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Abstract

:

Time-of-Flight–Secondary Ion Mass Spectrometry (ToF-SIMS) using a bismuth liquid metal ion source was utilized to characterize and image microbial biomarkers within dolomite from early-middle Miocene coastal mud volcano outcrops in Kuwait. ToF-SIMS analysis revealed biomarkers of ancient microbial consortia of sulfate reducers and methane oxidizers participating in the anaerobic oxidation of methane. The identified lipid biomarkers comprised 17α(H),21β(H)-Norhopane, Hop-17(21)-ene or Hop-22(29)-ene (diploptene), non-isoprenoidal dialkyl glycerol diethers (DAGEs), and Diacylglycerol esters (DGs). The ion µ-scale images of carbonate rocks showed two characteristic styles: (1) high signal intensity of dolomite, halite, and biomarkers, where the biomarkers demonstrate a distinctive co-localization pattern with both dolomite and halite; and (2) a lack of dolomite, halite low signal intensity, and an absence of biomarker co-localization patterns. Our results highlight three remarkable observations. Firstly, the concomitance of dolomite and halite suggests a common source of magnesium and sodium supply, likely from the hypersaline Al-Subiya sabkha. This emphasizes the importance of hypersaline seawater for dolomite formation. Secondly, microbial biomarkers correspond to methane- and sulfate-rich conditions under which dolomite was formed. Lastly, the high intensity of biomarker signals and their association with dolomite and halite indicate that the consortia involved in dolomite formation have preferences for high-salinity conditions. The three observations align with previous studies that have highlighted the importance of methane-sulfate redox, high salinity, and halophilic microbes for dolomite formation. This work is the first to acknowledge ancient microbial biomarkers within Miocene dolomite in Kuwait, which aims to broaden the understanding of the biogeochemical processes triggering dolomite formation in similar environments and ancient geologic settings.
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1. Introduction


Mud volcanoes and methane seep systems are global geologic phenomena where hydrocarbons naturally seep onshore and offshore [1,2,3]. In anoxic marine sediments, methane oxidizing archaea (ANME) consume the seeped methane anaerobically in syntrophy with sulfate-reducing bacteria (SRB) [4,5] with consequent bicarbonate accumulation, alkalinity increase, and often the precipitation of calcium carbonate [6,7]. Dolomite, the perplexing carbonate mineral, has been reported in different mud volcanoes around the globe [8,9,10,11,12,13] and the long-held claim about its mystifying origin remains debatable [14,15,16].



Since the late-1990s, the research on dolomite formation from a geobiological perspective has provided versatile findings on the importance of microbes in this process. The microbial ability to nucleate dolomite was largely associated with negatively charged microbial surfaces and extracellular polymeric substances (EPSs) [17,18,19,20,21]. A laboratory-based enrichment experiment of halophilic consortia showed the formation of proto-dolomite at the expense of microbial organic biofilm, which proves the role of microbial-derived organic substances as nucleation sites for dolomite formation [22]. In a hypersaline sabkha, the in situ investigation of cyanobacterial EPSs using high-resolution 2D Raman spectroscopy has shown the close association of dolomite clusters with the EPS and organic carbon [23]. Moreover, the potentiometric titration of microbial EPSs from a sabkha indicates the association of dolomite with the carboxylic functional group ligands [24].



The association of halophilic microbes with dolomite in hypersaline environments [25,26,27] can be linked to the status of microbial physiological adaptation to resist the high osmotic pressure resulting from the high salinity. This adaptation entails increasing the concentration of free negatively charged carboxylic groups on microbe surfaces that results in the equal loading of Ca2+ and Mg2+, which leads to dolomite nucleation [18]. The fossils of microbial organic matter within ancient Precambrian dolomite [28] might support the concept of perceiving dolomite as a “biomineral” [29] where microbes can be entombed throughout the biomineralization process [30]. It is therefore a compelling approach to investigate microbial involvement in ancient dolomite formation by investigating the close affinity of microbial biomarkers within dolomite.



Various studies have analyzed microbial biomarkers in methane seep environments via extraction and conventional mass spectrometry methods such as gas chromatography–mass spectrometry (GC-MS) [31,32,33,34], high-performance liquid chromatography–mass spectrometry (HPLC-MS) [35,36], and liquid chromatography–tandem mass spectrometry (LC–MS2) [37]. The identified biomarkers were anticipated to indicate the corresponding microbial activities, and hence the biogeochemical conditions. Nonetheless, these techniques have a limited scope of being destructive for the rock integrity and are unable to produce images of the biomarkers to be localized with inorganic constituents.



In this work, however, we aimed to analyze and localize microbial lipid biomarkers within dolomite at the microscale. We used the powerful surface-sensitive technique known as Time-of-Flight Secondary–Ion Mass Spectrometry (ToF-SIMS), which provides high mass resolution and generates surface ion images with a lateral resolution of <0.1 µm [38]. In ToF-SIMS, a pulsed primary ion beam is used to generate secondary species from a surface, some of which are ionized. The advantage of using a time-of-flight system is the parallel detection of all ions, great sensitivity with low ion doses, high mass range, excellent mass resolution, high spatial resolution, and effective charge compensation due to the pulsed operation of the primary ion source [39]. Thus, the unique capability of ToF-SIMS to identify and map inorganic and organic compounds in a microscopic area has been successfully applied to the analysis and imaging of lipid biomarkers from environmental samples [40,41,42,43,44].



In north Kuwait, many efforts have been made to comprehend the process of dolomite formation in Al-Subiya area. The formation of spherulitic selectively dolomitized fabric was described as perplexing in an early study. It was postulated that the presence of bacterial organic matter could possibly induce the formation of the spherulitic dolomite [45]. In another study, it was indicated that the spheroidal dolomite within the surface lithology was attributed to the collective events of hydrocarbon seepage and microbial metabolism of the seeped hydrocarbon [46]. In a recent investigation, the geochemical signatures of dolomite were characterized, indicating strictly anoxic conditions that imply methane seepage during the Miocene period. Under such conditions, dolomite formation was suggested to be prompted by microbial consortia associated with the anaerobic oxidation of methane [47]. Despite the significance of these findings, the involvement of microbes in dolomite formation in Al-Subiya area was postulated but not verified. In this study, our results demonstrate the preferential microscale affinity of microbial biomarkers within dolomite formed during the Miocene period. We aimed to comprehend the ancient microbial contribution toward the genesis of dolomite within Al-Subiya area in northern Kuwait, and to extrapolate our findings to understand dolomite formation in analogous environments.




2. Materials and Methods


2.1. Sample Materials


The investigated site of the early-middle Miocene coastal mud volcano outcrops is located in Al-Subiya area northeast shoreline arch of Kuwait Bay and is within the basal part of the post-Eocene Kuwait Formation (Figure 1). The area is about 4.6 km × 0.5 km2, exhibiting different geomorphological features and sedimentary structures including laminar bedding, pockmarks, injectites, seismites, evaporites, and fractures [48]. These features indicate surface manifestations of expelled fluids from the Bahrah oilfield, which are associated with seismically injected clastic pipes that act as pathways for hydrothermal fluids and hydrocarbon seepage [49]. The observed pockmarks indicate intense venting of hydrocarbon-charged fluids where the authigenic carbonates are consequences of the microbial anaerobic oxidation of seeped hydrocarbon. The geochemical signatures of positive cerium and europium anomalies of dolomite at the site provide strong evidence of strictly anoxic conditions and sulfate reduction events during the dolomite formation process [47]. Prior to rock sampling for our research, the site was divided into 3 zones based on apparent lithological and geomorphological characteristics (Figure 1). Zone 1 is characterized by the extensive venting of small craters ranging from 1 to 29 cm in diameter with the abundance of gypsum and bioclasts consisting of skeletal marine fossils. Zone 2 is distinguished by dome- and mound-shaped formations, large seismites, soft sediment deformations, and medium-sized craters that reach 1 m in diameter. The distinctive features of Zone 3 include large craters reaching 2.3 m in diameter, giant seismites, and extensive polygonal fractures [48]. Figure 2 shows some main features of the studied mud volcano outcrops.



In this study, one carbonate rock was sampled from each respective zone and labeled accordingly. Sample MV1 was from zone 1, sample MV2 was from zone 2, and sample MV3 was from zone 3 (Figure 3). The color of MV1 and MV3 rocks showed a degree of uniformity throughout the sample while the MV2 rock showed a heterogeneity of colors including unidentified dark lines of 2 cm in diameter within the light brown matrix. Thus, in order to perform a comprehensive investigation of the MV2 rock, its components were first analyzed collectively and then separately, whereby the interface between the dark lines and the brown matrix was labeled as MV2, the dark line sample was labeled as MV2_d, and the light brown matrix was labeled as MV2_br. A small fragment of each rock was first polished manually in two steps using 600- and 1200-grit-size sandpaper, each for 2 min, and then ground to a dime size using the grinder to fit the back-mount plater of the ToF-SIMS instrument.




2.2. Time-of-Flight–Secondary Ion Mass Spectrometry (ToF-SIMS) Analysis


ToF-SIMS analysis was performed using an IONTOF TOFSIMS V mass spectrometer (IONTOF GmbH, Münster, Germany) equipped with a Bi LMIG primary ion source. Prior to analysis, the sample surfaces were cleaned with an argon cluster ion source (cluster size: 1500, 10 keV, current 1.1 nA) rastered over a 450 × 450 µm2 area for 5 min. This resulted in a clean surface and minimal, if any, damage to the rock surface. A Bi3++ pulsed primary ion beam (60 keV, 0.3 pA) was used to generate positive spectra in both high-mass and high-spatial-resolution modes. The secondary ions were extracted into an analyzer by a high-voltage potential and masses were analyzed by measuring their time-of-flight from sample to detector. By rastering the primary ion beam, mass spectra and secondary ion images can be obtained to yield molecular information of the surface constituents [49]. Sample areas of 150 × 150 µm2 were obtained from the center of the cluster-cleaned area. Charged compensation was achieved with the instrument’s electron flood gun operating between the primary ion pulses in an intercalated mode. Mass calibration was performed using H+, Li+, CH3+, K+, and CaOH+ for the spectra collected in high-mass-resolution mode, and H+, Li+, CH3+, and Na+ for those collected in high-spatial-resolution mode. The identified fragments of microbial biomarkers were compared to reference biomarker spectra of AOM consortia [50]. ToF-SIMS imaging allows for the localization of biomarkers within the regions of interest in two-dimensional maps of the analyzed surface. The distribution of microbial biomarkers had to be ascertained from spectral images obtained in the high-mass-resolution mode. The images of microbial biomarkers were displayed using a log scale and binned to 4 pixels in order to increase the contrast. Additional complementary analyses were utilized using thin sections and an Electron Probe Micro-Analyzer (EPMA) to support the discussion of ToF-SIMS findings (Methodology in Supplementary Materials).





3. Results


3.1. Time-of-Flight–Secondary Ion Mass Spectrometry (ToF-SIMS) Spectra


The positive secondary ions mass spectra were recorded for MV1, MV2, MV2_d, MV2_br, and MV3 in the range of mass-to-charge ratios (m/z) from 0 to 600. Figure 4 shows eight partial positive spectra in ranges of m/z 20–120, 180–200, 250–270, 280–310, 335–370, 380–400, and 450–600. The characterized inorganic chemical species constituting the carbonate rocks included Mg+, Ca+, CaOH+, Ca2O+, Ca2O2+, and Ca2O2H+. However, no Mg+ was detected in the MV3 sample. The Na+ and K+ ions were found in all samples but with varying intensities. The main microbial biomarker characteristic peaks are listed in Table 1, which shows the average measured masses in comparison to standard biomarker fragment masses of 17α(H),21β(H)-Norhopane, Hop-17(21)-ene or Hop-22(29)-ene (diploptene), non-isoprenoidal dialkyl glycerol diethers (DAGEs), and Diacylglycerol esters (DGs).




3.2. Imaging Microbial Biomarkers


The high-lateral-resolution images of total ions indicate the surface topography, and microscale regions of calcite/dolomite, dolomite, and halite are represented by the spatial distribution of Ca+, Mg+, and Na+, respectively. The overlay images of Mg+ (red), Ca+ (green), and Na+ (blue) demonstrate the association of dolomite with halite. Interestingly, the co-occurrence of dolomite and halite is evident through the analyzed samples as the high-spatial-resolution ion images of Mg+ and Na+ show intense signals in MV1 (Figure 5), MV2 (Figure 6), and MV2_br (Figure 7) but minor signal intensity in MV2_d (Figure 8) and MV3 (Figure 9).



The fragmentations of microbial biomarkers m/z = 255.23, 257.23, and 259.23 are co-localized with Na+ regions and display high signal intensity in MV1 (Figure 5), MV2 (Figure 6), and MV2_br (Figure 7). However, these fragments are absent in MV2_d (Figure 8) and MV3 (Figure 9), where we found a low signal intensity of Na+ in the corresponding ion images. The low signal intensity of m/z = 367.30 is co-localized with Na+ but it is only observed in MV1 (Figure 5). Other fragments of microbial biomarkers are co-localized with Mg+ regions including m/z = 189.11, 191.12, 283.19, and 285.19, and they are clearly depicted in MV1 (Figure 5), MV2 (Figure 6), and MV2_br (Figure 7). The fragments m/z = 299.16, 301.17, and 341.20 are co-localized with Mg+ in MV1, but with Ca+ in MV2 and MV2_br. The co-localization of m/z = 301.17 and 341.20 in both MV2_d and MV2_br is challenging due to their low signal intensity.



Remarkably, ion images of MV3 (Figure 9) show no contrast of microbial biomarkers and their signal is practically absent with a concomitant absence of Mg+ in the line mass spectra with very low Na+ signal intensity. Other microbial fragment masses detected in the mass line spectra (Figure 2) are m/z 383.74, 393.23, 395.28, 455.54, 495.38, and 597.30 which show very low signal intensity, and their co-localization with inorganic species is practically impossible. Thus, ion images of these fragments are not presented.





4. Discussion


4.1. Microbial Biomarkers Related to Hydrocarbon Seepage


Dolomite formation on the top lithologies in Kuwait was earlier proposed to be related to microbial oxidation of the seeped hydrocarbons [46], but evidence of microbial involvement was absent. Later work on the Miocene mud volcano inferred the role of AOM consortia on surface dolomite from the geochemical signatures of cerium (Ce/Ce *) and europium (Eu/Eu *) anomalies that imply strictly anoxic conditions and sulfate reduction to sulfide, respectively [47]. This present study probes the relationship between microbes of the Miocene age and authigenic dolomite by investigating microbial lipid biomarkers. These biomarkers were anticipated to be related to hydrocarbon/methane metabolism based on lithological structures, pockmarks, and geochemical signatures [47].



ToF-SIMS analysis was performed at the positive polarity as the formerly described minerals of calcite, dolomite, and halite (evaporite) were prevailing in the study area [13,47,51] and are conceivably implied from the positive metal cations of Ca+, Mg+, and Na+, respectively. Also, standard references of biomarker diagnostic fragments of the expected AOM consortia are dominant in the positive mode spectra [50]. Fragmentation of large molecules is common in mass spectrometry where weak bonds tend to break and stable fragments tend to form. In the aliphatic carbon skeleton (DAGEs and DGs), the fragmentation at a branch point is favored in order to give a more stable carbocation, while in aromatic rings (hopanes), the benzylic cleavage gives resonance-stabilized carbocations [52]. Thus, ToF-SIMS biomarker results represent masses of lipid fragments instead of the large lipid molecules (Table 1). The fragmentation of organic compounds commonly occurs during ToF-SIMS primary ion bombardment, generating multiple fragmental peaks within the corresponding mass spectrum. Notably, every organic molecule exhibits a distinguished fragmentation pattern, allowing the identification of entire molecules [53]. The diagnostic fragment peaks can provide insights into the original organic molecules [54].



The revealed major fragments of biomarkers from this study were cross-referenced with standard documented molecules in the literature. Interestingly, the same biomarker fragments were found in similar environments and are indicative of microbes engaged in the anaerobic oxidation of methane [50]. According to the literature, hopanes (norhopane and diploptene) were detected in fluid inclusions of Ordovician source rocks in an oil seep environment [54] and their fraction was representative of the portion of the original oil remaining in the rocks [55]. The presence of hopanes in fluid inclusions may suggest an association of hydrocarbons with AOM consortia since these microbes can utilize hydrocarbon as a source of energy [56]. The Miocene mud volcano in Kuwait has shown evidence for both findings of oil seepage and AOM consortia utilizing hydrocarbon [45,47], which corresponds to hopanes presence. Moreover, the detection of diploptene provides evidence for methanotrophs [57], further supporting the methanotrophy process that led to dolomite formation in the study site [47].



Regarding the DAGEs ether lipids, early work has shown their exclusive biological source to be the thermophilic-sulfate-reducing bacterium Thermodesulfobacterium commune [58]. In general, the abundance of DAGE biomarkers in seep-related carbonates indicates the involvement of SRB in methane oxidation [59,60] and they can be found in carbonate crusts within mud volcanoes [61]. The detected DAGE ether lipids in deposited carbonate and mud rocks of the Early and Middle Triassic (250–240 Ma) imply the paleo-redox conditions related to simultaneous bacterial sulfate reduction and methane oxidation [62]. Similarly, the inference of DAGE biomarkers within Miocene dolomite in Kuwait shows correspondence with previous geochemical signatures, indicating the input of hydrothermal fluids, methane oxidation, and sulfate reduction at the time of dolomite formation [47]. The identification of DAGE biomarkers holds the potential to expand the characterization of the ancient microbial community that existed in the Miocene mud volcano in Kuwait during the formation of dolomite, indicating that sulfate-reducing bacteria were not only halophilic, but also thermophilic. Collectively, the identified biomarkers align with the implications of previous geochemical signatures of the study site and agree with the characterization of comparable biomarkers from analogous environments.




4.2. Co-Localization of Microbial Biomarkers within Dolomite


Ion images of biomarker fragments show a co-localization pattern of hopanes (m/z 189.11, 191.12, and 259.25) and DAGEs (m/z 255.23, 257.23, 283.19, and 285.19) with dolomite and halite in MV1, MV2, and MV2_br. Since the biomarker fragments m/z 255.23, 257.23, and 259.25 have shown consistent signal intensities over all samples with Na+ ion images, we suggest that these fragments belong to the same molecule; however, the reference spectra show that m/z 255.23 and 257.23 are fragments of DAGE C29H58O3 but m/z 259.25 is a fragment of norhopane C29H50. Remarkably, bacterial glycerol ether lipids have shown their potential in supporting cell resistance to extreme environmental conditions in mesophilic-marine-sulfate-reducing proteobacteria where dialkylglycerols were the dominant cellular lipids [63]. This fact can be evident for DAGEs to be relevant to halophilic SRB whereby halophiles exhibit a tolerance of different extreme conditions of sabkha including lethal radiation, high temperatures, shortage in oxygen, and exposure to heavy metal [64].



The collateral anaerobic oxidation of methane and sulfate reduction can occur in hypersaline environments, such as Mercator mud volcanoes, where the salinity of the sediments reaches 29% [65]. This is relevant to our case as the studied mud volcano is not typical but rather an evaporitic where features of hydrocarbon seepage and evaporite coexist [48]. A compelling case highlighting the potency of microbial biomarkers to identify ancient hybrid geologic events is the characterization of AOM biomarkers within authigenic carbonates deposited during the Messinian salinity crisis in Sicily and the northern Apennines [66]. As dolomite is associated with evaporites [67], the co-occurrence of dolomite with halite and the co-localization of AOM consortia with both dolomite and halite at µ-scale regions are suggestive of the formation of the Miocene dolomite as the result of the interaction between the hypersaline sabkha and the marine mud volcano [47]. The high salinity contributes to the increase in fluid ionic strength with the consequent dehydration of the magnesium hydration shell (Mg-H2O) and subsequently the release of available magnesium ions for dolomite nucleation [68]. Microbes can adapt to high-salinity environments by modifying the chemistry of their surfaces, leading to the subsequent binding of Mg2+ ions and the nucleation of dolomite [18,24].



The co-occurrence of dolomite, halite, and AOM biomarkers suggests a link between the preferential dolomitization process and the interaction of the high Mg/Ca flooding sabkha with the authigenic carbonates of the mud volcano. The high signal intensity of the microbial biomarker pattern within dolomite and its absence in the dolomite-lacking sample suggest the close proximity of microbes to dolomite rather than calcite. The intense biomarker signals within dolomite microscale regions may support the hypothesis of laboratory-based experiments on the microbial involvement in dolomite formation [27,69,70]. The microbial role includes (1) increasing pH and alkalinity, resulting in an increase in dolomite saturation state [69]; (2) overcoming the dolomite kinetic barrier [71], and (3) dolomite nucleation on microbial cell walls [72]. In natural hydrocarbon seeping environments, dolomite formation is prompted by the syntrophy between microbes capable of anerobic methane oxidation and sulfate reduction [46,73] that oxidize methane [8,60] with the accompanying rise in carbonate alkalinity [74]. A similar discovery to our findings is Marmarito dolomite from Marmarito limestone in Italy, which was associated with organic-rich microbial overgrowths and microbial organic matter, resulting in dolomite in situ lithification [75].




4.3. Beyond ToF-SIMS Microscale View


In addition to ToF-SIMS analysis, a complementary investigation was performed using thin sections and an Electron Probe Micro-Analyzer (EPMA) to support our findings beyond the ToF-SIMS microscale view. Figure 10 reveals a thin-section micrograph image of MV2 showing some foraminiferal structures and isopachous micro-dolomite grains consisting of a combination of a dark core and external cement. A comparable observation of dolomite morphology was reported from a seep-related shallow gas hydrate from the eastern margin of the Japan sea. The form of dolomite suggests a mineralization process mediated by microbial EPS, which nucleates on the surface of spherical oil films [76] and further emphasizes the significance of microbial EPS for dolomite formation [21,23,24]. Figure 11 reveals a backscattered electron image of MV2 that shows the remarkable co-occurrence of dolomite and halite. Dolomite forms around voids created by methane channels, while hypersaline seawater percolates throughout the fractures. The interaction among high salinity, methane seepage, and halophilic-microbe-conducting AOM has led to the formation of dolomite at the expense of calcite [47]. Overall, the results of the thin sections and EPMA align with implications of ToF-SIMS results where the dolomite formation process was governed by the microbial anaerobic oxidation of methane and high salinity.




4.4. Significance and Implication


The significance of this work lies in the capability to use ToF-SIMS to unravel the formation mechanism of Precambrian dolomite. An early discussion suggests a link between dolomite formation in a massive Precambrian sedimentary province and the putrefaction of dead marine animal carcasses on the seafloor that increased alkalinity. In conjunction with magnesium abundance from seawater, this alkaline environment facilitated the chemical formation of dolomite [77]. The limitation of this marine process is its inability to explain Precambrian dolomitization in localities of alternating dolomite and limestone bedding where metamorphism cannot be selective [78]. However, selective metamorphism is possible when fissures are present in the limestone, allowing the circulation of magnesium-rich fluids [79]. The discovery of microbial organic matter fossils in Precambrian dolomite [28] sheds light on the possibility for conducting ToF-SIMS in the identification and imaging of these microbial fossils. The application of ToF-SIMS in Precambrian samples could greatly expand our understanding of the formation mechanisms of dolomite.



Finally, the implication of this work contributes to the field of astrobiology where the search for life on Mars is ongoing. The fact that mud volcanoes occur on Mars [80] and AOM biomarkers are known from ancient seeps make carbonates in shallow-water hypersaline Earth environments targets for Mars analog environments. The hypothesis of finding any lifeform on Mars should be associated with terrestrial halophilic microorganisms [64] as it is assumed that microbial cells and molecules could have been entombed in evaporitic minerals on Mars for billions of years [81]. Therefore, the early-middle Miocene coastal mud volcano outcrops in Kuwait could become an open-air laboratory for Martian analog studies where our results reinforce the correlation between hypersalinity and AOM signatures.





5. Conclusions


The capability of ToF-SIMS to produce high-spatial-resolution ion images of inorganic and organic species enabled us to capture a snapshot of the paleobiogeochemical processes that governed dolomite formation at a microscale. The co-occurrence of dolomite, halite, and AOM microbial biomarkers indicates the simultaneous process of methane anaerobic oxidation with sulfate reduction. The co-localization pattern of AOM biomarkers with dolomite and halite indicates dolomite nucleation on the surfaces of halophilic AOM. On the other hand, the absence of dolomite and biomarkers, coupled with low halite signal intensity, supports the argument that hypersaline fluids are required for dolomite precipitation during shallow marine diagenesis. The results propose a Miocene event that led to a seal breach of the Bahrah oilfield, triggering hydrocarbon seepage into the shallow sabkha of Al-Subiya area. Within the mixing zone of seeped fluids and shallow sabkha, the coupled microbial redox processes of methane oxidation and sulfate reduction prevailed in the environment, which played a substantial role in the dolomite formation process. Our findings verify Gunatilaka’s early hypothesis regarding the potential of microbial activity in dolomite formation in Al-Subiya area. The application of ToF-SIMS can reveal the perplexing origin of ancient dolomite while also expanding astrobiological attempts to seek evidence of ancient life in the Martian analog environment.
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Figure 1. Geological map of the main units in Al-Subiya area. The mud volcano outcrops are bound to the south by a large fault of unknown age. To the north, the complex is bound by younger marine terraces that are Quaternary in age. The mud volcano unit has an internal structure such as beds dipping at low to high angles, polygonal fractures of vertical extent, and mounds where the dip angles are steeper. The study site was divided into three zones, Z1, Z2, and Z3, to account for the distinctive lithological features of each zone, and for the nature of the dissected complex by remnant tidal channels. 
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Figure 2. Geomorphological features of the Miocene mud volcano. (A) Preserved depositional sedimentary features such as laminar bedding. (B) Top view of pockmarks with different sizes. Pockmarks are indicative of gas venting and the upward migration of carbon-rich fluids. (C) An example of polygonal fractures with pockmarks. The fractures are discontinuous, display arcuate vertical dips, and reveal gas escape structures centered on the fractures. The soft-sediment deformation features are indicative of seismic influence. (D) Close-up view of sequential carbonate and evaporite minerals (white), in sealed, deformed seismic fractures in sandstone (red). The small craters are concentrically zoned with carbonates (calcite and dolomite). Camera lens cap for approximate size. (E) Larger-scale polygonal fractures showing organized cell-like characteristics in fine-grained red, dolomitic-calcitic cemented sandstones. 
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Figure 3. Carbonate rocks sampled for the study: (A) Pipe-like gas feature with clasts of country rock from Z1 labeled as MV1. (B) Bioturbated vent from Z2 labeled as MV2. (C) Concentrically zoned truncated gas vent with brecciated matrix from Z3 labeled as MV3. Scale bar = 20 cm. 
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Figure 4. High mass resolution of ion ToF-SIMS spectra (m/z 20–120, 180–200, 250–270, 280–310, 335–270, 380–400, and 450–600) collected in positive mode from a 150 × 150 µm2 area of carbonate rocks from Miocene mud volcano. See text for a detailed description of samples MV1, MV2, MV2_d, MV2_br, and MV3. 
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Figure 5. Positive ion distribution for selected inorganic and organic species in sample MV1. The image color scale bar is shown to the right of each image indicating the intensity of the ions. Field of view is 150 × 150 µm2. The top row shows the total ion distribution along with that for the metals Ca+, Mg+, and Na+. The color overlay image represents the collective distribution of the metals Mg+ (red), Ca+ (green), and Na+ (blue). The rest of the panels show the distribution of the biomarker fragments. Fragments m/z 255.23, 257.23, 259.23, and 367.30 are co-localized with Na+ in 3 clusters. The lateral distribution of Ca+ and Mg+ is identical, suggesting a dolomite region. Biomarker fragments with clear contrast and co-localized with dolomite are m/z 189.11, 191.12, 283.19, 285.19, 299.16, and, with less contrast, 301.17 and 341.20. 
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Figure 6. Positive ion distribution for selected inorganic and organic species in sample MV2. The image color scale bar is shown to the right of each image indicating the intensity of the ions. Field of view is 150 × 150 µm2. The first row displays the total ion distribution along with that for the metals Ca+, Mg+, and Na+. The color overlay represents the collective distribution of the metals Mg+ (red), Ca+ (green), and Na+ (blue). The rest of the panels show the distribution of the biomarker fragments. The biomarker fragments m/z 255.23, 257.23, 259.23 are co-localized with Na+ and reveal a chain of clusters. The intense biomarker fragments m/z 189.11, 191.12, 283.19, 285.19 are co-localized with dolomite. However, the ion images of the fragments m/z 299.22, 301.22, 341.27, 367.31 are difficult to localize due to their weak contrast. 
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Figure 7. Positive ion distribution for selected inorganic and organic species in MV2_br sub-sample, revealing the light matrix in MV2. The image color scale bar is shown to the right of each image, indicating the intensity of the ions. Field of view is 150 × 150 µm2. The first row displays the total ion distribution along with that for the metals Ca+, Mg+, and Na+. The color overlay represents the collective distribution of the metals Mg+ (red), Ca+ (green), and Na+ (blue). The rest of the panels show the distribution of the biomarker fragments. Halite cubes are noticeable in the topography (total) and match with the Na+ image. The lateral distribution of Ca+ and Mg+ are matching, suggesting a dolomite region. The pattern of biomarker co-localization is similar to MV2 in Figure 6. 
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Figure 8. Positive ion distribution for selected inorganic and organic species in MV2_d sub-sample, which represent the black spots in dolomite-bearing carbonate MV2. The image color scale bar is shown to the right of each image indicating the intensity of the ions. Field of view is 150 × 150 µm2. The first row displays the total ion distribution along with that for the metals Ca+, Mg+, and Na+. The color overlay represents the collective distribution of the metals Mg+ (red), Ca+ (green), and Na+ (blue). The rest of the panels show the distribution of the biomarker fragments. The ion images clearly show a strong intensity of Ca+, a minimal intensity for both Mg+ and Na+, and low-contrast images of biomarker fragments m/z 255.23, 257.23, 259.23, 301.15, 341.27, 367.39. Biomarker localization with Na+ and Mg+ is absent. The observable biomarker fragments m/z 189.14, 191.15, 283.23, 285.24, 299.23 are localized with Ca+. 






Figure 8. Positive ion distribution for selected inorganic and organic species in MV2_d sub-sample, which represent the black spots in dolomite-bearing carbonate MV2. The image color scale bar is shown to the right of each image indicating the intensity of the ions. Field of view is 150 × 150 µm2. The first row displays the total ion distribution along with that for the metals Ca+, Mg+, and Na+. The color overlay represents the collective distribution of the metals Mg+ (red), Ca+ (green), and Na+ (blue). The rest of the panels show the distribution of the biomarker fragments. The ion images clearly show a strong intensity of Ca+, a minimal intensity for both Mg+ and Na+, and low-contrast images of biomarker fragments m/z 255.23, 257.23, 259.23, 301.15, 341.27, 367.39. Biomarker localization with Na+ and Mg+ is absent. The observable biomarker fragments m/z 189.14, 191.15, 283.23, 285.24, 299.23 are localized with Ca+.
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Figure 9. Positive ion distribution for selected inorganic and organic species in MV3 sample. The image color scale bar is shown to the right of each image, indicating the intensity of the ions. Field of view is 150 × 150 µm2. The first row demonstrates the total ion distribution along with that for the metals Ca+, Mg+, and Na+. The color overlay represents the collective distribution of the metals Ca+ (green) and Na+ (blue), where Mg+ (red) is clearly lacking, indicating the absence of dolomite. The rest of the panels show the absence of biomarker co-localization with weak biomarker intensity. The weak intensity of biomarker fragments could be noise from being binned to 4 pixels to increase the contrast. This figure shows simultaneous dolomite absence, minimal halite, and the lack of biomarker co-localization patterns. 
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Figure 10. Thin-section micrograph image showing foraminiferal structures and isopachous micro-dolomite grains. The dolomite grains exhibit an internal core and external cement that are products of microbial EPS and oil films. 
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Figure 11. Backscattered electron image obtained by EPMA. The EDS chemical analysis indicates that the matrix is calcite, the darker regions are dolomite, and white cubes are halite. The image suggests dolomite formation around voids of methane channels and the hypersaline seawater percolated throughout the fractures. 






Figure 11. Backscattered electron image obtained by EPMA. The EDS chemical analysis indicates that the matrix is calcite, the darker regions are dolomite, and white cubes are halite. The image suggests dolomite formation around voids of methane channels and the hypersaline seawater percolated throughout the fractures.



[image: Minerals 13 00968 g011]







[image: Table] 





Table 1. Characteristic ions in positive ion ToF-SIMS spectra of biomarker compounds.
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Putative Fragmentation of Biomarker Compounds, Formula, and Exact Mass (u)

	
Standard m/z (+)

	
Average Measured m/z (+)

	
Tentative Formula






	
17α(H),21β(H)-Norhopane (norhopane; C29H50; 398.39)

[image: Minerals 13 00968 i001]

	
191.18

	
191.14 (σ = 0.02)

	
[C14H23] +




	
259.25

	
259.23 (σ = 0.008)

	
[C19H31] +




	
367.35

	
367.32 (σ = 0.03)

	
[C27H43] +




	
383.39

	
383.52 (σ = 0.02)

	
[C28H47] +




	
Hop-17(21)-ene or Hop-22(29)-ene (diploptene) (C30H50; 410.39)

[image: Minerals 13 00968 i002]

	
189.17

	
189.13 (σ = 0.008)

	
[C14H21] +




	
393.36

	
393.33 (σ = 0.06)

	
[C29H45] +




	
395.37

	
395.27 (σ = 0.04)

	
[C29 H47] +




	
Dialkyl glycerol diether (DAGE, C35H68O3; 536.52)

[image: Minerals 13 00968 i003]

	
283.26

	
283.21 (σ = 0.01)

	
[C18H35O2] +




	
Dialkyl glycerol diether (DAGE, C33H68O3; 512.52)

[image: Minerals 13 00968 i004]

	
285.27

	
285.19 (σ = 0.04)

	
[C18H37O2] +




	
301.26

	
301.15 (σ = 0.04)

	
[C18H37O3] +




	
495.51

	
495.28 (σ = 0.04)

	
[M-H2O] +




	
Dialkyl glycerol diether (DAGE, C29H58O3; 454.44)

[image: Minerals 13 00968 i005]

	
255.23

	
255.24 (σ = 0.04)

	
[C16H31O2] +




	
257.24

	
257.23 (σ = 0.02)

	
[C16H33O2] +




	
455.43

	
455.5 (σ = 0.2)

	
[M+H] +




	
Diacylglycerolester (DG 16:0/18:0; C37H72O5; 596.54)

[image: Minerals 13 00968 i006]

	
341.32

	
341.24 (σ = 0.03)

	
[C21H41O3] +




	
579.54

	
579.22 (σ = 0.1)

	
[M-H2O] +




	
Diacylglycerolester (DG; 15:0/17:0 C35H68O5; 568.51)

[image: Minerals 13 00968 i007]

	
299.26

	
299.25 (σ = 0.01)

	
[C18H35O3] +
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