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A total of 43 seafloor surface sediment samples collected from the offshore region surrounding the Leizhou Peninsula were analyzed in terms of the total organic carbon content (TOC), total nitrogen (TN), organic carbon isotope (δ13Corg) and sediment grain size. Our results showed that the organic carbon content in the samples ranged from 0.12 to 0.79%, with an average of 0.42% which was lower compared with other offshore regions of China, whereas the δ13Corg was in the range of −22.47‰ to −19.18‰. The total nitrogen content ranged from 0.011 to 0.100% which was also low. The combination of δ13Corg and TOC/TN ratio (5.1–14.3) suggested that the organic matter is dominant by marine authigenic source input, as marine sourced organic matter accounts for 71%, 82%, and 75% in the sediments from the offshore areas of the east side, west side and the south (Qiongzhou Strait) of the Leizhou Peninsula, respectively. The weak/poor correlations between the organic carbon and clay, silt content, the pH and Eh value suggested that organic matter abundance and distribution were influenced by the source input of organic matter, the seafloor sediments’ redox status, and seawater’s hydrodynamic condition.
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1 INTRODUCTION
The ocean is the most important carbon pool on the earth’s surface and a vital system of the global carbon cycle (Gao et al., 2008; Larowe et al., 2020; Yu et al., 2021). The total carbon storage in the ocean is about 50 times that of carbon in the atmosphere (Falkowski et al., 2000), and plays an important role in regulating atmospheric CO2 concentration. Al thought accounting for just 7.6% of the total global ocean area, the marginal sea plays a major role in the global carbon cycle (Bianchi et al., 2018), as the coastal zone and shelf marginal sea sediments account to more than 96% of yearly buried carbon of the whole ocean (Burdige, 2005; Burdige, 2007). While the buried marine organic matter (OM) also plays a key role in controlling atmospheric carbon dioxide and oxygen concentrations in addition to the fossil fuel formation over the past 500 million years (Berner et al., 2003). Therefore, the study of the organic carbon abundance and its distribution in the offshore seafloor sediments is of scientific significance for understanding and predicting future marine ecological environments and changes (Borges et al., 2005).
Many studies have been carried out on the organic matter abundance and distribution of the seafloor surface sediments in China’s offshore areas, such as the Bohai sea (Gao et al., 2016; Wang et al., 2020; Yang et al., 2021), the Yellow Sea (Xiong et al., 2013; Zhang et al., 2014; Liu et al., 2020), the Yangtze River Estuary (Kang et al., 2014; Fan et al., 2017; Zhang et al., 2020), the East China Sea (Guo et al., 2001), and the Pearl River Estuary in the northern South China Sea (Lian et al., 2019; Yuan et al., 2019; Liu et al., 2018). Guangzhou Marine Geological Survey had conducted a comprehensive research project of “Holocene Environmental Evolution and Anthropogenic impact of the Beibu Gulf, South China” since 2009. In this project, two joint expeditions with the Leibniz Institute for Baltic Sea Research of Germany were carried out in 2009 and 2011, respectively. The objectives of this project were focused on the acquisition of new data such as ocean graphic data, bathymetric measurements, high-resolution seismic data on the structure of Quaternary sediments (Cui et al., 2017). For the first time, a map of Holocene stratigraphic thickness distribution in the eastern Beibu Gulf has been created, with two depositional centers and six provenance areas delineated (Cui et al., 2017). After establishing a long-term topography evolution model for the Beibu Gulf and inverting paleotopographic changes since 6,000 BP, the sedimentary environment evolution history of Beibu Gulf was investigated (Cui et al., 2017). The outcome of this project and other previous studies had also provided some new information on the organic carbon contents, some specific molecular compounds and heavy metal pollutants (Zhang et al., 2011; Zhang et al., 2012; Chen et al., 2014; Cui et al., 2015; Jin et al., 2019; Liu and Chao, 2019). However, the expedition and sampling area of this project-were mainly in the far offshore and relatively deep-water areas, and there is a lack of investigation on sedimentary organic matter in the near coastal region surrounding the Leizhou Peninsula.
Being the important low latitude marine continental transition zone, the offshore surrounding the Leizhou Peninsula is a typical region which influenced by the East Asian monsoon. The coastal area of the Leizhou Peninsula is also the most important region of the mangrove ecosystem in China and it may have significant effects on the carbon pool of marine sediments in the offshore region (Yang et al., 2012). Furthermore, there is intense aquaculture in the shallow coastal water and bay region along the Leizhou Peninsula offshore. These offshore aquaculture industries would consume a large amounts of fish food. Therefore, the metabolic activities of the cultured organisms will impact the abundance of organic matter in the offshore sediments. In general, the abundance and preservation of organic matter in the seafloor surface sediments are controlled by the primary productivity and sedimentary environment, and influenced by human activities in this region. In this study, we aimed to investigate the total organic carbon content in the seafloor sediments and its distribution, origin and controlling factors in the offshore region surrounding the Leizhou Peninsula and study the carbon preservation in the nearshore seafloor sediments and their environmental significance.
2 SAMPLES AND EXPERIMENTS
2.1 Geological and Geographical Background of the Study Area
Being the third-largest peninsula in China, the Leizhou Peninsulalocates at the southern tip of the Chinese mainland (Figure 1). The peninsula is about 140 km long from north to south and 60–70 km wide from east to west which covers more than 13,000 km2, and is surrounded by the Zhanjiang Bay (formerly known as Guangzhou Bay), the Qiongzhou Strait and the Beibu Gulf with a coastline about 1,180 km. A few small rivers enter the surrounding sea area including the Nandu River, the Xixi River, the Yingli River, the Tongming River, and the Jianjiang River. Although these rivers have small flows, their influence on organic carbon input and preservation in the seafloor sediments could not be ignored. They could carry terrestrial organic matter into the offshore area. The coastline of the peninsula is quite twisty, and there are many harbors and islands. The great variation in the geomorphologic condition of the coastline could also cause significant changes in the sedimentary condition of the offshore region. The eastern part of the Leizhou Peninsula is a kind of coast consisting of platform submerged bay, the southern part is a kind of volcanic platform coast, and the west is the coast consisting of sea terrace and platform submerged bay. The type of tide and its impact on the east and west coastlines of the peninsula are significantly different. An irregular semi-diurnal tide affects the east coast and the west coast is affected by a regular diurnal tide. The tidal conditions in the Qiongzhou Strait are more complicated, as the flood tide runs from the west to the east and the ebb tide runs from the east to the west. The eastward currents flow fast than the westward currents (Liu et al., 2015). From previous studies based on the trajectory of the drifting bottle in the offshore region of the western Guangdong and the fixed-point observation of the currents, the coastal currents in western Guangdong generally flow to the southwest all the year round, and goes south along the east coast of the Leizhou Peninsula (Yang et al., 2003). In addition, the direction of the waves in the Beibu Gulf area depends on the wind direction, and the waves are mostly northeast direction during winter and the southwest direction during summer (EBCBS, 1993). Therefore, the sedimentary environments in the offshore region of the Leizhou Peninsula are complicated. The marine survey and sampling region are in the offshore area of the Leizhou Peninsula, within a geographical range between 20°15′∼21°30′N north latitude and 109°30′∼111°45′E east longitude (Figure 1).
[image: Figure 1]FIGURE 1 | Map of the near offshore region and sampling locations surrounding the Leizhou Peninsula.
2.2 Sample Collection and Analytical Methods
The seafloor sediment samples were collected using a gravity box sampler during the Guangdong Ocean University’s comprehensive marine environmental and ecological survey surrounding the Leizhou Peninsula in autumn 2017 (September 29 ∼ October 7). A total of 43 seafloor surface sediment samples were obtained from 57 pre-determined sampling sites as shown in Figure 1. The water depth of the sampling sites ranges from 8 to 50 m and is listed in Table 1. It should be pointed out that about 13 locations among the 57 sampling sites were sandy seabed where the sandy samples were not collected. The on-site measurement of the samples’ redox potential (Eh) and pH values were immediately carried out when the sediments were taken to the rear deck of the vessel. However, these on-site measurements were only performed on the sampling sites where the sampled sediment column was in good shape and not severely disturbed by the sampling process from the seafloor. A DZB-718L portable multi-parameter analyzer coupled with an oxidation-reduction potential (ORP) platinum electrode and pH glass electrode (with an accuracy of 0.1 mV and 0.1, respectively) was used for measuring Eh and pH values. The electrodes were rinsed with ultra-pure water before use, then Eh and pH electrodes were calibrated with ORP standard solution and standard buffer solutions (pH = 4.01, 7.00, 10.01), respectively. The calibrations satisfy the requirement that the values of three consecutive measurements were the same, and the values were rapidly stable within 1 min of each measurement. The sediment samples were collected on-site by taking the undisturbed 0–10 cm thickness of top layer sediments from the sediment block taken by the box sampler and packed into the PE (TWIRL’’EM) sterile sample bag. After removing air from the sample bag, the sealed sample bags were frozen and stored in the refrigerator. The samples were carried back to the laboratory and freeze-dried for further treatment and following experimental analysis.
TABLE 1 | TOC content and related measurement data in the offshore samples of the Leizhou Peninsula.
[image: Table 1]2.3 Sediment Grain Size Analysis
The particle size analysis was performed on a Malvern Mastersizer 2000 laser particle size analyzer. Before measuring particle size, a small amount of the original wet sediments was treated with 30% H2O2 solution to remove organic matter. Precisely 1 mol/L hydrochloric acid was added to remove carbonate, followed by washing with ultra-pure water. The final sediment residue was added with sodium hexametaphosphate as a dispersant with full shaking and then ready for particle size analysis. Instrumental measurement’s size range was 0.2∼1,000 µm with a granularity resolution of less than 0.01 Φ. Particle size distributions were accounted as an incremental percentage as particles smaller than 4 μm were considered as clays, 4∼63 μm as silts and particle size larger than 63 μm as sand (Folk et al., 1970). The relative error of repeated measurements was <1%.
2.4 TOC, TN and Organic Carbon Isotope Analysis
The freeze-dried sediments were initially ground to 100 mesh powder for instrumental analysis or further treatments. For TOC analysis, the powder samples were treated with 10% hydrochloric acid to remove the inorganic carbon (Schubert and Calvert, 2001; Liu et al., 2015). The dry powder sediments were initially soaked with 10% hydrochloric acid under heating of 60°C for 24 h, and then using a centrifuge to remove the supernatant. They were treated with 10% hydrochloric acid again for 4 h to remove the residue carbonate. The solid residues were washed with ultra-pure water to neutrality and dried at a temperature of 60°C. And then take about 20∼30 mg of the treated residue powder sample for instrumental analysis of TOC. According to the weight difference before and after pickling, the final content of total organic carbon in the sample was obtained by adjusting measured data to the sample weight before acid treatment. While the total nitrogen (TN) was measured using the initial powder samples without any further treatment. Both TOC and TN measurement was performed on a German Elementar vario MACRO Organic Element Analyzer. The analysis errors of TOC and TN were ±0.02% and ±0.005%, respectively.
The organic carbon isotopic (δ13Corg) analysis was performed on the carbonate-free samples by a Sercon 20-22 isotope ratio mass spectrometer at the Marine and Environmental Monitoring Center of Guangdong Ocean University. The results were expressed in δ notation in parts per mil (‰):
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where Rsample and Rreference are the isotopic 13C/12C ratios of the sample and reference, respectively. The carbon isotopic reference was PeeDee Belemnite (PDB). The samples were run in duplicate with an error of ±0.2‰.
3 RESULTS AND DISCUSSIONS
3.1 The TOC, TN Contents and Their Distribution
The TOC content of 43 seafloor surface sediment samples is in the range of 0.12–0.79%, with an average of 0.42% (Table 1). Figure 2A is the isogram of TOC content of the 43 seafloor sediment samples from the Leizhou Peninsula offshore. It shows that the offshore area of the Liusha Bay is the high TOC content area, and the northwest part of the Beibu Gulf in the west of the Leizhou Peninsula and southeast offshore areas in the east of the Leizhou Peninsula are two low TOC content areas. Except for sediments with high organic carbon content in the Liusha Bay, the TOC content in these offshore sediments is generally low. The TOC contents in the samples of the Leizhou Peninsula offshore fall within the range of that from the vast far offshore region of the Beibu Gulf which is 0.02∼0.95% (Cui et al., 2017). This further demonstrated that the whole Beibu Gulf area of the South China Sea is a lower TOC content region.
[image: Figure 2]FIGURE 2 | Distributions of TOC (A) and TN (B) in the near offshore seafloor sediments surrounding the Leizhou Peninsula.
Table 2 shows that the TOC content of the samples in this study is generally low compared with other offshore areas, and the TOC content from the shallow bay sea area near the coastline is relatively high, such as the Liusha Bay of the Leizhou Peninsula and the western Guangdong Coasts. The difference reflects that the variations in the sedimentary environment between the restricted coastal areas with significant human impact and the open seas in the offshore coastal areas. As mentioned above, the east coastal offshore of the Leizhou Peninsula is greatly affected by irregular semi-diurnal tides. The strong currents with high oxygen content in the shallow region along the east coast of the Leizhou Peninsula resulted in an oxide sedimentary environment that is not favorable for the preservation and accumulation of organic matter in the seafloor sediments (Gao et al., 2016). The Qiongzhou Strait is constantly affected by the strong currents with high energy (Chen and Shi, 2019) and the seafloor sediments are dominated by sand, silty sand and sandy silt (Chen et al., 2014), so it is not favorable for the deposition and preserves of organic matter. On the other hand, the flow direction of the currents in the Qiongzhou Strait varies with the seasons, leading to a complex, oxides marine sedimentary environment, where sediments are frequently disturbed and result in organic-poor sediments (Ma et al., 2012; Chen and Shi, 2019). The Beibu Gulf is situated in the tropical-subtropical monsoon climate zone where the marine primary productivity is significantly high (Wu, 2008; Yao et al., 2021). However, due to the general shallow water depth and strong diurnal tide and currents influence, most areas of the seafloor are oxide condition which is not favorable for organic matter preservation, only in some restricted areas such as the Liusha Bay where the sea current flow rate is lower than 0.3 m/s even at high tide time (Luo et al., 2013). Under this near quiescent flow condition, the water would be depleted of oxygen and favorable for the organic matter to be deposited and preserved, resulting in a relatively high TOC content in the sea floor sediments. On the other hand, according to the on-site observation of the seafloor sediments and benthic organism sampling, it was noticed that the seafloor sediments are generally lacking benthic animals, especially in the low TOC content sites. This phenomenon indicates that most areas of the Leizhou Peninsula offshore are in a status of severe desertification. Bioturbation and biodeposition of benthic organisms are some of the factors affecting the organic matter in sediments. Bioturbation destroys organic matter by prolonging its exposure to dissolved oxygen, while the biodeposition causes suspended particles in the water column to be deposited into the sediment as fecal pellets (Graf and Rosenberg, 1997). Muschenheim. (1987) has calculated that about 32.5 kg particles are deposited to the seafloor by biodeposition per square meter every year in Kiel Bay of the North Sea. Desertification also is more likely related to intensive fishing activities (Thompson, 1978; Chen et al., 2008; Yue et al., 2017). It has also been reported that bottom trawling and illegal electric fishing could result in massive depletion of benthic fauna in the offshore areas and inevitable desertification of seafloor (Wang and Yuan, 2008), and consequently affect the organic matter content of the seafloor sediments. Therefore, the low organic carbon content in the surrounding offshore seafloor sediments of the Leizhou Peninsula is related to a shallow oxidizing sedimentary condition and limited terrestrial organic matter input, and influenced by intensive fishing activities.
TABLE 2 | Comparison of the TOC and TN contents in the offshore surface sediments of China.
[image: Table 2]The total nitrogen content (TN) in the sediment samples of the 43 sampling sites is in the range of 0.011–0.100%, with an average of 0.050% (Figure 2B; Table 1). Among these samples, the P37 site shows the highest TN content, which is consistent with its highest TOC content. However, the TN contents in these near coastal seafloor sediments are significantly lower than the TN contents in the seafloor sediments from the vast far offshore area of the Beibu Gulf obtained from 2009 to 2011 (Cui et al., 2017). The reason for this could be partly attributed to the geographical difference of sampling area and partly to the anthropogenic impact of fishing on the near coastal area. But it needs further investigation as the TOC content show agreement for these studies. Figure 2 shows that the spatial distribution of TOC content highly coincides with that of TN content in the seafloor surface sediments from the Leizhou Peninsula offshore. The spatial distribution of TOC and TN content in the sediments is consistent. Even the highest TN area is identical to that of the highest TOC region situated outside Liusha Bay of the southwest coast of the Leizhou Peninsula (Figure 2). Furthermore, the TOC and TN contents display a good positive linear correlation (Figure 3) with a coefficient of 0.8637. The linear correlation between TOC and TN has no intercept indicating that nitrogen in the sediment mainly exists in the form of organic compounds (Goni et al., 1998; Schubert and Calvert, 2001).
[image: Figure 3]FIGURE 3 | Correlation between TOC and TN content in the near offshore seafloor sediments surrounding the Leizhou Peninsula.
3.2 Source of the Organic Matter
The organic matter in the seafloor sediments is mainly derived from the input of marine organisms and terrestrial organic detritus, and the proportion of these two sources varies significantly in different areas of the ocean depending on many conditions (Bianchi and Allison, 2009; Blair and Aller, 2012). The mass ratio of TOC/TN could be used to identify the input source of organic matter in marine sediments. The TOC/TN less than 8 indicates the marine authigenic sourced organic matter and TOC/TN higher than 12 points the terrestrial source input, whereas the value between 8 and 12 suggests a mixed origin of marine and terrestrial input (Liu et al., 1998; Goslin et al., 2017). The TOC/TN of the samples from the Leizhou Peninsula offshore ranged from 5.1 to 14.3, with an average of 9.1. The results indicate that most of the sedimentary organic matter in the study area has mixed input of marine and terrestrial sources, including three sediment samples with a TOC/TN ratio >12 which suggests that they are affected by terrestrial organic matter. Figure 4A shows the TOC/TN ratio distribution in the seafloor samples of the Leizhou Peninsula offshore. The samples with TOC/TN ratio <8 are only distributed in a small area at the northeast Leizhou Peninsula offshore. This area is characterized by mud sediments and higher organic carbon content. Due to the influence of Pearl River material input under the coastal current in western Guangdong (Cao et al., 2017; Huang et al., 2020), higher primary productivity could consequently result in a higher amount of organic matter deposition, while the muddy sediments would be favorable for better organic matter preservation. The samples with TOC/TN ratio >12, which is dominated by terrestrial organic matter, are mainly distributed in the middle area of the westside offshore. This area is a major seawater pearl production base in China and a vital shellfish culture area in Guangdong Province. Therefore, the organic matter content of the seafloor sediments could be affected by aquaculture and intensified biological metabolic activities. Most parts of the Leizhou Peninsula offshore show a mixed sedimentary organic matter input as their TOC/TN ratios of samples are in the range of 8–12. The TOC/TN ratio in the seafloor samples also reveals that terrestrial organic input may significantly impact the carbon deposition and cycling in the most near offshore area of the Leizhou Peninsula region. Because the coastal area of the Leizhou Peninsula is one of the main distribution areas of mangroves (Yang et al., 2017), it is assumed that the coastal mangrove ecosystem and agriculture activities could have a significant effect on the sedimentary organic matter composition in the Leizhou Peninsula offshore. However, there is a paucity of information regarding the contribution or effect of mangroves on sedimentary organic matter in the offshore sediments.
[image: Figure 4]FIGURE 4 | Distribution of TOC/TN ratio (A) and organic carbon isotope (δ13Corg) (B) in the near offshore seafloor sediments surrounding the Leizhou Peninsula.
Organic carbon isotopic composition (δ13Corg) has been widely used to distinguish the organic matter of marine source inputs (Schubert and Calvert, 2001). For example, C3 vascular plants are typically characterized by isotopic compositions that are relatively depleted in 13C (−22‰∼−33‰, with an average of −27‰; Fry and Sherr, 1984; Ramaswamy et al., 2008), while C4 plants display significant more enriched 13C value (−9‰∼−16‰, with an average of −13‰; Pancost and Boot, 2004). For the typical marine phytoplankton, it exhibits intermediate δ13C values (−18‰∼−21‰, Goni et al., 1998). The values of δ13Corg in the surface sediments from the coastal Leizhou Peninsula range from −22.47‰ to −19.18‰, with an average of −20.61 ± 0.71‰ (Figure 4B; Table 1), is similar to that of marine organic matter. The distribution features of δ13Corg suggest that the sedimentary organic matter from the coastal Leizhou Peninsula is primarily marine originated with limited terrestrial source input. In addition, the most depleted δ13Corg values of organic matter were observed at the northeast coast of the Leizhou Peninsula which could be attributed to a riverine input by the Jianjiang river (Figure 4B).
In order to assess the relative proportions of terrigenous and marine autogenous organic carbon in the sediment samples, a two end-member mixing model based on δ13Corg was employed to distinguish the relative proportion of terrigenous and marine organic carbon in these sediments (Calder and Parker, 1968; Chen et al., 2012). The proportion of terrigenous and marine sourced organic carbon (Ogrinc et al., 2005) was calculated using the following equations:
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where fT and fM represent the terrestrial and marine organic matter fractions in the samples; δ13CT and δ13CM are the carbon isotopic compositions of the terrestrial and marine end-members, respectively. Based on the previous study in the adjacent area Daya Bay, the end-member values of δ13CT and δ13CM were −26‰ and −19‰, respectively (Qu et al., 2018). The estimated proportion of the terrestrial and marine organic matter in the Leizhou Peninsula offshore sediment samples are displayed in Figure 5. The seafloor sediments are dominated by marine sourced organic matter, which accounts for 77 ± 10% on average. Although the lowest proportion of marine organic matter is recorded at station 22, the sediments from the east offshore area of the Leizhou Peninsula has less marine-derived organic matter (71% on average) compared with that of the Qiongzhou Strait (75% on average) and the west offshore area (82% on average). The composition of organic matter in sediments is the combination of multiple processes (primary production, hydrodynamics, preservation condition, source input, etc.) that determine organic carbon’s biogeochemical cycle (Schubert and Calvert, 2001; Ogrinc et al., 2005).
[image: Figure 5]FIGURE 5 | The relative contribution of terrestrial and marine organic carbon in surface sediments.
3.3 The Eh and pH Values of Sediments and Their Correlations With TOC
The samples’ Eh and pH values and their distribution are listed in Table 1 and shown in Figure 6. The Eh values of seafloor sediment samples surrounding the Leizhou Peninsula vary from −255.1 to 10.5 mv. According to the classification of redox potential and status of sediments proposed by Song Jinming and others, these sediments are in a weak reduction to reducing status (Song et al., 1990). Figure 6A shows that the higher Eh value areas generally coincide with the low organic carbon content areas. In contrast, the low Eh value areas are overlapped with the high organic carbon content areas. This is in agreement with that the Eh value of marine sediments is largely controlled by the abundance of organic matter (Wu et al., 2012). The various complex chemical and biochemical reactions occur in the seafloor sediments and would affect the geochemical behavior of various substances in the sediments, including the formation and transformation of authigenic minerals and the process of diagenesis (Zhu and Wang, 1980). The organic matter in the seafloor sediments is initially degraded by aerobic bacteria and fungi associated with the consumption of dissolved oxygen which leads to the decrease of Eh value in sediments (Wang et al., 2009; Feng et al., 2016). When oxygen is depleted, the organic matter would then be degraded by nitrate, manganese oxide, and sulfate-reducing bacteria, and associated with a continuous decrease of Eh value (Wu et al., 2012). In general, the high TOC content is often associated with strong activities of reducing bacteria, and the higher the TOC content, the lower the Eh value. Therefore, there is a negative correlation between TOC content and Eh value in the sediments. However, the TOC content displays a very weak correlation with Eh values with a coefficient of 0.0602 for the studied samples due to the narrow range of TOC distributions and similar Eh conditions. (Figure 7A). It has been proposed that the Eh value could be significantly influenced by the sulfur reduction when the Eh value is in the range of −200∼0 mV (Vershinin and Rozanov, 1983; Song et al., 1990). On the other hand, the extraction of soluble organic matter in these seafloor samples shows that they contain a high abundance of elemental sulfur as the fresh copper sheets have been completed blacked during the solvent extraction (Jin et al., 2007; Rogowska et al., 2016). While the high content of elemental sulfur indicates strong evidence that the sulfate reduction process prevailed in these seafloor sediments. The free oxygen has been exhausted in the sediments due to the oxidation of organic matter and the oxidation reaction has turned to use the sulfate as oxidant. So, the oxidation of organic matter is related to the redox condition in the sediments. However, since the offshore sampling area is near the offshore region, the sedimentary environment could be complicated and influenced by various factors, weakening the negative correlation between TOC and Eh values.
[image: Figure 6]FIGURE 6 | Distributions of Eh (A) and pH (B) in the near offshore seafloor sediments surrounding the Leizhou Peninsula.
[image: Figure 7]FIGURE 7 | Correlation between TOC and Eh potential (A), pH value (B) in the near offshore seafloor sediments surrounding the Leizhou Peninsula.
The pH value of the Leizhou Peninsula offshore sediment samples ranges from 7.25 to 7.89 and indicates a weak alkaline depositional condition. Figure 6B shows that the pH value distribution in the offshore seafloor sediments displays a clear regional variation. The low pH values mainly occur in the near offshore areas of the Qiongzhou Strait, the northwest Beibu Gulf and near the coastal area of the Liusha Bay. The pH value of the offshore seafloor samples from the Beibu Gulf of the westside of the Leizhou Peninsula shows an increasing trend from the near coast to the far offshore area. The seafloor sediments in the eastside of the Leizhou Peninsula generally display a higher pH value of >7.6 with high value area located in the northeast offshore region. The pH value of the seafloor sediments is largely determined by the chemical property of the overlying seawater due to the interaction between the seafloor sediments and the bottom seawater (Qi et al., 2008). At the same time, carbonate and shellfish shells in the seafloor sediments would discharge carbonate ions, which would react with hydrogen ions in the bottom seawater, and could result in excessive hydroxide ions, which makes the seafloor water more alkaline, so the seafloor surface sediments are in a weakly alkaline status (Krumins et al., 2013). Figure 7B shows a weak negative correlation between TOC content and pH values with a coefficient of 0.0587, which suggests that the pH value of seafloor sediments has little influence on the abundance of sedimentary organic matter.
3.4 Effects of Sedimentary Grain Size
The seafloor samples are mainly composed of silt, clay and sand with a content of 14.6–66.6% (averaged at 53.6%) for silt, a range of 9.4–39.6% (averaged at 27.9%) for clay and a range of 3.4–76.1% for sand. The granularity of sediments is an important factor in controlling the abundance of organic matter in the seafloor sediments as it reflects the seafloor hydrodynamic conditions. According to the correlation between the TOC content and the contents of clay, silt and sand (Figure 8), the TOC content shows a slightly positive correlation with the clay, silt and mean size with a Pearson correlations coefficient (r) of 0.593, 0.617 and 0.548 (p < 0.01), respectively. But a clear negative correlation with the sand content (r = −0.684, p < 0.01; Figure 8C). The clay content of the seafloor samples from the west side of the Leizhou Peninsula is generally higher than that of the samples from the eastern side of the Leizhou Peninsula and the Qiongzhou Strait. Figure 9 shows the distribution of clay content in the seafloor samples of the near offshore region surrounding the Leizhou Peninsula. This contour plot of the clay content shows that the high content area overlaps with the high TOC content area in the seafloor sediments surrounding the Leizhou Peninsula. The northeastern offshore area of the Beibu Gulf is a low TOC content area and this is related to the high content of sand in the seafloor sediments as the coastal area experienced strong tide erosion (Xia et al., 2001; Xu et al., 2012). The seafloor of the Qiongzhou Strait is a strong eroded area, where the strong currents are not favorable for the fine particle deposits and the organic matter preservation due to the high oxygen content of seawater (Shi and Chen, 1998; Chen et al., 2015). Consequently, the TOC contents in these high hydrodynamic seafloor sediments are often lower and this is common in shallow offshore areas of Bohai, the Yellow Sea and the Yangtze River estuary (Hu et al., 2013; Yao et al., 2014; Gao et al., 2016).
[image: Figure 8]FIGURE 8 | Correlations between TOC content and Clay (A), Silt (B), Sand (C), Median particle size (D) in the near offshore seafloor sediments surrounding the Leizhou Peninsula.
[image: Figure 9]FIGURE 9 | The distribution of clay content in the near offshore seafloor sediments surrounding the Leizhou Peninsula.
4 CONCLUSION
The investigation of the TOC, TN contents, organic carbon isotopic composition and their distributions in the offshore seafloor sediment samples surrounding the Leizhou Peninsula could be concluded into following points: 1) both TOC and TN contents in these seafloor sediment samples is significantly lower compared with that of seafloor sediments from other offshore areas of China. The low TOC and TN contents and a lack of benthic organisms observed in the sediment could be suggestive of a desertification status or trend in the offshore seafloor region surrounding the Leizhou Peninsula; 2) The organic carbon isotopic composition and TOC/TN ratio suggest that the sedimentary organic matter is mixed sourced from both terrestrial input and marine input but dominated by the marine sourced organic matter. 3) The seafloor sediments from the offshore region surrounding the Leizhou Peninsula are generally in a weak reduction to reduction status. A weak negative linear correlation between the TOC contents and Eh values suggests that the redox potential of sediments is largely controlled by the abundance of organic matter. On the other hand, pH values seem to have no effect on the TOC content and its distribution in these offshore seafloor sediments surrounding the Leizhou Peninsula; 4) The positive correlation between TOC and clay, silt content, and median particle size (Φ) of the sediments indicates that the clay and silt sedimentary condition is favorable for the organic matter preservation.
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(m) size
(@)
P1 120 Mud 0.28 0.055 5.1 -20.95 7.63 -1236 239 55.9 20.3 6.43
P2 10.0 Mud 0.30 0.058 5.2 -21.50 759 -183.8 218 59.9 18.4 6.48
P3 15.0 Mud 0.59 0078 76 -21.27 763 -1453 26.3 55.6 18.1 6.64
P4 10.0 Mud 0.35 0.042 8.3 -21.02 7565 -101.3 254 62.5 12.2 6.42
P5 140 Mud 0.31 0.039 79 -20.80 7.89 -1725 287 57.8 136 6.86
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P34 120 Mud 0.43 0.044 98 -19.39 7.83 -176.0 31.1 47.2 21.7 7.00
P35 14.0 Mud 071 0.084 8.45 -20.54 753 -125.0 30.0 66.6 34 6.94
P36 19.0 Mud 0.62 0.063 8.3 -20.81 767 -85.3 30.2 61.9 79 6.93
P37 15 Mud 0.79 0.100 79 -20.65 74 -121.4 36.8 61.6 16 7.43
P38 17.0 Mud 0.57 0.064 89 -20.57 7.62 -266.1 32.4 58.2 9.4 7.07
P39 19.0 Mud 0.70 0.070 100 -20.66 7.75 -130.9 329 56.4 10.8 7.04
P40 90 Mud 075 0.093 8.1 -20.61 746 -1215 34.2 60.1 58 7.24
P41 1.0 Mud 0.63 0.068 9.3 -20.38 757 -109.5 36.1 53.2 10.7 7.31
P42 16.0 Mud 0.50 0.062 8.1 -20.37 7.66 -100.0 319 58.6 9.5 7.01
P43 10.0 Mud 0.23 0016 14.4 -19.45 766 -120.3 39.6 471 133 7.48
P44 120 Mud 0.54 0.062 87 -19.18 7.48 -83.6 376 54.9 75 7.39
P45 17.0 Mud 0.65 0.058 9.5 -19.70 o -107.8 30.7 59.5 9.8 713
Pa7 17.0 Sand 020 0017 1.8 -20.14 768 -93.4 290 51.7 193 7.09
P4g 17.0 Mud 0.26 0.024 108 -19.73 784 -190.4 240 342 41.9 6.24
P51 19.0 Mud 0.48 0.062 7.7 ~20.00 7.39 -181.2 36.7 54.5 88 7.37
P52 85 Mud 0.23 0.026 8.8 -19.96 761 831 335 34.4 321 6.82
P54 13.0 Sand 0.19 0.021 9.0 -20.06 7.46 -76.7 21.0 19.8 59.2 3.38
P56 10.0 Coarse 0.13 0011 1.8 -21.37 755 975 9.4 146 76.1 1.57

sand

P57 9.0 Mud 053 0.054 9.8 -20.52 75 =151.1 36.0 50.7 13.3 7.18
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