, mean = 1.28), which was more distinct than the lower part of the Laiyang Group, Lingshan Island (mean = 1.11) (Zhang et al., 2017), and negative Ce anomaly (δCe = 0.86–0.92, mean = 0.89).
But in this test, all the sandstone and igneous rock samples showed intense abnormal loss of Ba element, the content of which was only one-tenth of the previously measured values in the study area. Hence, it was considered a high outlier and was not involved in this study.
4.3 Geochemical Characteristics of Igneous Rock Samples
The composition of breccia (Figure 2) in the Laohuzui section is a metamorphic rock and igneous rock, and the metamorphic gravel is mainly gneiss. However, gneiss gravel is developed throughout the entire Laiyang Group (Li et al., 2008), so it is unlikely to use metamorphic rocks for the provenance analysis. In the research area, the Early Cretaceous volcanic activity is mainly developed in the Qingshan Group, while the volcanic activity during the sedimentary period of the Laiyang Group is relatively weak. Only volcanic rocks and volcanic breccia are developed on the top of the Haiyang area (Ren et al., 2008) and in the Shichang-Zhonglou sag (Zhou, 1999). Therefore, compared with the metamorphic breccia, the distribution of volcanic breccia in the Laiyang Group is more specific, accurately reflecting the research area’s source.
The element content of igneous gravel in the study area contained higher total alkali (K2O+ Na2O = 6.74–7.78%) and lower SiO2 content (43.47–56.82%, with an average of 49.68%), indicating that it is characterized by alkaline basalt. The CaO content of 4.70–8.95%, high Al2O3 content (15.98–20.01%, mean value 18.1%), and low Mg* value (0.38–0.44) and Ni value (23.4–59.0%) indicated that crustal mixing occurs, but not primary magma. After adjustment for loss on ignition, and cultellation at the TSA diagram (Figure 6) (Bas et al., 1986), it was shown that A12 was basanite, A3 was trachyandesite, and A4 and A14-1 were basaltic trachyandesite.
[image: Figure 6]FIGURE 6 | TSA diagram of igneous rock samples, after Bas et al. (1986). (A-phonolite, B-tephriphonolite, C-phonotephrite, E-tephrite, F-picrobasalt, G-basalt, H-trachybasalt, I-basaltic trachyandesite J-trachyandesite, K-trachyte, L-rhyolite, M-dacite, N-andesite, and O-basaltic andesite.)
5 DISCUSSION
Vertically, the geochemical data of the Laohuzui section are different from the other Laiyang Group stratum on Lingshan Island (Zhang et al., 2017). Transversely, there are also significant differences in geochemical data among samples inside the Laohuzui section. Therefore, an analysis of the sample’s geochemical properties is needed to understand the relationship between the sediment and the source area.
5.1 Sedimentary Cycle and Weathering Conditions in Provenance Areas
In this study, we use the value of index component variation (ICV) (Cox et al., 1995) to reflect the content of clay minerals and the amount of detrital input in the sedimentary cycle. The ICV value of the Laohuzui section was 0.83–1.15, with an average value of 1.0. Meanwhile, those of C2, C3, C4, and A14-2 were greater than 1. The ICV values for all the samples were much smaller than the rest of the Laiyang Group of the Lingshan Island section (mean value of 1.67) (Zhang et al., 2017). These data indicated that the primary cyclic sediments are still the major provenance of the Laohuzui section, but there is apparent recirculation sediment in the vicinity of the slump deposit.
The Na, K, Ca, and other alkali metal elements among feldspar minerals losses with the surface fluid, and clay minerals are formed simultaneously. During this process, the molar fraction of Al2O3 varies with the chemical weathering intensity (Wedepohl et al., 1969). Based on this, the Chemical Alteration Index (CIA) was proposed (Nesbitt and Young, 1982) as an indicator to reflect the degree of weathering in the provenance. The CIA values of the sandstone samples in the Laohuzui section were 58.2–71.6, with an average value of 65.0. The sample data belonged to the region of medium chemical weathering, which was higher than other sections in the Laiyang Group, Lingshan Island (mean value of 62.6) (Zhang et al., 2017).
CIA values can be represented by either numerical values or Al2O3-(CaO + Na2O)-K2O (A-CN-K) diagrams (Nesbitt and Young, 1982). From the A-CN-K diagram, the weathering trend line of the provenance was calculated and plotted, and after obtaining the weathering trend line, the composition of the provenance was determined in turn. In Figure 7A, the general distribution trend of the Laohuzui section sample data was similar to that of the lower strata of the Laiyang Group. Potash feldspathization formed during diagenesis can decrease the CIA value, which is the main reason for data deviation from the ideal weathering trend (IWT) (Nesbitt and Young, 1984). Therefore, the trend line changes in Figure 7a indicate that potash feldspathization is more developed in the Laohuzui section. The evolution line formed by CIA values and sample data in the A-CN-K diagram suggests that the sediments in the Laohuzui section of Lingshan Island are still derived from unstable weathering conditions and active tectonic settings. However, the tectonic activity in the provenance is somewhat weakened compared with other sections in the Laiyang Group, Lingshan Island.
[image: Figure 7]FIGURE 7 | Weathering degree discrimination diagram of the Laohuzui section and the lower strata of the Laiyang Group. (A) Al2O3-(CaO + Na2O)-K2O molecular proportion for siltstone, Sm: montmorillonite; Mos: illite; Pl: plagioclase; and Ksp: potassium feldspar, modified from Nesbitt and Young (1982). (B) K2O–Rb discrimination diagram for the provenance of siltstones, after Di Leo et al. (2002).
The K2O–Rb discriminant map (Di Leo et al., 2002) was also used to distinguish the provenance compositions, and the plotted point showed that the Laohuzui section is significantly more inclined to be the provenance of pyroclastic deposits (Figure 7B). In sediment circulation, U significantly decreased when Th remained unchanged. Thus, Th/U can judge the weathering degree of samples (McLennan et al., 1993). The mean Th/U ratio of the Laohuzui section was 4.84 with a minimum value of 3.37 and the maximum value of 6.57, which was higher than UCC and other sections in the Laiyang Group, Lingshan Island (3.19) (Zhang et al., 2017), similar to PAAS. These data also reflect a higher weathering degree in the source area. K2O/Al2O3 was between 0.18 and 0.30, and Ga/Rb was between 0.17 and 0.29, reflecting the conditions of weak weathering in the source region (Roy & Roser, 2013).
In conclusion, during the depositional period of the Laohuzui section, weathering is weak. Therefore, the main controlling factor of sediment composition is the geological environment of the provenance area. So, the geochemical data analysis of the section can be used as tracer evidence of the provenance area. The analysis results showed that the provenance of the Laohuzui section was generally consistent with the lower strata of the Laiyang Group, Lingshan Island. However, the weathering of provenance for each sample was more significant than in other sections of this region, and the degree of weathering was significantly different between each sample, which showed that closer to the slump structures, the weathering degree is stronger. Thus, the provenance of the slump structures is different from that of the lower strata of the Laiyang Group. The sediment slump structures receive input from a more weathered and more stable tectonic environment area. This phenomenon is probably related to the tectonic inversion between the Laiyang Group and the Qingshan Group.
5.2 Provenance Component Analysis
The geochemical characteristics of detrital rocks can comprehensively reflect the sediment provenance, denudation, and transportation process. Although the weathering degree of the lower strata for the Laiyang Group in Lingshan Island was increased, the provenance was still dominated by immature sediments (SiO2/Al2O3 < 6), and the weathering degree was low (CIA <70). Therefore, the geochemical properties of the Laohuzui section samples represent the provenance properties of the Laohuzui section to a large extent.
As an inactive element, Ti almost does not differentiate from Al during deposition (Hayashi et al., 1997). Therefore, Al2O3/TiO2 can effectively reflect the lithology of the sedimentary provenance: the Al2O3/TiO2 ranges of the mafic rocks, mafic–felsic transition igneous rocks, and felsic end-member igneous rocks were 3–8, 8–21, and 21–70, respectively (Hayashi et al., 1997). The ratio of Al2O3/TiO2 in the Laohuzui section was 21.18–33.14, with an average value of 24.59, which is lower than that in the lower part of the Laiyang Group (mean value of 31.01) (Zhang et al., 2017) and still belongs to the felsic end-member provenance (21–70). The major element provenance discriminant plot (Roser and Korsch, 1988) can also discriminate provenance properties. The Laohuzui siltstone samples of Lingshan Island were mainly plotted in zone P3, while the samples C8 and C5 were in zone P4 (Figure 8A), indicating that the Laohuzui section mainly originates from the acidic igneous zone, with the addition of small part of the ancient sediments, similar to the rest of the Laiyang Group section.
[image: Figure 8]FIGURE 8 | Identification of provenance in the Laohuzui section. (A) Main element provenance discriminant plot, the F1 and F2 computing method and the fields of different tectonic settings are from Roser and Korsch (1988). (B) La/Th–Hf plot for the provenance of the siltstone, after Floyd and Leveridge (1987). (C) Co/Th–La/Sc plot for the provenance of the siltstone, after Gu et al. (2002).
The contents of transitional elements in the siltstone generally revealed a weak deficit, but the deficit degree is weaker than that in the lower strata of the Laiyang Group. At the same time, V presented a weak enrichment phenomenon, indicating that compared with the lower strata of the Laiyang Group, the content of mafic rock in the provenance of Laohuzui siltstone increased.
In the provenances of felsic and mafic rocks, the contents of elements such as La, Th, and Hf were significantly different, and the properties are stable. Therefore, the composition of provenance can be inferred by analyzing the contents and ratios (Cullers, 1995). In the La/Th-Hf provenance attribute discrimination diagram (Figure 8B), the sample points of the Laohuzui section were mainly distributed in the provenance of felsic and basic rock mixture, which is different from the lower strata of the Laiyang Group concentrated in the source area of felsic provenance. Moreover, from the bottom-up, the samples showed an increasing trend of basic rock provenance, and C4 had the highest content of basal matter source, which comes from the center of the olistolite. This change shows that the provenance changes gradually during the deposition, and the provenance changes from felsic to the mixture of felsic and basic rocks, indicating that the provenance of the olistolite is mainly basic rock.
The geochemical behavior of Eu is different from that of other trivalent REEs, which results in the positive or negative anomaly of Eu (Ding et al., 2003). Most of the feldspar developed rocks, such as granites, felsic metamorphic rocks, and sedimentary rocks from continental provenance, have obvious Eu negative anomalies (Zhao et al., 2013; Tian et al., 2015). The δEu value of the Laohuzui section samples was 1.10–1.66, with an average value of 1.28, indicating a medium positive anomaly. This demonstrated that there was an addition of basal and ultrabasic source rocks in the provenance during the sedimentary section period, which were different from the felsic provenance from the lower part of the Laiyang Group (with an average value of 0.70).
Sediments can well inherit REE characteristics of rocks in the provenance. Thus, they are suitable for judging the properties of the source area. The LREE/HREE ratio (average of 11.1) for the Laohuzui section is higher than that of the lower strata (10.2) for the Laiyang Group, Lingshan Island, which indicated that compared with the lower strata, the Laohuzui section is mixed with the basic rock provenance.
The La/Sc and Co/Th ratios can effectively reflect the average components of the provenance with different chemical components (Taylor and McLennan, 1985). The La/Sc values of all samples in the Laohuzui section were distributed in 4.33–5.75, and the Co/Th values were distributed in 2.18–4.37, all of which are larger than the lower section of the Laiyang Group (La/Sc: 3.4–4.5; Co/Th: 0.69–1.99) (Zhang et al., 2017). The Co/Th–La/Sc diagram (Figure 8C) shows that the Laohuzui section provenance is an obvious mixture source.
5.3 Provenance of Tectonic Setting Analysis
The geochemical composition of clastic rocks can represent the properties of provenance and the tectonic setting of the formation of clastic source rocks. The use of geochemical composition to identify the tectonic setting of sedimentary basins has a long history (Mader and Neubauer, 2004; Yan et al., 2006; Song et al., 2013; Wu and Fu, 2014).
5.3.1 Siltstone Tectonic Setting Analysis
The SiO2/Al2O3–K2O/Na2O diagram (Figure 9A) (Maynard et al., 1982) shows that all the samples of the Laohuzui section were cast into A1 (island arc of basaltic and andesitic detrital), except for the points of C3 and C7, which were cast into active continental margin (ACM). It indicates that the provenance is mainly felsic provenance, with a few active continental margin sources mixed in.
[image: Figure 9]FIGURE 9 | Tectonic setting discrimination diagram of main element provenance of Laohuzui section siltstone. (A) K2O/Na2O–SiO2/Al2O3 discrimination diagram for provenance tectonic setting of siltstones in the Lingshan Island, after Maynard et al. (1982); (B) SiO2–K2O/Na2O discrimination diagram for provenance tectonic setting of siltstones in Lingshan Island, after Roser and Korsch (1986); (C) tectonic setting discrimination diagrams of Al2O3/SiO2-(FeO + MgO)/(SiO2 +K2O + Na2O), after Kumon and Kiminami (1994) (ARC: oceanic island arc; ACM: active continental margin; PM: passive continental margin; A1: island arc of basaltic and andesitic detrital; A2: evolved island arc of intrusive felsic rock detrital; IIA: immature island arc; EIA: evolved island arc; and MMA: mature magmatic arc).
The SiO2–K2O/Na2O tectonic setting discrimination diagram (Roser and Korsch, 1986) shows (Figure 9B) that the plotted points were mainly distributed in the active continental margin, while C4 and C2 were in the oceanic island arc provenance. Compared with the lower strata of the Laiyang Group, the provenance is obviously inclined to the active continental margin.
The tectonic setting discrimination diagrams of Al2O3/SiO2-(FeO + MgO)/(SiO2+K2O + Na2O) (Figure 9C) (Kumon and Kiminami, 1994) can well reflect the sedimentary tectonic environment of the provenance. The immature island arc (IIA), evolutionary island arc (EIA), and mature magma arc (MMA) in Figure 9c are equivalent to the oceanic island arc, continental island arc, and active continental marginal environment, respectively (Bai et al., 2007). It was also observed that the provenance of sediments from the lower strata of the Laiyang Group to the Laohuzui section has gradually transformed from the island arc environment to the active continental margin environment.
La, Th, and Zr are strongly incompatible elements, while Sc and Co are strongly compatible elements. All the aforementioned elements are weak mobility elements, difficult to dissolve, and can be completely transferred to clastic rock deposits during weathering, transportation, and deposition. Therefore, they can well reflect the geochemical properties of provenance, and their content and ratio can be used to determine the nature of the source area (Taylor & McLennan, 1985; Bhatia and Crook, 1986; McLennan et al., 1990; Gu et al., 1994; Gu, 1996). A series of element discriminant diagrams have been established accordingly (Bhatia and Crook, 1986; Girty et al., 1993), reflecting that compared with the lower strata of the Laiyang Group of the Lingshan Island, the provenances of the Laohuzui section are relatively mixed. The Th–Co–Zr/10 diagram (Figure 10A) shows that the Laohuzui section is dominated by the oceanic island arc, while the Th–Sc–Zr/10 diagram (Figure 10B) is around the continental island arc, and the La–Th–Sc (Figure 10C) is not in the discrimination area. The La–Th–Sc diagram (Figure 10D) places the points in the passive continental margin.
[image: Figure 10]FIGURE 10 | Trace element plots of siltstones from the Laohuzui section for tectonic discrimination. (A) Th–Co–Zr/10 diagram, after Bhatia and Crook (1986). (B) Th–Sc–Zr/10 diagram, after Bhatia and Crook (1986) (C) La–Th–Sc, after Bhatia and Crook (1986). (D) La–Th–Sc diagram, after Girty et al. (1993) (PAAS: post-Archean Australian shale; MA: model andesite; MAR: magmatic arc related; (A) oceanic island arc; (B) continental island arc; (C) active continental margin; and (D) passive continental margin).
The trace elements and REE parameters have different distribution characteristics under different tectonic settings. Among them, the characteristic trace elements and their ratio parameters with the most discriminant significance can sensitively reveal the sediment characteristics of different tectonic settings (Bhatia, 1985; Bhatia and Crook, 1986) (Table 2). The contents of elements in the Laohuzui section sandstone were compared with the relevant parameters in an oceanic island arc, continental island arc, active continental margin, and passive continental margin. The results showed some variation, but the provenance mainly comes from the continental island arc provenance, followed by the active continental margin provenance; few oceanic island arc provenances exist.
TABLE 2 | Comparison of the chemical composition of sandstone in different tectonic settings in the Laohuzui section.
[image: Table 2]The aforementioned studies demonstrated differences in the conclusions of the tectonic environment discrimination of the detrital rocks in the Laohuzui section. The features of major elements showed that the island arc environment is the main provenance, partly reflecting the features of continental margin deposition, and the closer it is to the center of the slump deposit, the more obvious the features of continental margin deposition are. The trace element characteristics and the discrimination map revealed that the provenance comes from various sedimentary environments, but the continental island arc environment is the main one. In conclusion, the provenance of the Laohuzui section is relatively mixed, which is mainly island arc provenance and mixed with provenance such as active continental margin. Compared with the lower strata deposits of the Laiyang Group, where almost all provenances come from the continental island arc, the provenance input of the Laohuzui section is significantly increased.
5.3.2 Igneous Rocks Tectonic Setting Analysis
Igneous rock and metamorphic rock gravel in sedimentary rocks may record the provenance’s past material composition and evolutionary history, which is an essential indicator of the source area. In the chondrite meteorites standardization (Figure 11B), the samples showed the LREE enrichment and HREE depletion, among which LREE = 231.4–351.8, HREE = 20.9–39.9, and LREE/HREE = 7.44–11.96 (La/Yb)N = 0.93–1.91; and the samples showed Eu positive anomaly (δEu = 1.29–2.27), indicating the crystallization development in magmatic rocks and the enrichment of plagioclase. The overall distribution of rare earth elements reveals deep source magma, consistent with that seen in thin sections. In the original crustal standardization (Figure 11A), the high field strength element (HFSE) and large-ion lithophile element (LILE) were deficient. The mean value of (K2O + Na2O) was 7.17, and the Ritman index was greater than 3.5, indicating a slightly alkaline rock assemblage with typical deep fault zone volcanic rock characteristics.
[image: Figure 11]FIGURE 11 | Standardized analysis of igneous rock in the Laohuzui section and surrounding areas. (A) Standardization of REE chondrites in igneous rock samples from the Laohuzui section. (B) Original crustal standardization of trace elements in igneous rock samples from the Laohuzui section. (C) Standardization of REE chondrites in igneous rock samples from the lamprophyre in the lower part of the Laiyang Group, data from Wang et al. (2015). (D) Original crustal standardization of trace elements in igneous rock samples from the lamprophyre in the lower part of the Laiyang Group, data from Wang et al. (2015). (E) Standardization of REE chondrites in igneous rock samples from the Zhucheng-Taolin area, data from Zhang et al. (2017). (F) Original crustal standardization of trace elements in igneous rock samples from the Zhucheng-Taolin area, data from Zhang et al. (2017).
The statistical analysis was performed on the igneous geochemical data of surrounding areas, and these data were compared with those in the study area. It was found that these geochemical properties of igneous rock samples were consistent with the lamprophyre wall in the lower part of the Laiyang Group, Lingshan Island, and the feldspathic alkaline rocks and diorites developed around 123 Ma in the Zhucheng-Taolin area (SiO2 = 51.28–66.83%, K2O + Na2O = 5.35–9.68%, TFe2O3 = 4.15–7.09%, and TiO2 = 0.76–0.88%, No Eu negative anomaly); and they all have shown low Rb/Sr(<0.15), high Zr/Hf, and have the same distribution in the standardization of chondritic meteorites (Wang et al., 2015; Zhang, 2017) (Figures 11C–F). The aforementioned characteristics indicate that the main sources of volcanic rocks and gravel in the Laohuzui section are the same as the intrusive dike in the Lingshan Island area and igneous rocks in the Zhucheng-Taolin area. They all come from heterogeneous mantle sources and have experienced significant fractional crystallization. Spatially, the Lingshan Island area and the Zhucheng-Taolin area are located on both sides of the Jiaonan uplift, and they have similar sedimentary processes (Ni et al., 2016), suggesting that the igneous breccia in the Laohuzui section of the Early Cretaceous may have been affected by the same provenance as the western area of the Jiaonan uplift.
5.4 Sedimentary Environmental Analysis
The geochemical characteristics can reflect the sedimentary paleoenvironment through element migration during sedimentary diagenesis and explore the changes in the sediment provenance of the Laohuzui section.
5.4.1 Redox State Analysis
The water body under an anoxic environment shows Ce enrichment during the deposition process, which can be used to judge the redox state of the ancient water body. Ceanom < −0.1 indicates the oxidation environment; otherwise, it reflects the anoxic environment (Raiswell et al., 1988; Wang X. X et al., 2014). The Ceanom value of the Laohuzui section was −0.063 to 0.021 with the mean value of −0.048, greater than −0.1, indicating an anoxic environment.
Compared with Ni, in an anoxic environment, V can precipitate more effectively in organic complexes, resulting in more efficient precipitation in the form of organic complexes. The value of V/(V + Ni) > 0.46 indicates that sediments are deposited in an anoxic environment (Hatch and Leventhal, 1992). The V/(V + Ni) value of the Laohuzui section was 0.74–0.96, with the average value of 0.80, which was greater than 0.46, indicating that the sedimentary water is in a reductive environment.
5.4.2 Paleosalinity State Analysis
The higher the water salinity, the higher is the content of B ions in the sediments. Both are linearly correlated. The B contents in the freshwater, sea–land transition zone, and seawater are less than 80 × 10–6, between 80 × 10–6 and 100 × 10–6, and more than 100 × 10–6, respectively (Degens et al., 1957). The B contents in the Laohuzui section ranged from 40 × 10–6 to 113 × 10–6, with significant differences between samples. C4 and A14-2 inside the olistolite were freshwater deposits, and C1-1 and C3 from the lower part of the olistolite were saltwater deposits, while the rest of the samples were brackish water deposits; and all the salinity was lower than that in the lower part of the Laiyang Group of Lingshan Island (average content of 149 × 10–6). In summary, the Laohuzui section is invaded by freshwater sediment from the source of an olistolite under the sedimentary environment of saltwater.
Contrary to B, Ga is enriched in freshwater. Thus B/Ga = 4.5 is taken as the dividing line between a high-salinity saltwater environment and a freshwater environment (Wu, 2001; Li et al., 2009). The B/Ga values of the Laohuzui section were 2.25–6.56, among which those for samples C4, C2, C5, C8, and A14-2 were less than 4.5. The overall salinity of the Laohuzui section is less than that of the lower strata of the Laiyang Group, Lingshan Island (average content 6.93) (Zhang et al., 2017), which also shows the intrusion of a freshwater source of the olistolite, and the closer it is to the olistolite, the lower the salinity is.
5.4.3 Paleoclimate State Analysis
The paleoclimate discriminant diagram (Figure 12) (Suttner and Dutta, 1986) was used to judge the climatic environment when clastic rocks are deposited. In general, the Laohuzui is an arid–semi-arid environment.
[image: Figure 12]FIGURE 12 | Paleoclimate discriminant diagram, after Suttner and Dutta (1986). It shows that the Laohuzui section is an arid–semi-arid environment.
The enrichment of elements in different climates is different. Thus, the climate index (C value) calculated based on this characteristic can be used to judge paleoclimate status (Guan, 1992; Cao et al., 2012; Feng et al., 2014; Wang et al.). The C value between 0 and 0.2 can represent an arid climate, a semi-arid climate between 0.2 and 0.4, a semi-humid climate between 0.4 and 0.6, and a humid climate greater than 0.8. The C value distribution of the Laohuzui section was 0.31–0.57, among which the C value of the slump sample was the smallest but was generally larger than the lower strata of the Laiyang Group (0.28–0.47).
When the Sr/Cu value is between 1.3 and 5, the reaction area has a warm and humid climate, while when the ratio is greater than five, the climate is mainly arid and hot (Lewan and Maynard, 1982). The distribution of Sr/Cu values in the Laohuzui section was significantly different (4.64–29.22), and the ratios were the largest near the slump deposit, but both were smaller than the lower strata of the Laiyang Group. The aforementioned data showed that the strata in the Laiyang Group of Lingshan Island gradually changed from dry to wet from bottom to top, and the Laohuzui section was invaded by olistolite from an arid environment.
5.5 Tectonic Significance
The geochemical data of sediments in the Laohuzui section showed that the main provenance is the same as the lower strata of the Laiyang Group, Lingshan Island. But because of the invasion of olistolite, they have received a mixture of other provenance sediments with different properties. Moreover, the geochemical analysis showed that volcanic breccia in the Laohuzui section is similar to igneous rocks in the Zhucheng-Taolin area on the west side of the Jiaonan uplift. It is suggested that the source of the intrusion may be the same as the volcanic rocks and pyroclastic rocks developed in the Zhucheng-Taolin area.
The junction of the Laiyang Group and Qingshan Group in the Lingshan Island area is 125–128 Ma (Meng et al., 2018). A slight tectonic inversion occurred in the study area during this period. Simultaneously, the stratum has experienced rapid and substantial uplift and denudation at the top of the Laohuzui section, forming an unconformity (Dong, 2014; Zhou et al., 2018). However, the age of the upper and lower strata on the unconformity surface is basically continuous, showing that the unconformity at the junction of the Laiyang Group and Qingshan Group is not subjected to long-term and large-scale denudation.
The olistolite in the Laohuzui section has a mixed internal structure with developed mud-gravel, and the siltstone properties showed a gradual change from the bottom-up (Figure 2). Thus, it can be inferred that the sediment in the Laohuzui section cannot be transported too far away and may originate from the nearby orogenic belt. However, the geochemical properties of the slump sediments are quite different from other strata in the lower Laiyang Group of Lingshan Island, which indicates that the current turbidity sediments in the lower strata of the Laiyang Group are distant to the source of the olistolite and should be distant turbidite deposits.
The provenance of the Zhucheng-Taolin area in the Early Cretaceous was mainly from the Jiaonan uplift in the east, and the igneous rocks were formed around 123 Ma. The lower strata developed fluvial and lacustrine facies deposits with relatively weak tectonic activity, the upper strata had increased tectonic activity, the boundary fault was strong and volcanic breccia developed, and the climate changed from hot and humid to arid and semi-arid (Jiang and Xiong, 1993; Zhang, 2017). The sedimentary sequence showed that the provenance of sedimentary sandstone at the end of the Laiyang Group in the Zhucheng-Taolin area tends the tectonic environment to change from an active continental margin to a continental island arc environment, which indicates that the Laiyang Group in the Zhucheng-Taolin area accepted the mixing of marine sediments in the late period (Ni et al., 2016).
The formation and structural process of the Zhucheng-Taolin area has similar characteristics, formation time, and sedimentary form as the Laiyang Group of Lingshan Island. This feature also indicates that they share the same provenance when the Laohuzui section is deposited, in which both came from the northwestern Jiaonan uplift. In addition, it is visible from the geological map (Figure 1) that the Lingshan Island area and the Zhucheng-Taolin area are located on both sides of the Jiaonan uplift. This suggests that in the Early Cretaceous, both received provenance from the Jiaonan uplift and experienced the same sedimentary process. It is also consistent with previous studies that the Lingshan Island region in the Laiyang period has a relatively unified evolutionary mechanism with the Jiaolai basin (Zhou et al., 2015). Nowadays, the distance between the two is as high as 70 km, indicating that strong dislocation occurred between the Lingshan Island area and the Zhucheng-Taolin area after the olistolite deposition, which agrees with the strong sinistral strike-slip motion developed in the later period of the Laiyang Group (Zhang, 2017).
In conclusion, the sedimentary process of the Lingshan Island area at the end of the Laiyang Group has been stable in accepting distal turbidity current deposition in Early Cretaceous, forming extremely thick and stable interbedded siltstone deposit (Figure 13A). However, the tectonic inversion phenomenon developed at the junction of the Laiyang Group and Qingshan Group (125 Ma) is likely to lead to short and rapid stratigraphic uplift. The strong tectonic movement will lead to frequent earthquakes and the development of soft sedimentary deformation structures in the lower strata of the Laiyang Group in the Lingshan Island area. On the other hand, the slump deposit developed near the junction of the Laiyang Group and Qingshan Group (Figure 13B) made the strata in the Laohuzui section receive a mixture provenance from the continental margin, which is the same as the Zhucheng-Taolin area. Subsequently, through a short calm period, they continued to accept the distal turbidity current deposits (Figure 13C). Finally, it entered the tectonic extension period again and accepted the igneous rock deposits of the Qingshan Group (Figure 13D).
[image: Figure 13]FIGURE 13 | The sedimentary model of the Laohuzui section in the Lingshan Island area. (A) Interbedded siltstone deposits at the end of the Laiyang Group. (B) Tectonic inversion developed, causing slump deposits to develop near the junction of the Laiyang Group and Qingshan Group. (C) During the short calm period, the Laohuzui section continued to accept the mixture provenance from a continental margin and form distal turbidity current deposits. (D) Tectonic extension period, when the Qingshan Group accepted the igneous rock deposits.
6 CONCLUSION

1) The large slump deposit of the Laohuzui section was developed in the tectonic inversion period between the Laiyang Group and Qingshan Group in the Lingshan Island area, showing that the closer the olistolite is, the more severe the formation deformation is. Morphologically, it showed completely different characteristics from the extremely thick turbidity current interbedded siltstone sediment developed with the soft sedimentary deformation structure in the lower part of the Laiyang Group of Lingshan Island. Compared with the sediments in the lower Laiyang Group of Lingshan Island, the sediments in the Laohuzui section showed larger particle size and higher cuttings content, igneous rock and metamorphic rock gravel development, and the closer to the olistolite, the more distinct these characteristics are.
2) A detailed study on the geochemical characteristics of the sandstone samples from the Laohuzui section showed that the provenance is similar to other strata in the Laiyang Group. The primary provenance is still the weakly weathered continental island arc provenance in the humid environment but mixed with many types of sediment from the strongly weathered continental margin in the arid environment. The changes in provenance demonstrated that the Lingshan Island area was subjected to the mixing of near-source materials from the nearby orogenic belt in the late period of the Laiyang Group, and the significant difference in the properties of the two provenances also supported that the turbidite deposit in the lower strata of the Laiyang Group in the Lingshan Island area is a distant deposit.
3) The geochemical properties of the igneous rock in the Laohuzui section olistolite are similar to the dike in the lower part of the Lingshan Island and the igneous rock deposit in the Zhucheng-Taolin area. The Lingshan Island area and the Zhucheng-Taolin area also have similar sedimentary processes. These results suggest that both were located on two sides of the same orogenic belt at the end of the Early Cretaceous, and both received provenance supplies from the Jiaonan uplift.
4) At the end of the Laiyang Group, the Lingshan Island area experienced a short and rapid tectonic uplift under the influence of tectonic inversion, transformed from the distal turbidity current sediments in the lower part of the Laiyang Group to the sediments at the junction of the Laiyang Group and the Qingshan Group, subjected the sediment at the junction to a mixture of sediment sources from the continental margin, and suffered short denudation. Subsequently, it entered the tectonic extension period again to accept the sediment of the Qingshan Group.
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(GANb)n 1.85 143 1.56 1.37 143 1.44 164 144 144 139 215 220 253
(La/Yb) 158 119 1.48 1.28 1.40 135 178 145 194 094 157 192 145
Ceanom -0.02 -0.04 -0.04 -0.05 -0.06 -0.05 -0.06 -0.06 -0.05 -0.06 -0.01 -0.04 -0.06

Note: (a) FezOs” = FezOs+1.1113xFe0.

(b) F1= (~1.773Ti0)+ (0.607A1,03)+ (0.760Fe,05T)+(~1.500MgO}+{0.616Ca0}(0.509Na;0)+(~1.224K20)+(-9.090);
F2=(0.445Ti02)+(0.070A1,03)+(~0.250Fe 205T)+(~1. 142MgO0)+(0.438Ca0)+(1.475Na,0)+(1.426K,0)+(-6.8611) (after Roser and Korsch, 1988).
(0) ICV= (Fez05+K20 + NazO + CaO + MgO + MnO + TIO)/AlOs(percentage).

(@) CIA = [(ALOy/(Al,05+Ca0"+NaO + K:0)Jx100(molar weight).

(6) CaO" comection accordling to the formula proposed by McLennan et al. (1993).

(9 6Eu = 2xEUN/SMN + GalN).

(9) 8Ce = 2xCen/(Lay + Nol), where N represents standardization of PAAS, and chondite values refer to Taylor and McLennan (1985).

(1) Céaom = Igi3Cen/(2Lay + Noly], where N is the standardization of North American shale, and the value of North American shale refers to Gromet et al (1985).

() Mg* = MgO/(MgO + FeO).
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