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Cold seeps, featured by their extremely methane-rich sedimentary environments, play a significant role in the geological history and are common in marine sediments across the seafloor. Primary dolomite, possibly mediated by microorganisms, can be widely discovered in methane-rich environments. Hence, cold seeps may provide new insights into the ‘dolomite problem’, which has confused geologists for decades. Magnesium isotope geochemistry of seep carbonates contributes to the understanding of the dolomite formation mechanism in marine environments. In this paper, magnesium geochemical characteristics of carbonates in modern sediments are summarized, along with rare researches on magnesium isotopes of seep carbonates. Methane vigorously interacts with sulfate by anaerobic oxidation of methane at cold seeps, producing vast amounts of dissolved sulfide which can significantly promote dolomitization of seep carbonates. Compared with temperature, alkalinity, mineralogy, etc., the competition between rapid carbonate precipitation rates and aqueous ligands may be the main factor of the magnesium fractionation at cold seeps, which is controlled by the kinetic effect. The range of magnesium isotopes of seep carbonates is narrow (from -3.46‰ to -2.36‰), and an upper limit of magnesium content seems to exist. This characteristic may be a good indicator for identifying dolomitization related to anaerobic oxidation of methane. Whereas, mechanisms of magnesium isotope fractionation and dolomitization at cold seeps remain unclear, necessitating more natural samples tested, stimulated calculation and laboratory experiment.
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1 Introduction

Dolomite, a mineral labelled ‘problem’, is prevalent in ancient strata and mostly hard to be observed in modern sediments or laboratory synthesis experiments because of the slow precipitation rate under the low temperature (< 80°C) (Roberts, 2024). The problem fundamentally involves two key aspects: first, why primary dolomite does not precipitate from modern marine environments, and second, how cation ordering is achieved in modern marine sediments. The former is particularly crucial. Although modern marine environments are saturated with respect to dolomite precipitation, the precipitation of dolomite precursor is still difficult to happen. Only under specific extreme conditions, such as high salinity lagoon (e.g. Alderman and Skinner, 1957), evaporated lake (e.g. Cheng et al., 2021), cold seeps (e.g. Mavromatis et al., 2014a; Tang et al., 2024), etc., primary dolomite can precipitate directly. Efforts to synthetically produce dolomite in an inorganic way with a 1000-fold oversaturation at 25°C are unsuccessful (Land, 1998). Dolomite diagenesis is divided into various inorganic models (Machel and Mountjoy, 1986; Hardie, 1987; Wang, 2006; Warren, 2000), generally including primary dolomitization model (e.g. Hsü and Siegenthaler, 1969; Illing, 1959), secondary dolomitization model (e.g. Badiozamani, 1973; Saller, 1984) and hydrothermal dolomitization model (e.g. Cervato, 1990). However, there is still deficiency in explaining the formation of ‘Massive dolomite’ (cf. Land, 1985).

Microbial dolomitization, commonly occurring in specific extreme sedimentary environments, has gained great attention over the three decades, including sulfate reduction (Vasconcelos and A. McKenzie, 1997; Vasconcelos et al., 1995), methanogenesis (Meister et al., 2011; Roberts et al., 2004), anaerobic oxidation of methane (AOM) (Moore et al., 2004), and processes catalyzed by organic matters or biogeochemical products (Diloreto et al., 2021; Roberts et al., 2013; Zhang et al., 2012a, b). These models suggest that microbial induction overcomes the kinetic barrier of dolomitization under the low temperature (cf. Petrash et al., 2017). However, there are still two limitations: first, microbial activity is often confined to high-salinity local environments (Table 1) (cf. Petrash et al., 2017 and references therein); second, the crystal structure of microbially synthesized dolomite samples commonly differs from that of natural samples (e.g. Van Lith et al., 2004; Wright and Wacey, 2004). Especially, the first limitation makes it difficult to directly use some microbial models to explain the origin of the widely distributed ancient dolomites. However, a study (Chang et al., 2020) on the Doushantuo Formation suggests that dolomite precipitated at low temperature in the presence of microorganisms, consistent with modern early diagenetic dolomitization models. It is proposed that dolomite precursors originating from seawater underwent dolomitization during early diagenesis in a near surface environment, leading to extensive dolostones observed in the Doushantuo Formation. Hence, it’s crucial for solving ‘dolomite problem’ to find environments in the modern ocean where dolomite or primary dolomite can widely precipitate in sediments or on the seafloor. Dolomite minerals are commonly observed in authigenic seep carbonates (e.g. Çağatay et al., 2018; Feng et al., 2009; Pierre et al., 2014), an AOM-related product widely distributed in the modern ocean. However, the dolomitization mechanism of seep carbonates has not been systematically studied.


Table 1 | Summary of microbial dolomitization models and dolomite precipitation environments.



The incorporation of Mg2+ into calcite crystal lattice is one of pivotal factors for dolomite formation, leading to changes of the lattice structure phase (cf. Zhang et al., 2012a and references therein). Aragonite, compared with Mg-rich calcite, preferentially precipitates from solutions with high Mg/Ca ratios, similar to the modern ocean (Kitano, 1962; Morse et al., 2007, 1997; Rushdi et al., 1992). Magnesium ions, with a large charge radius ratio (cf. Jiao et al., 2006), form robust bonds with water molecules, resulting in a higher dehydration energy barrier of Mg2+ than that of Ca2+ (Arvidson and Mackenzie, 2000; Raz et al., 2000; Stephenson et al., 2008). The Mg2+ incorporation hinders the growth of calcite (Davis et al., 2000; de Leeuw and Parker, 2001) and self-limiting growth on dolomite is observed through in-situ atomic force microscopy (Higgins and He, 2005), probably due to the absorption of hydrated Mg2+ ions, Mg(H2O)62+, at growth sites on the crystal lattice (Astilleros et al., 2010; Mucci and Morse, 1983). Structurally, the crystal pattern of aragonite (cf. Wang and Xu, 2001) incorporates fewer Mg2+ and makes aragonite preferentially precipitate in modern marine environments, compared with calcite and dolomite which have similar structures (Brady et al., 1996). Aqueous sulfate ions might inhibit the calcite growth (Goetschl et al., 2019; Mucci et al., 1989). However, it is proposed that dissolved sulfate is not a significant inhibitor for dolomite formation at the low temperature (Brady et al., 1996; Wang et al., 2016). Euhedral and rhombohedral dolomite is observed in early Holocene sediments at Lake Sayram with high sulfate concentration (~16.88 mmol/L), high Mg/Ca ratio (~27.5) and high Mg2+ concentration (~19.8 mmol/L), and forms in an abiotic way without any influence of burial or microbes (Cheng et al., 2021). Catalysts (e.g. polysaccharides and dissolve sulfide) can lower the energy barrier for Mg2+ dehydration and facilitate the formation of Mg-Ca carbonate (Zhang et al., 2013, b), even in the presence of dissolved sulfate (Zhang et al., 2012a). Two possible catalytic mechanisms of aqueous hydrogen sulfide at the low temperature are proposed based on density functional theory (Shen et al., 2014). Frequent cycling of a solution between undersaturated and saturated conditions can accelerate dolomite growth by up to seven orders of magnitude (Kim et al., 2023). This fluctuation probably corresponds to changes of sedimentary environments in the presence of episodic methane leakage. Additionally, structural water might play a crucial role in the transformation from protodolomite into dolomite (Zheng et al., 2021).

Cold seeps, characterized by the upwelling of methane-rich cold fluid from deep-buried reservoirs to the seafloor, predominantly occur on continental slopes. These seeps support some of the most biodiverse ecosystems on the seabed (Boetius and Wenzhöfer, 2013; Suess, 2014), and may affect the global carbon cycle and climate change (Knittel and Boetius, 2009; Ruppel and Kessler, 2017). Microbial activities influence the geobiological cycle of cold seeps in two ways (Joye et al., 2010): first, microorganisms facilitate the vigorous reaction between sulfate and methane, producing dissolved inorganic carbon and alkalinity, leading to the formation of authigenic minerals (Peckmann et al., 2001; Sassen et al., 2004); second, HS-, the product of sulfate reduction, is used for metabolic activities of various chemosynthetic organisms in cold seeps (Barry et al., 1997; Levin, 2005).

The primary mechanism for methane consumption in cold seeps is anaerobic oxidation of methane, coupled with microbial sulfate reduction (AOM-MSR) (Egger et al., 2018). Organoclastic sulfate reduction (OSR) offers another pathway for sulfate reduction (Morgan et al., 2012; Valdemarsen et al., 2009). AOM reacts at a rate 2-3 orders of magnitude faster than OSR (Joye et al., 2004, 2010). In cold seep sediments, the rapid reduction of sulfate by methane through AOM can drive the water-rock interaction beneath the seafloor, leading to the enrichment and migration of elements in pore water, which can be eventually recorded in authigenic minerals, such as gypsum (Kocherla, 2013; Lin et al., 2016; Pierre, 2017), barite (Feng and Roberts, 2011; Lonsdale, 1979), pyrite (Chang et al., 2024, 2022; Yang et al., 2018, 2023, 2021), and carbonate (Çağatay et al., 2018; Crémière et al., 2012; Lin et al., 2021). AOM primarily drives the precipitation of sedimentary carbonates in the modern ocean (Bradbury and Turchyn, 2019). Dolomite and high magnesium calcite are widely observed in seep carbonates (e.g. Jin et al., 2021; Lu et al., 2017), offering new insights into the ‘dolomite problem’ as a natural laboratory.

Carbon, oxygen and strontium isotopes, used to trace fluid sources of seep carbonates (Feng et al., 2018; Ge et al., 2020; Jakubowicz et al., 2020; Teichert et al., 2005b), and sulfur isotopic composition of authigenic pyrite (Gong et al., 2018; Lin et al., 2018, 2017) are common proxies for studies on AOM. Moreover, redox indexes (Deng et al., 2020; Hu et al., 2014; Smrzka et al., 2020, 2021) and dating methods (Chen et al., 2019; Crémière et al., 2016; Teichert et al., 2003) are also widely used for geochemical researches of cold seeps. Nevertheless, the mechanism about the migration of metal elements in the methane rich environment, like Nd (Bayon et al., 2011; Jakubowicz et al., 2021, 2018, 2019, 2020), Ca (Henderson et al., 2006; Teichert et al., 2005a, 2009; Wang et al., 2012), Mo (Jin et al., 2024; Lin et al., 2021), Mg (Jin et al., 2021; Lu et al., 2017), etc., remains to be studied. Magnesium is an important component of carbonate and related to the dolomitization process. Magnesium isotopes are widely used to indicate the magnesium source (e.g. Galy et al., 2002) and study the process of dolomitization (Huang et al., 2015). However, studies on magnesium isotope geochemistry of authigenic carbonates at cold seeps are rare, and the fractionation mechanism is still unclear. This article is aimed to summarize few researches on magnesium isotope of seep carbonates, and provide a new insight on magnesium geochemical behavior in the marine environment, especially cold seeps.




2 Factors influencing magnesium isotope fractionation of carbonates

According to distinct isotopic compositions of magnesium in different reservoirs (Teng, 2017; Young and Galy, 2004), magnesium isotopes are commonly used to trace the fluid source of carbonate (Azmy et al., 2013; Walter et al., 2015) and the origin of river loads (Brenot et al., 2008; Mavromatis et al., 2014b, 2016). Various magnesium isotopic geochemical models, used to indicate the process of dolomitization and trace the source of magnesium ions, have been published (Huang et al., 2015; Peng et al., 2016). Significant fractionation of magnesium isotopes occurs in low-temperature geochemistry. The δ26Mg value of global modern seawater is ca. -0.83‰ (Galy et al., 2003; Higgins and Schrag, 2010; Ling et al., 2011). The residence time of magnesium isotopes, with a homogenous distribution in the modern ocean (Ling et al., 2011), is ca. 13Ma (Broecker and Peng, 1982), far surpassing duration of modern shallow Holocene sediment deposits.

Magnesium isotope fractionation between carbonate minerals and porewater is affected by multiple factors (Figure 1). Microorganisms induce carbonate precipitation through serving as a crystal nucleus site or by changing solution chemistry (cf. Zhu and Dittrich, 2016 and references therein). However, the influence of microbes on magnesium isotope fractionation remains to be explored. No obvious fractionation of magnesium isotopes caused by microbial communities, serving as substrates for carbonate nucleuses, is observed during stromatolite growth (Hu et al., 2023). Cyanobacteria, facilitating the formation of carbonates (Shirokova et al., 2013), neither significantly affect the precipitation rate nor the magnesium isotope fractionation of precipitated hydrous magnesium carbonates in natural systems (Mavromatis et al., 2012). No obvious difference of magnesium isotope fractionation during carbonate precipitation between biotic experiment, including bacteria and extracellular polymeric substances respectively, and abiotic experiment is observed (Zhang and Li, 2022). Whereas, microorganisms may regulate the fractionation of magnesium isotope through altering porewater chemistry, not similar to sulfur isotope fractionation by the intracellular mediation (Aharon and Fu, 2000; Antler et al., 2017, 2013; Farquhar et al., 2007; Turchyn et al., 2010).




Figure 1 | Factors affecting carbonate magnesium isotope fractionation in methane-rich environments. ‘Nonlinear Effect’ means that correlations between leakage intensity and mineral species and between mineral species and magnesium isotope fractionation are nonlinear.



Regardless of the presence of cyanobacteria, 24Mg is preferentially incorporated into the inorganic carbonate lattice (Mavromatis et al., 2012), related to the strength of Mg-O bond (Schott et al., 2016). Lighter magnesium isotopes precipitate preferentially during the process of producing carbonate skeleton in biomineralization (Yoshimura et al., 2011). The magnesium isotope fractionation of marine authigenic carbonates is commonly controlled by the kinetic process (Mavromatis et al., 2013), related to the dehydration of Mg(H2O)62+, with a higher energy barrier than calcium or strontium ions (Hamm et al., 2010; Lippmann, 1973). Hence, △26Mgcarb-sol (defined as δ26Mgcarbonate - δ26Mgsolution) values tested in the lab or by natural samples (Chen et al., 2020; Immenhauser et al., 2010; Li et al., 2012; Mavromatis et al., 2013; Saulnier et al., 2012; Wang et al., 2013) are far larger than equilibrium values at 25°C (from -3.6‰ to -3.5‰; Mavromatis et al., 2013; Rustad et al., 2010; Schauble, 2011). The process of magnesium isotope fractionation is weakly dependent on temperature (Galy et al., 2002; Saenger and Wang, 2014; Wang et al., 2013; Wombacher et al., 2011; Young and Galy, 2004). Porewater geochemistry is strongly affected by AOM at cold seeps (e.g. Rodriguez et al., 2000). Changes in sedimentary environments are associated with the variation of leakage intensity, like alkalinity, carbonate precipitation rate, mineralogy and ligand type, and may be recorded into the magnesium isotopic composition of seep carbonates. In the methane-rich environment, alkalinity of porewater may increase up to more than 10 mM (Gieskes et al., 2005; Hu et al., 2018; Rodriguez et al., 2000). When the alkalinity varies from 2.5 mM (alkalinity of seawater) to 60 mM under the equilibrium conditions at 25°C without any sulfate in the solution, δ26Mg values of aqueous magnesium ions decrease by ca. 0.6‰ (Schott et al., 2016), possibly affecting magnesium isotopic compositions of carbonates. Due to the alkalinity being much less than 60mM in the nature profile, the impact of alkalinity on fractionation is significantly reduced. Mineralogical controls on magnesium isotopic composition of carbonate can be observed (Galy et al., 2002; Wang et al., 2013; Wombacher et al., 2011; Young and Galy, 2004), probably related to variations of crystal surface properties or Mg-O bond strength and coordination in different carbonate phases (Saenger and Wang, 2014). The relatively 26Mg enrichment sequence is: aragonite > dolomite > magnesite > calcite (Wang et al., 2013). Smaller fractionation will be caused by higher rates of carbonate precipitation (Jin et al., 2022; Mavromatis et al., 2013), probably related to inhibited dehydration of magnesium ions during their incorporation into the lattice (Mavromatis et al., 2013; Saenger and Wang, 2014). This effect is apparent in abiogenic calcite, formed from the solution with low magnesium concentration, low Mg/Ca ratios and relatively low saturation states (cf. Saenger and Wang, 2014 and references therein). Magnesium isotopic composition of carbonate is controlled by aqueous magnesium speciation (Schott et al., 2016). Compared to Mg2+, MgSO40, MgCO30 and MgHCO3+ tend to enrich 26Mg, and MgHS+ favor 24Mg (Schott et al., 2016). It is also reported that increased Mg concentrations and carboxyl group catalysis may be important factors of dolomitization processes without any bacteria or evaporite evidence (Li et al., 2018).




3 Advances in research on the magnesium geochemistry of seep carbonates

A dolomite nodule, at 6.5 meters below seafloor (mbsf) in the modern sulfate methane transition zone (SMTZ) on the Peru Margin, is attributed to AOM (Mavromatis et al., 2014a). Magnesium isotopic compositions of 250 meters thick authigenic carbonate and porewater from ODP Leg 201 Site 1230 and ODP Leg 112 Site 685 are investigated. Origins of carbonates in the study area are divided into two types. Type I dolomite (1 sample) is an early diagenetic dolomite precipitating in the shallow subsurface and related to a rapid increasing alkalinity due to AOM. The δ26Mg value of Type I dolomite is -3.5‰ and the value of △26Mgcarb-sol is -2.6‰, closed to laboratory ones (Chen et al., 2020; Li et al., 2012). Type II dolomite below ca. 230 mbsf is most probably produced by an upward migrating Ca-rich fluid buffering pH in the methanogenic zone (Meister et al., 2011). δ26Mg values of type II dolomite range from -3.0‰ to -2.5‰, much lighter than the magnesium isotopic composition of modern deep pore fluids (△26Mgcarb-sol is up to -3.6‰). Differences of magnesium isotopic compositions between two types of authigenic dolomite are related to various geochemical processes in studied sites, emphasizing its usefulness as a palo-diagenetic proxy.

Seep carbonate magnesium isotopes are tried to reflect the intensity of the seepage (Lu et al., 2017). Authigenic seep carbonates from Shenhu Area and SW Taiwan Basin in South China Sea (SCS), mainly composed of dolomite with magnesium calcite, and a biodetrital carbonate sample consisted of low-magnesium calcite from Site HD76 in SW Taiwan Basin are tested. The δ26Mg value of the biodetrital carbonate (-4.28‰) is lower than those of seep carbonates (-3.25‰ to -2.95‰). Different mineral types of carbonates have different magnesium contents, with MgCO3 abundances of <0.6 mol% in aragonite typically, < 4 mol% in low-Mg calcite (LMC), and 4 to 30 mol% in high-Mg calcite (HMC) (Flügel, 2004; Tucker, 2001; Wombacher et al., 2011). Hence, Mg/Ca ratio can be used to identify carbonate mineral species approximately. Moreover, dissolved inorganic carbon (DIC) in pore fluids, highly associated with AOM-MSR in methane rich environments, is the main carbon source for seep carbonate. Trends between δ26Mg versus Mg/Ca and between δ26Mg and δ13C are explained to be controlled by a kinetic process associated with the incorporation of Mg2+ into the lattice. The fractionation is probably affected by higher carbonate precipitation rates, consuming sulfate and producing sulfide at cold seeps. Trends of Shenhu samples, with higher Mg/Ca ratios and lower δ13C values, are much steeper and interpreted to be associated with a more extensive AOM-MSR. However, δ13C values can be used to reflect the change of leakage intensity, only when the composition of gas source is same, that is, during the same leakage. Consequently, it’s unreasonable that δ13C values of unknown leakage events in different regions are exclusively used to identify the seepage intensity. The relationship between the seepage intensity and the slope of δ26Mg and δ13C (or Mg/Ca) also needs to be further explained.

Two tubular carbonate samples, commonly regarded as products of extensive seepage (Stakes et al., 1999) with orientated growth (Bayon et al., 2013; Wirsig et al., 2012; Yang et al., 2018), are derived at Site 3 of SW Taiwan Basin in SCS for a further study about the mechanism of magnesium isotope fractionation at cold seeps (Jin et al., 2021). Samples are mainly composed of HMC. δ13C values and carbonate contents, combined with Middle Rare Earth Elements (MREE), molybdenum and uranium, from the rim to the core, are used to indicate the seepage intensity. Along the cross section of sample DS-A, δ26Mg values vary from -2.63‰ to -3.24‰ from periphery to inner portion, while δ26Mg values are close to constant (-3.42‰ to -3.37‰) in the sample DS-C. Positive trend between δ26Mg and δ13C and negative correlation between δ26Mg and Mg/Ca of sample DS-A demonstrate that the incomplete dehydration of magnesium ions caused by high precipitation rates may be overcame with the presence of dissolved sulfide at cold seeps. No similar trends are observed in sample DS-C characterized by more 13C depletion and higher Mg/Ca ratios, which is probably due to an upper threshold of sulfide catalysis. This research hypotheses that dissolved sulfide, probably offsetting or exceeding the impact of precipitation rate, may be the main factor of magnesium isotope fractionation of seep carbonates in the studied area.

A ten meters long sediments core, composed of both lacustrine and marine units, at a gas hydrate bearing site (MRS-CS-13) on the Western High in the Sea of Marmara is studied (Tang et al., 2024). Shallow sediments (0 to 0.5 mbsf) are strongly influenced by AOM in the present-day SMTZ, and carbonate nodules are observed in the sediment at 0.5 mbsf. Carbonate minerals in shallow sediments are mainly composed of HMC and dolomite, based on XRD data and Mg/Ca versus Sr/Ca. δ26Mg values of seep carbonate near the sea floor (-3.45‰ to -3.07‰) are much lower than those of abiogenic carbonate, not affected by AOM, in underlying sediments (-2.18‰ to -1.62‰). The magnesium isotopic composition of carbonate at 0.5 mbsf, with a much lower δ13C value and a higher carbonate content, is heavier than that at 0.2 mbsf. It is suggested that the magnesium isotope fractionation of seep carbonates may be controlled by the competition between the concentration of dissolved sulfide and the precipitation rate of seep carbonates. However, difference between carbonate mineral species in sediments of 0.2 mbsf (dolomite) and 0.5 mbsf (calcite), which may affect the magnesium isotopic composition of seep carbonates, is not discussed in the manuscript. In theory, δ26Mg value of dolomite should be higher than that of calcite (see Chapter 2), not consistent with the result. Mineral species may not be the main factor of magnesium fractionation of authigenic carbonates in sediments at cold seeps. Moreover, it’s highlighted that seep carbonate magnesium isotope could be valid evidence for distinguishing SMTZ.




4 Magnesium geochemical characteristics of seep carbonates



4.1 Magnesium isotopes of carbonates in the modern marine environment

Carbonate minerals in sediments or carbonate stones nearby bottom seawater, in the early diagenetic stage, are found in diverse sedimentary environments (Figure 2; 'Supplementary Table SI A), including modern oceanic sedimentary environments (Blattler et al., 2015; Fantle and Higgins, 2014; Higgins et al., 2018; Higgins and Schrag, 2010, 2012; Mavromatis et al., 2014a; Murray et al., 2021; Rose-Koga and Albarede, 2010; Wombacher et al., 2011; Yoshimura et al., 2011), lacustrine sedimentary environments (Riechelmann et al., 2020), and specific environments like Sabkha (Azmy et al., 2013; Geske et al., 2015; Riechelmann et al., 2020; Shalev et al., 2021) and cold seeps (Jin et al., 2021; Lu et al., 2017; Mavromatis et al., 2014a; Tang et al., 2024). δ26Mg values of modern carbonate samples are in the range from approximately -6‰ to 0‰. δ26Mg values of biogenic carbonates, including biogenic skeleton and biodetrital origins, are more widely distributed (approximately -5.57‰ to -0.83‰), compared to abiogenic carbonates (approximately -4.48‰ to -0.38‰). Rayleigh fractionation effect will be insignificant, when the supply of magnesium ions from seawater is extremely abundant and the consumption of magnesium ions is relatively minor during the carbonate precipitation (e.g. Jin et al., 2022). Hence, the magnesium source of carbonate, formed in extremely shallow sediments or above the water-sediment interface in marine environments, except localized environments like Sabkha, can approximately be regarded as seawater, which is homogenous (Ling et al., 2011) (Figure 3). Biogenic skeleton carbonates precipitate at the bottom seawater, and the minimum value of △26Mgcarb-sol is -4.74‰, far exceeding the equilibrium values (Mavromatis et al., 2013; Rustad et al., 2010). Skeleton biomineralization promotes the incorporation of 24Mg into the carbonate lattice (Yoshimura et al., 2011), probably enhancing the upper limit of fractionation. However, further experimental validations are required.




Figure 2 | Mg isotopic composition of carbonate in different modern sedimentary environments or in laboratory. Carbonate magnesium isotope of researches counted in this article, are classified according to the ‘region + carbonate description’ standard. Sources of data are concluded into Supplementary Table SI A.






Figure 3 | Mg isotope distribution of porewater at different depth (meters below sea floor) in different regions. Sources of data are concluded into Supplementary Table SI A.



Carbonate ligands, such as carbonic acid, bicarbonate and carbonate, will form due to carbon dioxide dissolved into seawater from atmosphere, and combine with calcium ions to form carbonate minerals. The skeleton of marine organisms is composed of carbonates and deposited in the shallow sea with abundant sunlight. Biodetrital carbonate may be buried in deeper sediments as the skeleton sinks. Hence, the distribution of biogenic carbonate, including biogenic skeleton and biodetrital origins, is limited in relatively shallow sediments, compared with vertically widespread abiogenic carbonates (Figure 4A). Without regard of the input of deep-sourced fluids, the solubility of carbonate minerals in marine environments should be higher in deeper water. Calcium carbonates begin to dissolve significantly in seawater at lysocline (Figure 4B) (cf. Broecker, 2003; Larsen, 2020), and a complete dissolution of carbonates occurs below CCD (Carbonate Compensation Depth) (Larsen, 2020), which are spatially and temporally distributed (e.g. Dutkiewicz and Müller, 2021; Pälike et al., 2012; Rea and Leinen, 1985). In the modern Pacific, average CCD is about 4500 mbsl (meters below sea level) (Larsen, 2020), and values of CCD and lysocline in the south part are respectively about 4100 mbsl and 3500 mbsl (Rea and Leinen, 1985). However, the average value of CCD is approximately 6000 mbsl in the modern Atlantic (Larsen, 2020). Dolomite, near the seafloor related to AOM and deep formed due to the episodic inflow of deep-sourced fluids, are found under the around 5000 mbsl at the Peru Margin (Figure 4A) (Mavromatis et al., 2014a). The formation of deep carbonates may be affected by the fluid activity. The distribution of carbonate magnesium isotopes is different due to various carbonate origins in different depth.




Figure 4 | (A) A scatter figure representing Mg isotope distribution of carbonate in different water depth (meters below sea level) is used; (B) A cartoon figure reflecting carbonate geochemistry in the marine environment (Note that this is a conceptual diagram of real systems, and not necessarily an accurate representation of how these profiles would look in nature). The precipitation of carbonate in the shallow depth may be enhanced by biogenic calcification. Sources of data are concluded into Supplementary Table SI A.






4.2 Magnesium geochemical characteristics of seep carbonates

Magnesium isotope fractionation is controlled by multiple factors (Figure 1). Alkalinity, microbes, and temperature are not main factors (see Chapter 2). There is no obvious difference on fractionation for different carbonate minerals at cold seeps (Table 2). Mineral species is also not the dominated factor of fractionation. Hence, magnesium isotope fractionation of seep carbonate is controlled by the competition between carbonate precipitation rates and aqueous ligand types. The range of magnesium isotopic composition of seep carbonates is narrow (-3.46 ‰ - -2.36 ‰) and relatively insensitive to Mg/Ca ratios (Figure 5). Mg/Ca ratios are used as an approximate indicator of mineral species for seep carbonates, which are commonly composed of multiple carbonate mineral phases (Table 2). However, biogenic carbonates exhibit a broader isotopic distribution and a relatively lower magnesium content compared with seep carbonates, where vital effects are expected to play an indispensable role (Chang et al., 2004; Yoshimura et al., 2011). △26Mgcarb-sol values of seep carbonates are from -2.62‰ to -1.53‰ (Figure 6), much lower than the equilibrium fractionation value (Schauble, 2011) and consistent with kinetic fractionation experimental simulations at low temperatures (Mavromatis et al., 2013) or modeled results (Jin et al., 2022). The process of magnesium isotope fractionation at cold seeps is considered to be dominated by the kinetic effect (e.g. Jin et al., 2022, 2021; Lu et al., 2017), same as marine abiogenic carbonates (cf. Mavromatis et al., 2013) except in localized environments like Sabkha (Figure 6). Moreover, values of δ26Mg and δ25Mg, converted to δ26Mg’ and δ25Mg’ (Young and Galy, 2004), for different types of samples are counted (Figure 7). Beta, derived from the slope between δ26Mg’ and δ25Mg’, should be closed to 0.511 for kinetic processes, and to 0.521 for equilibrium processes (Young and Galy, 2004). All samples fall the mass-dependent fractionation line with a slope of 0.5173 (R2 = 0.9927, intercept = -0.007), and the seep carbonate is on the linear fitting line with a slope of 0.5126 (R2 = 0.9938, intercept = -0.018) (Figure 7). The magnesium isotope fractionation controlled by AOM-MSR belongs to the mass-dependent fractionation and is mainly controlled by kinetic effects.


Table 2 | Summary of magnesium isotope geochemistry and mineral species (mainly from XRD data).






Figure 5 | δ26Mg-Mg/Ca plot of carbonate in different sedimentary environments. The early diagenesis here includes dolomitization and recrystallization (Blattler et al., 2015; Fantle and Higgins, 2014; Higgins et al., 2018). Mg/Ca ratios are used to indicate mineralogy approximately (e.g. Wombacher et al., 2011). Sources of data are concluded into Supplementary Table SI A.






Figure 6 | Summary of fractionations between carbonate and fluid in different sedimentary environments. Equilibrium values at 25°C are derived from experimental data (ca. -3.5‰, Mavromatis et al., 2013) and calculated theoretical value (ca. -3.6‰, Rustad et al., 2010). Sources of data are concluded into Supplementary Table SI A.






Figure 7 | δ25Mg’-δ26Mg’ plot of carbonate in different sedimentary environments. δxMg’=1000 ln[(1000+δxMg)/1000], x=25 or 26 (Young and Galy, 2004). Sources of data are concluded into Supplementary Table SI A.



Dolomite summarized in this manuscript originates from marine biogenic carbonates (Blattler et al., 2015; Higgins et al., 2018) and marine biogenic limestones (Fantle and Higgins, 2014) through early diagenesis after burial. Early diagenesis in areas mentioned above is associated with dolomitization and recrystallization, which can drive the increasement of dolomite δ26Mg values (e.g. Blattler et al., 2015). Buried dolomites, affected by diagenesis, are featured by higher Mg/Ca ratios and heavier magnesium isotopic compositions compared with seep carbonates (Figure 5). There seemly exists an upper limit for magnesium content of seep carbonates, while magnesium ions can be further enriched into the lattice through diagenesis if seep carbonates are buried.

Seep carbonate dolomitization is the product of a significant increase in dissolved sulfide, lowering the energy barrier for magnesium dehydration, and alkalinity. This geochemical information is recorded in seep carbonates in the form of magnesium isotopes. Saturation fluctuations caused by periodic leaks and different gas source compositions may also facilitate dolomitization. Moreover, there are no reports on whether seep carbonates contain microbial structures, so we cannot determine the role of microbes in the process of seep carbonate dolomitization. Microbes and alkalinity have minor effects on fractionation. Primary dolomite in methane-rich environments, catalyzed by dissolved sulfide, exhibits a lighter isotopic composition compared with that in modern marine sedimentary environments. Hence, magnesium isotopes combined with mineralogy may be a reliable indicator for identifying the dolomitization pathway.





5 Conclusion

Magnesium geochemistry of carbonates in modern sedimentary environments, especially at cold seeps, is summarized. δ26Mg values of biogenic carbonate are more distributed in comparison with abiogenic carbonate. Magnesium isotopic composition of porewater fluids in most extremely shallow sediments or at the seafloor in marine environments, except localized environments, are generally closed to that of seawater.

δ26Mg values of seep carbonates are from -3.46‰ to -2.36‰, and narrowly distribute compared to modern carbonate samples (ca. -6‰ - 0‰). Compared with other factors, like alkalinity, microbes, temperature, mineral species, etc., the competition between dissolved sulfide and rapid carbonate precipitation may dominate the magnesium isotope fractionation at cold seeps. This process is mainly controlled by the kinetic effect. Production of extensive dissolved sulfide may be the main factor for dolomitization of seep carbonates. Geochemical fluctuations, caused by periodic leakage and different gas compositions, is also a potential and unignorable factor for dolomitization at cold seeps. Magnesium isotopes, combined with mineralogy, can be a potential proxy to identify dolomitization pathways, especially AOM-related one. However, the correlation between magnesium geochemistry and leakage intensity and the mechanism of magnesium isotope fractionation at cold seeps are still unclear. More magnesium isotopic data of seep carbonates and pore fluids, laboratory experiments, and simulation calculations are needed.
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The classification of ‘main carbonate mineral’ for (Lu et al., 2017) is that the content of main carbonate mineral must be more than twice than that of the accessory carbonate minerals.
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