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Authigenic carbonates that form at hydrocarbon seeps, known as seep carbonates, are direct records of past fluid flow close to the seafloor. Stable carbon isotopes of seep carbonates (δ13Ccarb) have been widely used as a proxy for determining fluid sources and seepage mode. Although the spatial heterogeneity of δ13C in seep carbonates is increasingly understood, the temporal heterogeneity of δ13C in seep carbonates is not well studied. In this study, we report δ13C values of different components (clasts, matrix, and pore-filling cements) for 124 subsamples drilled across an authigenic carbonate block from Green Canyon block 140 (GC140) of the northern Gulf of Mexico continental slope. High-Mg calcite is the dominant mineral regardless the types of components. The δ13Ccarb values range from −39.6‰ to 3.6‰, indicating multiple dissolved inorganic carbon (DIC) sources that include methane carbon (13C-depleted), seawater DIC, and residual CO2 from methanogenesis (13C-enriched). Specifically, the clasts show large variability in δ13C values (−39.6‰ to 2.3‰; mean: −27.6‰, n = 71), demonstrating the dominance of methane-derived fluids during formation at the initial seepage stage. The δ13C values of the matrix vary between −29.4‰ and 3.4‰ (mean: −11.6‰, n = 21). The carbon isotopes of pore-filling cements that formed most recently vary narrowly, with δ13C values of −3.2‰ to 3.6‰ (mean: 1.7‰, n = 28). Isotopic variations within individual samples were observed in seep carbonate. However, common trends occur across components of carbonates that formed during different seepage stages. This suggests that the temporal evolution of local fluid sources may play an important role in determining carbonate isotope geochemistry. Studies regarding seeps must take into account the highly variable fluids that leave their geochemical imprints on the seep carbonate.
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1 Introduction

Observations of methane seepage in marine settings are common (Suess, 2020, and references therein). The seeping methane is primarily consumed by consortia of methane-oxidizing archaea and sulfate-reducing bacteria, a process known as anaerobic oxidation of methane (e.g., Boetius et al., 2000). As a result, carbonate alkalinity increase induces the precipitation of carbonate minerals close to the seafloor. These carbonates serve as an excellent archive of past seepage (Ritger et al., 1987; Bohrmann et al., 1998; Aloisi et al., 2000; Peckmann et al., 2001; Mazzini et al., 2004; Gontharet et al., 2007; Naehr et al., 2007; Haas et al., 2010; Sun et al., 2015; Himmler et al., 2019; Wang et al., 2022).

Carbon isotopes in the mineral phase of seep carbonate are derived from ambient bicarbonate and dissolved inorganic carbon (DIC). The variation of carbon isotopic composition of these carbonates (as much as 85‰) indicating an almost equally wide range of geochemical processes involved in carbonate precipitation (e.g., Naehr et al., 2007). The stable carbon isotopes of seep carbonates (δ13Ccarb) have been widely used since the discovery of methane seep in 1980s for almost any carbonate-based seep studies. For instance, δ13C values provided stable isotopic evidence for methane seeps in Neoproterozoic postglacial cap carbonates (Jiang et al., 2003), demonstrated the involvement of oil seepage (Smrzka et al., 2016; Sun et al., 2020), meteoric water and methogenesis during carbonate formation (Naehr et al., 2007).

Seep carbonates are known to show a wide range of carbon isotopic and variation across multiple geographic areas (Gontharet et al., 2007; Roberts et al., 2010; Zhang et al., 2023). The observed variations, spatial heterogeneity of δ13C in seep carbonates, mainly reflect local controls on the sources of fluids and flux of the fluids, which have been well constrained. In contrast, carbon isotopic variation in authigenic carbonate composition within individual study samples, the temporal heterogeneity of δ13C in seep carbonates is not well studied. Such temporal heterogeneity of δ13C in seep carbonates can be used to constrain the evolution of the fluid sources and mode of seepage with time. Given that seep-related authigenic minerals provide an important geological archive, as they represent one of the few permanent records of an otherwise ephemeral phenomenon (Roberts et al., 2010; Smrzka et al., 2016; Chen et al., 2019).

The aim of this paper is to assess the heterogeneity of δ13C in a single seep carbonate sample to reveal the evolution of seep fluids during carbonate formation. We describe different types of components of the studied carbonates including clasts, matrix, and pore-filling cements that represent archive of variation between different formation stages. We use the obtained data to constrain the conditions under which carbonate formation occurred and uncover the temporal carbon isotope heterogeneity during the precipitation.




2 Samples and methods



2.1 Samples

The Green Canyon block 140 (GC140) seep site is in the northern upper continental slope of the GOM (Figure 1; Roberts et al., 1989; Roberts and Feng, 2013). Bathymetric and high-resolution seismic profiles and side-scan sonographs indicate that the thin sedimentary sequence over the shallow salt mass of site GC140 is broken by numerous faults and that most mounded carbonates are cut due to salt deformation (Roberts and Carney, 1997; Roberts et al., 2000). Previous investigations revealed the occurrence of mound-like buildups, 20-100 m in diameter and up to 20 m in height, are composed of chaotically oriented carbonate blocks in the surrounding sediments (Roberts et al., 1990; Roberts and Aharon, 1994; Roberts et al., 2000; Roberts et al., 2010; Roberts and Feng, 2013). In terms of the seepage, the site GC140 is currently not active. However, scattered living tube worms and sponges were present at the sampling site (Roberts et al., 2010). The studied authigenic carbonate was recovered during Pisces II dive in 1989 (Roberts et al., 1989). The sample was collected from the seafloor. The water depth at the site was 320 m, and the bottom water temperature was about 13°C (Roberts et al., 2010).




Figure 1 | Location of the Green Canyon block 140 (GC140; 27°48′N/91°32′W) study site, northern Gulf of Mexico (from Bian et al., 2013). The inset 3-D seismic surface amplitude illustrates the extent of the hard bottom (A) and the profile view (B), showing that the dome top has an irregular surface and that the seafloor reflector is a strong, positive reflector, indicating a hard bottom (Roberts, 2001).






2.2 Methods

After collection, the sample was rinsed with fresh water and left to air dry. The resulting carbonate block was photographed digitally and then cut into slabs using a water-lubricated rock saw. Each slab was also photographed. Visual examination of the rock slab used to distinguish main components of the carbonate (see Figure 2), which were determined to be clasts, matrix, and pore-filling cements. All components were collected using a dental drill to determine their mineralogy. Mineralogy was determined using x-ray diffraction (XRD) using a Rigaku DXR 3000 computer-automated diffractometer at the Guangzhou Institute of Geochemistry, Chinese Academy of Sciences (CAS). Bulk samples were powdered to less than 200 mesh. The x-ray source operated at 40 kV and 40 mA using CuKα radiation equipped with a diffracted beam graphite monochromator. Scans were made through a 5-65° using a 0.02° step at 5 sec/step.




Figure 2 | Morphology and sampling points for the carbon and oxygen isotopes of seep carbonate. Yellow dots represent clasts, blue dots represent matrix, and purple dots represent pore-filling cements. Sponge borings around the perimeter indicate exposure on the seafloor (Roberts and Aharon, 1994).



Subsamples for carbonate carbon and oxygen isotopes were extracted from polished rock slabs using a hand-held dental drill. Clast, matrix, and pore-filling cements were selected for sampling (see Figure 2 for sampling locations). The powdered samples were processed with 100% phosphoric acid at 70°C to release CO2 for analysis using a Delta V Advantage stable isotopic mass spectrometer at Shanghai Ocean University. All isotope values are expressed using the δ-notion relative to the Vienna-Pee Dee Belemnite (V-PDB) standard. The values were reported in permil (‰) with a standard deviation of less than 0.1‰ (2σ) for both δ13C and δ18O values.





3 Results



3.1 Minerology and petrography

The carbonate sample show no obvious stratification and present as irregular structures. The mineral composition of the carbonate is summarized in Table 1. Visual examination of the rock slab revealed that the carbonate consisted mainly of clasts, carbonate mud matrix, and pore-filling cements (Figure 2). The paragenetic sequence identified in this study consisted of three stages: (1) deposition of carbonate clasts; (2) precipitation of microcrystalline matrix and (3) pore-filing cements. High-Mg calcite serves as the predominant mineral while a small amount (less than 3%) of quartz is present for all components. The clasts occur as homogeneous micrite while the matrix and pore-filling cements are characterized by a dominance of microcrystalline Mg-calcite. Geopetal structures in various orientations are common, suggesting multiple attitudes during the development (Roberts, 2001). Sponge borings around the perimeter indicate exposure on the seafloor (Roberts and Aharon, 1994).


Table 1 | Mineral composition of the seep carbonate.






3.2 Carbonate carbon and oxygen isotopes

The carbon and oxygen isotopic compositions of the three main types of components vary widely (Table 2; Figure 3). The δ13Ccarb values of the clasts vary between −39.6‰ to 2.3‰ (mean: −27.6‰, n = 71). The δ13Ccarb values of the matrix are from −29.4‰ to 3.4‰ (mean: −11.6‰, n = 21). The carbon isotopes of pore-filling cements vary narrowly with δ13Ccarb values between −3.2‰ and 3.6‰ (mean: 1.7‰, n = 28). In contrast, the stable oxygen isotopic compositions of these components display relatively narrow ranges, with δ18O values from 1.9‰ to 4.1‰ (mean: 3.3‰, n = 71) for clasts, 1.8‰ to 3.9‰ (mean: 2.9‰, n = 21) for the matrix, and 2.4‰ to 4.1‰ (mean: 3.2‰, n = 28) for the pore-filling cements.


Table 2 | Stable carbon and oxygen isotopic compositions of the seep carbonate.






Figure 3 | Stable carbon and oxygen isotopic compositions of seep carbonate.







4 Discussion



4.1 Implications on megascopic characteristics and mineral composition of the carbonate

Seep carbonates have significant potential for preserving detailed information on the paleoenvironmental conditions of their formation (Haas et al., 2010; Oppo et al., 2017; Oppo et al., 2020). The megascopic features of the studied carbonate reflect local controls, such as the intensity and duration of seep activity at the formation site. The block is heterogeneous, up to 0.5 × 0.5 × 0.5 m (length, width and height), represent the biggest carbonate sample obtained from the Gulf of Mexico (Figure 2; Roberts and Feng, 2013). At a small scale, the carbonate consists of clasts that formed initially, followed by the matrix, these were then cemented by pore-filling cements (Figure 2), indicating multiple stages during the formation of the carbonate. A previous study on samples from the same site identified three types of carbonates with 14C ages from 46.5 ka to 11.7 ka BP (Bian et al., 2013). The observed geopetal structures with different orientations in the carbonate indicate multiple reworking, most likely resulting from salt tectonics in this area (Roberts, 2001; Figure 2).

The precipitation of carbonate is related to the presence of rising methane-rich fluids, which migrate upward through faults (Figure 1; Roberts and Feng, 2013). The predominance of high-Mg calcite and the negligible content of background sediment (< 3% quartz) in the seep carbonate suggests that the carbonate precipitated in sediment (Table 1; Gontharet et al., 2007). As suggested by numerous studies, high-Mg calcite formation occurs in a deep sediment column with relatively low sulfate content (Burton, 1993; Greinert et al., 2001; Bayon et al., 2007; Haas et al., 2010).




4.2 Constraints on the temporal δ13C heterogeneity in seep carbonate

The authigenic minerals in cold seeps help to reveal the chemistry of the diagenetic fluids. The oxygen isotope composition of seep carbonates is commonly a convolution of multiple variables, such as temperature, fluid source, pH and growth rate (Watkins et al., 2014). In this study, the oxygen isotope compositions fall within the typical range of seep carbonate in the Gulf of Mexico (Roberts et al., 2010). The variation of carbon isotope in seep carbonate is basically controlled by the mixability of different carbon sources (Gontharet et al., 2007). The extremely large variable range of δ13Ccarb values (from −39.6‰ to 3.6‰; Figure 3) of the sample reveal that multiple DIC sources were involved during the precipitation of the carbonate. At GC140 seep site, potential carbon sources include: 1) methane (δ13C = −110‰ to −30‰; Whiticar et al., 1986; Whiticar, 1999), 2) crude oil fraction (δ13C = −35‰ to −25‰; Roberts and Aharon, 1994), 3) seawater (δ13C = 0 ± 3‰; Anderson and Arthur, 1983), and 4) residual CO2 from methanogenesis (δ13C as high as 26‰; Paull et al., 2007). The lowest δ13Ccarb value of −39.6‰ suggest that methane is the primary carbon source, while the highest δ13Ccarb value of 3.6‰ points to the possible contribution of residual CO2 from methanogenesis (cf. Bian et al., 2013). Although significant isotopic variations were observed within individual samples, the scattered distribution of the δ13Ccarb values makes it challenging to determine the DIC source based solely on carbon isotopes.

Nevertheless, the variation in δ13Ccarb values among different seepage stages of carbonate formation suggests a shift in dominant carbon sources. The relatively more negative carbon isotopic ratios (from −39.6‰ to 2.3‰; mean: −27.6‰, n = 71) of the clasts indicate that methane is the primary carbon source. The moderately negative δ13Ccarb values (from −29.4‰ to 3.4‰; mean: −11.6‰, n = 21) of the matrix likely reflect less incorporation of methane-derived DIC compared to clasts due to a decrease in seepage intensity. The δ13Ccarb values close to 0 of the pore-filling cement (from −3.2‰ to 3.6‰; mean: 1.7‰, n = 28) likely result from the incorporation of seawater DIC due to the cessation of seepage. The contribution of DIC from residual CO2 from methanogenesis cannot be ruled out but the contribution should not be significant. The δ13Ccarb values of clast, matrix, and pore-filling cements that formed during different seepage stages provide insight into the temporal evolution of local fluid sources at site GC140.




4.3 A time-capsule δ13Ccarb of seep system

In the Gulf of Mexico (GOM), the deformation of salt bodies and faults results in dynamic fluid flow, leading to rapid expulsion of fluid and gas. This process creates conditions that are favorable for the formation of authigenic carbonates in close proximity to the seafloor (Roberts, 2001; Roberts, 2011). The carbonate outcropping at the seafloor provides an accessible overview to monitor the long-term dynamics of fluid and gas expulsions. By integrating mineralogical and geochemical data, a schematic model of the evolution of seep fluids at site GC140 is proposed (Figure 4; Bian et al., 2013).




Figure 4 | Schematic model illustrating the evolution of seep fluids and formed components of the seep carbonate (after Feng et al., 2009 and Bian et al., 2013). (A) High flux of the fluid seepage led to precipitation of clasts in subsurface sediment; (B) The clasts were being cemented together by a surrounding matrix sediment during the decrease of fluid flux. (C) Pore-filling cements tend to occur then the fluid flux diseased. Meantime, seawater was transported downwards from a minor mode to moderate mode. SMTZ, sulfate methane transition zone. The arrow sizes are proportional to the upward methane fluxes and downward seawater fluxes.



During stage I, high flux fluid flow induced the formation of clasts in the subsurface sediments. The high methane flux resulted in relatively negative δ13C values of the carbonates (Luff and Wallmann, 2003; Peckmann and Thiel, 2004). In stage II, low flux of fluid seepage at the studied site led to the formation of the matrix and voids. The previously formed clasts were cemented together by a surrounding matrix sediment and left voids during this stage. In stage III, fluid seepage decreased, and the formation of pore-filling cements tended to occur. At the same time, seawater was transported downwards from a minor mode to a moderate mode (Figure 4).

It is noteworthy that during all three stages, salt tectonics, such as salt bodies and salt diapirs, developed in the study site (Cook and D’Onfro, 1991; Sassen et al., 1999). Green Canyon is underlain by a Neogene salt weld (Seni, 1992). Submersible observations and high-resolution acoustic datasets show that faults are widespread in sediments as a result of tectonic activity (Roberts et al., 1990; Roberts et al., 1993; Roberts et al., 2000), suggesting that the movement of salt has been active (Bian et al., 2013).





5 Conclusions

The carbonate block obtained from site GC140 in the northern Gulf of Mexico has provided valuable insights into the significant δ13C heterogeneity (over 40‰) observed in a single seep carbonate sample. The δ13C values ranged from −39.6‰ to 2.3‰ (mean: −27.6‰, n = 71) for clasts, from −29.4‰ to 3.4‰ (mean: −11.6‰, n = 21) for matrix, and from −3.2‰ to 3.6‰ (mean: 1.7‰, n = 28) for the pore-filling cements. These variations suggest that multiple dissolved inorganic carbon (DIC) sources contributed to the formation of different components of the carbonate at different stages. The temporal evolution of local fluid sources may have played a crucial role in determining the carbonate isotope geochemistry. Therefore, the highly variable fluids that leave their geochemical imprints on seep carbonate must be considered in any seep-related studies.
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