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Abstract

:

This study is focused on mineralogical and chemical characterization of an authigenic carbonate rock (crust) collected at a recently discovered cold seep on the US North Atlantic continental margin. X-ray diffraction (XRD) and scanning electron microscopy (SEM) indicate that the carbonate rock is composed of microcrystalline aragonite cement, white acicular aragonite crystals (AcAr), equant quartz crystals, small microcrystalline aluminosilicates, and trace amounts of iron sulfide microcrystals. Element/calcium ratios were measured with laser ablation inductively-coupled plasma mass spectrometry (LA-ICP-MS) using a calcite standard, which was prepared by annealing USGS certified carbonate powder (MACS-3). The occurrence of microscopic, non-carbonate inclusions precluded evaluation of trace elements in the aragonite cement, but allowed for in situ analysis of AcAr crystals. Carbon and oxygen isotopes were analyzed via isotope ratio mass spectrometry (IRMS) and expressed as δ13C and δ18O. Low δ13C values suggest that aragonite grew as a result of anaerobic oxidation of methane and observed δ18O values indicate that the temperature of aragonite crystallization was 1.7–1.9 °C.
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1. Introduction


Authigenic carbonates, which are a significant ocean carbon sink, occur widely as carbonate crusts near cold methane seeps at the seafloor [1,2]. Anaerobic oxidation of methane (AOM) and sulfate reduction are among the associated microbial metabolic processes that increase local alkalinity and cause precipitation of carbonate minerals. The commonly accepted mechanism of carbonate precipitation by AOM is expressed as [3,4]:


CH4 + SO42− → HCO3− + HS− + H2O



(1)






HCO3− + Ca2+ → CaCO3solid + H+



(2)







This mechanism, in which HCO3− is released, increases alkalinity and promotes carbonate crystallization within seafloor sediment pore space as well as the production of authigenic carbonate rock. McVeigh et al. [5] reported that AOM was directly observed within overlying authigenic carbonate rocks collected at the seep site studied in this work.



Methane fluxes through sediments into seawater affect local, and potentially global, environmental biogeochemistry. Therefore, the reconstruction of methane seepage in the past through analysis of seep associated authigenic carbonate rock could lead to an improved understanding of the evolution of ocean and atmospheric carbon cycles, as well as past climate change events. However, mineralogical and geochemical characterizations of authigenic carbonate crust are needed for the development of a reliable and useful proxy for past methane flux. Previous geochemical studies conducted on carbonate crust collected worldwide include the Mediterranean region [6,7,8], Arabian sea [9], Gulf of Guinea [10], South China Sea [11], Hydrate Ridge (Cascadia accretionary complex), offshore Costa Rica, the Eel River Basin, and the Norwegian Sea [12]. However, little is known about samples from the northern US Atlantic continental margin, where widespread methane seepage with associated carbonate crusts have recently been reported [13]. Mineralogical and stable isotope analysis of carbonate samples collected at the Norfolk and Baltimore Canyon seep sites indicate that microbial degradation of organic matter within near surface sediments is the common source of the discharged methane [14]. Additionally, those investigators found that the average δ13C value of sampled authigenic carbonates is −47‰, and reported U–Th dates varying from 14.7 ± 0.6 ka to 15.7 ± 1.6 ka at the Baltimore Canyon seep field and from 1.0 ± 0.7 ka to 3.3 ± 1.3 ka at the Norfolk seep field. Here, we present the results of major, minor, and trace elemental analyses, as well as δ13C values of a carbonate crust sample collected at the Veatch Canyon seep site off the New England coast, here being investigated for the first time.



This contribution is focused on understanding seafloor methane seep processes through characterization of the mineralogy and chemical composition of associated deep-sea carbonate crust. An integral part of this work, is the development of a secondary CaCO3 standard for LA-ICP-MS analysis of carbonates starting from the USGS MACS-3 reference material. This approach, which does not simply rely on natural calcite samples as a secondary standard, could potentially be replicated by other laboratories.




2. Materials and Methods


2.1. Sample Collection and Preparation


A large sample of thick (>10 cm) carbonate crust rock (Sample No. AD4835 BB4-S22) was collected at Veatch Canyon seep site (39.805860; −69.592593; Figure 1A) (WGS 1984) at a depth of 1419.6 m. At the collection site, the observed seafloor temperature was 3.8–4 °C. The sampling was performed with the submersible Alvin (Dive 4835) during cruise AT36 of the R/V Atlantis in August of 2016. The carbonate crust used in this study was collected using one of the submersible’s manipulator arms (Figure 1B) and stored in a biobox on the vehicle basket for the remainder of the dive. Knowing the original orientation of the carbonate crust is of fundamental importance because it helps determine the direction of crust growth. Thus, a picture of the sample in its original orientation, as determined from the video record of collection, was taken once the sample was transferred from the Alvin biobox to the laboratory on board to R/V Atlantis to ensure the direction of crust growth was known (Figure 1C). After initial inspection of the crust sample, the visible macrofauna was removed and the carbonate crust was rinsed with tap water. The crust was then preserved in a polyester sample bag and transferred to the laboratory of the Department of Geosciences at Mississippi State University (Mississippi State, MS, USA), where it was cut with a diamond saw into 2–4 cm thick vertical slabs, based on the orientation of the sample when collected. Vertical sections were chosen with the goal of exposing a surface parallel to crust growth based on the preliminary assumption that the crust grew in a downward direction (Figure 1D), e.g., [6]. Once the sample was cut, grey cemented sandstone, white veins (consisting of AcAr), and large vugs became visible with the naked eye (Figure 1D).




2.2. X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM), and Optical Microscopy


Slabbed rock samples were examined with a Huvitz Upright optical microscope at up to 50× magnification. Additionally, powdered samples were examined for mineral presence using a Rigaku Ultima III X-ray Diffraction (XRD) System (Cu Kα radiation) at the Institute of Imaging and Analytical Technologies (I2AT) at Mississippi State University. We used a Cu X-ray source with receiver side monochromator to filter the Kβ out before contacting the detector. The analyses were conducted at 40 kV and 40 mA. The major elemental composition of the same samples characterized with XRD was evaluated with energy dispersive spectroscopy (EDS) combined with a Carl Zeiss EVO50VP scanning electron microscope (SEM) at I2AT. Analyses were performed over 250 × 250 µm2 areas at 15 kV. SEM imaging of secondary electrons (SE) was performed on platinum coated acicular aragonite to identify crystal morphology. Energy-dispersive X-ray spectroscopy (EDS) imaging was performed on uncoated samples over 25 × 25 µm2 areas to identify major elements in the crystals.




2.3. Carbonate Standard Development


To our knowledge, certified standards for LA-ICP-MS analyses of carbonates are not available yet, e.g., [15,16,17]. Therefore, we developed our own in-house carbonate standard, to analyze our carbonate crust samples with a matrix-matching standard in addition to the more widely used NIST-610 and NIST-612 silicate glass standards. In doing so, our goal was to develop a carbonate standard using a protocol that could be reproduced in other laboratories. Previous studies have reported the development of carbonate reference materials, with amounts that are generally limited to an individual laboratory, e.g., [18]. Therefore, we selected the USGS MACS-3 carbonate reference material as our starting point. However, that standard is a pressed powder that consists of crystals which are too small to allow laser beam focusing on individual grains. Accordingly, we fused the MACS-3 powder at 800 °C and 10 kbar for 48 h in a piston cylinder following the protocol described by Wark and Watson [19]. This resulted in a densely packed multi-crystalline calcite with an average grain size of 50 µm-sufficiently large for LA-ICP-MS single-crystal analyses. At the end of the experiment MACS-3 was characterized by LA-ICP-MS following the analytical protocol described in the following section and using Sigma-Aldrich NIST-610 and NIST-612 as the standards. The results obtained were compared with the certificate of analysis provided by the USGS at the time of the MACS-3 purchase.




2.4. Elemental Analysis with Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)


A portion of one vertically sectioned slab of the sample was cut into seven slabs (1–2 cm) small enough to be fitted into cylindrical epoxy mounts with an inner diameter of 2.5 cm. Each mount was polished with 600, 800, and 1200 grit silicon carbide (SiC) paper (Buehler). Elemental analyses were performed on an Agilent 7900 quadrupole mass spectrometer outfitted with a CETAC (formerly Photon Machines) 193 nm excimer laser at the Department of Earth and Environmental Sciences at the University of Rochester (Rochester, NY, USA). Data were collected in three analytical sessions within a week. Prior to each analytical session, the instrument was tuned using the NIST-612 glass standard. Analyses were conducted along the growth axis of the crust and were performed using a laser spot size of 40 μm (circle), a laser fluence of 4.72 J/cm2, a laser pulse rate of 5 Hz, and a shot count of 150 (Table 1). In the LA sample chamber (MFC1), helium was used as the carrier gas with a flow rate of 0.6 liter per minute. The helium flow in the HelEx arm had a flow rate of 0.2 liters per minute (MFC2). Argon was used as the ICP-MS carrier gas and its flow was set at 1.3 liter per minute. To minimize oxide interferences, a helium flow of 0.5 milliliter per minute in the ICP-MS collision reaction cell was used. Oxide and doubly charged ion interferences were monitored during the instrument tuning, at the beginning of each analytical session. Each analysis incorporated approximately 60 s of background acquisition (gas blank) and 20 s of data acquisition (Table 1). Analysis of 23Na, 24,25,26Mg, 27Al, 29Si, 33,34S, 39K, 43,44Ca, 55Mn, 54,56,58Fe, 88Sr, 90,91Zr, 137,138Ba, and 235,238U were conducting using the NIST silicate glass standards (NIST-610 and NIST-612) and the USGS carbonate standard (baked MACS-3, see “Standard Development” sub-section) (Tables S1–S3). Standards were measured every five to ten unknown samples. Integration times were the following: 0.01 s for Na, Mg, Al, Si, Ca, Sr, Ba; 0.02 s for K, Fe, Mn; 0.04 s for S; 0.06 s for Zr and U. Data were obtained by reducing the LA-ICP-MS outputs with the Iolite software package, e.g., [20,21]. For those elements for which we monitored multiple isotopes, the data reported in the following sections in the manuscript refer to 24Mg, 34S, 56Fe, 90Zr, 138Ba, and 238U. Element to Ca ratios were calculated by standardizing against MACS-3, using 43Ca as the internal standard (default content in the samples 40.04 wt %). Data collected on NIST-610, NIST-612, and MACS-3 were used as a check of the instrument performance, while instrument was tuned with NIST-612. Reproducibility and accuracy of LA-ICP-MS analyses are presented in Supplementary Materials (Tables S1–S3). There, each standard was treated as unknown and its data were reduced with two other standards. For example, when NIST-610 is reduced with NIST-612 the standard deviation varies from 1.9% to 6.9% depending on particular element, with an average value of 3.4%.




2.5. Stable Isotope Analysis with Isotope Ratio Mass Spectrometry (IRMS)


Bulk samples of powdered carbonate crust were obtained with a hand drill. Three samples were collected within 25 cm of each other. Collected powdered samples were analyzed for δ13C and δ18O using an automated carbonate preparation device (KIEL-III) combined with an isotope ratio mass spectrometer (IRMS) (Finnigan MAT 252) in the Environmental Isotope Laboratory at the University of Arizona (Tucson, AZ, USA). Powdered samples were reacted with dehydrated phosphoric acid under a vacuum at 70 °C. The isotope ratio measurement was calibrated based on repeated measurements of NBS-19 and NBS-18 with a precision of ±0.08‰ (δ13C) and ±0.1‰ (δ18O) at 1σ level.





3. Results


3.1. Comparison of LA-ICP-MS Data Reduction for Silicate and Carbonate Standards


We compared our data with published values for elemental concentration in NIST-610, NIST-612, and MACS-3 (Tables S1–S3). A large inconsistency was observed when glass standard (NIST-610 and NIST-612) data were reduced with carbonate standard (MACS-3) data. Thus, a difference greater that 100% was observed between certified data for NIST glass standards and when NIST glasses were treated as unknowns and reduced with MACS-3 carbonate standard for Na, Zr, and U; and a difference greater than 10% was observed for Mg, S, Mn, Fe, and Ba (Tables S1 and S2). Some inconsistency (more than 10%) was observed for Mg, K, and Fe when data from one glass standard were reduced with another glass standard. When MACS-3 was treated as unknown and reduced with glass standards, the obtained concentrations of Na, Mg, S, Fe, Zr, and U yielded more than 10% difference with MACS-3 certified values (Table S3).




3.2. Carbonate Crust


Aragonite was the most abundant mineral identified with XRD spectra in the powdered carbonate rock sample. Figure 2 contains a diffraction pattern of the carbonate crust sample (mostly cement and clastic material), aragonite, and quartz (downloaded from the RRUFF online database). Quartz is the second most abundant mineral in the rock and albite is potentially present in minor amounts.



Optical microscopy of the polished slabs showed that the carbonate rock sample is heterogeneous and consists of angular pieces of sandstone where sand grains are lithified by a fine-grained, grey cement and the fracture veins in between them are lined with rims of white botryoidal aragonite (further referred to as acicular aragonite, AcAr). In SEM, the white portion of the cement lithifying the sand grains consists of crystals of a few to hundreds of µm in size (Figure 3A) with a width is typically below 20 µm (Figure 3B). The AcAr crystals completely fill the vugs in the cement. SEM EDS analyses showed that the cement and AcAr are CaCO3. EDS spectra of large cemented equant crystals indicated that their composition is SiO2 confirming XRD findings of quartz (the second most abundant mineral). Ten SEM EDS images 25 × 25 µm2) were used to identify two sulfur rich submicron inclusions (<1 µm) with molar S/Fe ratios of 2.33 and 1.05. Those data show that pyrite and pyrrhotite are present in the rock in trace amounts. The tightly lithified sandstone is fractured and space between the sandstone is filled with white veins of aragonite. The aragonite grew along the surface of the fractured sandstone forming large splays of botryoidal aragonite composed of acicular crystals that can be centimeters in length (Figure 3C).



Aragonite cement and AcAr crystals were measured with LA-ICP-MS. Analytical spots were aligned in the direction from the lowest to the highest portion of the carbonate rock samples in a way that equant quartz crystals were avoided. All analyses of aragonite cement yielded correlations between: Si and Al with R2 = 0.95 (Figure 4A), Mn and Fe with R2 = 0.93 (Figure 4B), and S and Fe with R2 = 0.63 (Figure 4C). There data collected on AcAr and cement with minimum of silicate inclusions were excluded from the fitting curves. LA-ICP-MS measurements of white cement (slab-6) and AcAr crystals (slabs 7) produced the only reliable chemical composition data for the CaCO3 portion of the carbonate crust sample because of low or non-detectable contents of Si and Al as well as the absence of Si–Al correlation in AcAr (Figure 4A, data inside red circle). Additionally, these crystals yielded lower contents of all measured elements, with the exception of Sr and Ca compared to the cement (Table S4). Mg, S, Ca, Sr, Ba, and U data were used to calculate element to calcium molar ratios (E/Ca). Table 2 contains observed E/Ca values in the white cement and AcAr from two upper crust slabs (6 and 7) of the same rock slice. All spot samples from slab 6 were collected in white aragonite cement with no visible silicate minerals. The majority of the spot samples (nos. 40–45) of slab 7 were collected in thicker AcAr (average thickness of 50 µm) located at the most upper edge of the crust, i.e. no aragonite cement was present above. Those AcAr (slab 7) contain lower Mg/Ca, Sr/Ca, Ba/Ca, and U/Ca ratios compared to those rations in white cement (slab 6). This result suggests that non-detected nano-inclusions of clastic silicate minerals present in white cement and affect the elemental analysis; although amount of possible silicate inclusions in white cement is much smaller than those in grey cement.



Carbon isotope analyses were reported relative to the Vienna PeeDee Belemnite (VPDB) standard and yielded δ13CVPDB values of −50.25, −49.81, and −50.19‰ (Table 3). Two of those values overlap with analytical uncertainty of 0.08‰, the one (−49.81‰) is distinct. The average δ13CVPDB is equal to −50.09 ± 0.24‰, where error is the standard deviation of isotope values from the three measured samples. Oxygen isotope composition of the aforementioned three samples were similar to each other within analytical error, i.e., δ18OVPDB = 4.53‰, 4.50‰, and 4.53‰, with an average value of 4.52 ± 0.02‰.





4. Discussion


4.1. Carbonate Standard for LA-ICP-MS


Reduction of silicate data with silicate standard yielded less than a 5% difference between obtained and certified concentrations for Na, Al, Si, Sr, Zr, Ba, and U and less than a 10% difference for Mn (Tables S1 and S2). The larger inconsistences for other elements (Mg, K, and Fe) show that those elements are more sensitive to concentration differences (by a factor of 10) between NIST-610 and NIST-612 glass standards. In summary, the application of glass standards for the reduction of Mg and K in glass samples is not recommended when differences in elements concentrations are at an order of magnitude. Given that the inconsistency for Fe is 9%–11%, Fe reduction should be used with caution.



Reduction of carbonate data with silicate standard and vice versa show that Sr is the least sensitive to the matrix effect. The difference between certified and reduced concentrations (inconsistency) of Sr varies from 2% to 3% (Table S3). NIST-610 (inconsistency ≤10% for Mg, Mn, Sr, and Ba) is found to be a better standard for reduction of carbonate data compared to NIST-612 (inconsistency <10% for Sr and Ba). Overall, the application of silicate standards for carbonate samples is not recommended for Na, Fe, Zr, and U. Given that the inconsistency for S is 11% (NIST-610 reduction only) and for Mg is 8% (NIST-610 reduction), those elements should be used with caution. The observed inconsistences while applying the silicate glass standard for carbonate samples could be explained not only by difference in element concentrations, but also by the matrix effect. Elemental fractionation can bias quantitative analyses because it can lead to a non-stoichiometric detection for some elements when a non-matrix-matching standard is used to calibrate the LA-ICP-MS machine, e.g., [22]. In general, lasers using shorter UV wavelengths (e.g., laser at 193 nm) reduce the severe elemental fractionation effects typical of analyses performed using longer wavelengths, e.g., [23]. Here we show that analyses with a laser wavelength of 193 nm still show large inconsistences for Na, Fe, Zr, and U; this is likely due to matrix effect, as inconsistences between certified and reduced data are the same or not very different for Na, Zr, U, and Fe reduced with NIST-610 and NIST-612 (Table S3).




4.2. Stable Isotopes


Highly negative δ13CVPDB values suggest that precipitation of authigenic aragonite was induced by AOM at the Veatch Canyon seep site. These δ13C values overlap with those reported by Prouty at al. for the Norfolk and Baltimore Canyon seep sites [14]. An effort was made to estimate the temperature of the water from which carbonate crust grew using δ18Oaragonite data from cement. Due to the unavailability of δ18Owater at our site, the δ18OSMOW value of 0.34‰ reported for Norfolk seep field [14] was used. The calibration equation developed by Kim et al. [24] was applied to our data. The calculated temperature range of 1.7–1.9 °C is lower than temperature (3.9–4 °C) measured during sample collection. The difference between estimated and measured temperatures could be related to the release of 18O-enriched water from hydrate dissociation of clay mineral dehydration [25,26,27].




4.3. Mineralogy


High Si and Al in the cement (relative to AcAr), as well as a strong correlation between Si and Al (Figure 4A), suggest the presence of aluminosilicate inclusions in the cement (Table S4). Correlation of Mn with Fe (Figure 4B) suggests an occurrence of micro inclusions of Fe-Mn oxy-hydroxides as was earlier observed cold seep carbonates in the Sea of Marmara by Crémière et al. [28]. Alternatively, the Mn-Fe trend could be explained by the presence of those elements in micro-silicate inclusions (undetected by XRD due to their small amount, i.e., below 3%–5%). The correlation of S with Fe (Figure 4C) cannot be explained by the presence of iron sulphides in the sample. A plot of S versus Fe yielded almost no correlation with the stoichiometric sloped for pyrite (FeS2) and troillite (FeS) (Figure 4D). However, this observation does not eliminate the possibility of occurrence of iron sulfide in trace amounts. The strong deviation of S-Fe trend from stoichiometry of iron sulfides could be explained by the presence of Fe oxy-hydroxides, which is consistent with reddish inclusions observed with optical microscopy.



Clastic sediments (quartz and alumina silicates) were cemented by microcrystalline aragonite. Larger acicular aragonite crystals were likely formed later in the voids through which methane was passing [29]. The presence of trace amounts of iron sulfides of likely authigenic origin suggests that the sampled carbonate crust formed via AOM coupled with sulfate reduction (Reaction (1)), which likely was not very intensive, as indicated by the small amount of sulfide minerals present. Thus, exclusive aragonite crystallization suggests that the crust formed at a near-seafloor environment and higher supersaturation as Mg-calcite normally forms deep in sediments at lower sulfate concentration and lower supersaturation [30,31,32,33]. On the other hand, the study of Zhang et al. [34,35] showed that dissolved sulfide plays a critical role in mineralogy of carbonates. They showed that a few millimoles of dissolved sulfide promote crystallization of calcite and dolomite by reducing the energy required for Mg dehydration from solution. Overall, it is likely that a high concentration of sulfate inhibited crystallization of calcite and dolomite, and that the concentration of sulfide was too low to promote the precipitation of calcite and dolomite. Notably, sulfate concentrations at a different location within the Veatch Canyon seep site were measured to be slightly lower than average values reported for modern ocean (28 mM) [5,36,37]. The concentration of dissolved sulfide of 0.07–0.3 mM at the 0–9 cm below seafloor (bsf) was reported for aforementioned seep site [5]. There, sulfate concentration increased from 22.13 to 27.73 mM as depth increased from 0–3 to 12–15 cm bsf, and the concentration of sulfate in bottom waters was 24.34 mM. This sulfate concentration profile is substantially different from seeps with strong sulfate reduction, e.g., seeps at Makran convergent continental margin, where sulfate concentration decreased to values of lower than 5 mM at depth pf 15 cm bsf [37]. The presence of trace amounts of iron sulfide in our samples suggests that sulfate reduction was weak but that it occurred and is occurring at the sampled seep site. This conclusion is supported by presence of dissolved sulfide and Fe2+ in the samples from the other seep site in Veatch Canyon [5]. The presence of two sulfide minerals suggests that sulfur occurs at two oxidation states: S− in pyrite and mostly as S2− in pyrrhotite.




4.4. Minor and Trace Elements


The range of values for cement Mg/Ca, Sr/Ca, and Ba/Ca ratios overlap with those reported for aragonite samples collected at modern methane seep sites on the Cascadia margin (Hydrate Ridge and Barkley Canyon) (Table 2 in Joseph et al. [38]) and Niger Delta sediments [39] (Figure 5). Similarly, the ratios of Sr/Ca in AcAr overlap with those in the cement (7.73–13.13 mmol/mol) and in the study of Joseph et al. [38] (8.4–12.1 mmol/mol). In contrast, Mg/Ca and Ba/Ca ratios (0.4–2.8 mmol/mol and 6.57–23.2 µmol/mol; respectively) in AcAr are lower than in cement, where Mg/Ca = 2.4–905 mmol/mol and Ba/Ca = 18.6–389 µmol/mol. Also, the Mg/Ca and Sr/Ca for aragonites (no micrographs were provided) from methane seeps in Northern Congo Fan [33] overlap with the data shown in Figure 5. The large ranges in E/Ca observed in our study are likely due to the occurrence of small aluminosilicate and iron sulfide inclusions, which were not avoided by LA-ICP-MS spot analyses. The potential presence of dolomite or high Mg calcite could explain a greater Mg/Ca ratio in white cement (slab-6) in comparison to AcAr (slab-7) as those Mg-rich carbonates were reported in a number of seep carbonate samples from other locations including mid-Atlantic margin e.g., [14,40]. A much smaller, but quantitatively significant (within 1 standard deviation) difference in S/Ca and especially U/Ca between white cement (slab 6) and AcAr (slab 7) could be explained by the presence of small unresolved non-aragonite inclusions of sub-micron size (Table 2). The relatively high heterogeneity of those ratios (especially in white cement) supports the aforementioned explanation. An alternative explanation for the geochemical heterogeneity of the carbonate crust is the evolution of fluid composition during diagenesis [40]. There, the REE contents in carbonate crust were different for earlier and later precipitated aragonite. This observation was explained by evolution of the fluid chemical composition through time.



In summary, LA-ICP-MS analyses showed that cemented clastic minerals could not be avoided with a laser spot diameter of 40 µm precluding the use of LA-ICP-MS for the reconstruction of paleoenvironmental conditions in such cement samples. Therefore, in situ analyses of trace elements should be considered only for carbonate crust regions free of clastic sediment, which, in our case, are AcAr crystals. Strontium was the only element with similar concentrations in both the cement and AcAr, suggesting that aluminosilicate inclusions do not contain Sr, corroborating the potential of using Sr isotope data to evaluate methane genesis in Veatch Canyon in future studies.



Overall, this study shows that the sampled carbonate crust is composed of clastic sediments (mostly quarts and aluminosilicates) cemented with microcrystalline aragonite of light carbon isotope composition. Younger and larger acicular crystals composed of aragonite likely precipitated in the rock voids that remained after cementation of clastic sediments [29]. Trace amounts of iron sulfides (likely authigenic) were observed in the crust, which together with low δ13Ccement, suggests that AOM and sulfate reduction caused the formation of the sampled carbonate crust. The precipitation of only aragonite is consistent with carbonate crust growth at near seafloor conditions.





5. Conclusions


In this study, we characterize the mineralogical, elemental, and isotopic composition of an authigenic carbonate crust sample from a recently discovered methane seep site on the US North Atlantic continental margin. The strong depletion of 13C in aragonite indicates that the carbonate crust formed via anaerobic oxidation of methane. The presence of trace amounts of iron sulfides suggests that AOM is coupled with sulfate reduction, which likely was not always intense during the formation of the carbonate crust. Evaluation of trace element concentrations was possible in acicular aragonite crystals, which likely precipitated after cementation, and therefore, do not contain visible inclusions of clastic minerals.



Methane cold seeps are ubiquitous features on continental margins around the world [41], and represent an important source in ocean [14], and in some limited cases, atmospheric [42], carbon budgets. Methane released at these sites is largely anaerobically oxidized in the water column, resulting in ocean acidification and deoxygenation [43]. Authigenic carbonate crust sequesters much of the carbon released at cold seeps, and therefore, its mineralogical and stable isotopic composition serves as a record of methane source and flux [44,45]. However, mineralogical and isotopic compositions vary with seep location as a result of localized controls on flux, including the structure of underlying gas transport pathways, the presence of gas hydrate, and the evolution of the carbon source [44]. Accordingly, the presented results provide initial constraints on the source and emission of methane at a newly discovered seep site, and will inform future efforts to further refine a geochemical proxy for methane flux and to better understand the associated evolution of global ocean carbon cycles.
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Figure 1. (A) Location of methane seeps at Veatch Canyon located (US Atlantic margin) determined using water-column backscatter data. (B) Collection of carbonate crust samples using robotic arm (1 Dive Site). (C) Sample: AD4835-BB4-S22; original location is preserved; time collected [GMT]: 18:50:51 August 6, 2016. (D) Picture of the sliced rock (30 cm width). 
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Figure 2. XRD spectra of carbonate crust, aragonite (Ar), and quartz (Q). The presence of albite (Ab) is in question. 
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Figure 3. (A) Optical micrograph of polished carbonate crust sample (GM = groundmass (grey aragonite cement with non-carbonate inclusions), Q = quartz); (B) SEM image of white aragonite cement crystals coated with platinum; (C) Optical micrograph (ppl) of thin section showing fractured sandstone (lower right corner) lined with large aragonitic botryoids (i.e., AcAr = acicular aragonite). 
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Figure 4. Elemental plots of all data collected in aragonite cement and AcAr crystals with LA-ICP-MS. Correlation of Si and Al, data with minimal contents of Si and Al (i.e., deviation from Si-Al trend) are labeled (A); correlation of Mn with Fe (B); S-Fe plot (C); magnified S-Fe plot (D), here arrows show the predicted stoichiometric lines for pyrite and troilite assuming that those minerals are the only sources for Fe and S. 
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Figure 5. Comparison of Mg/Ca, Sr/Ca, and Ba/Ca between cement (GM), AcAr, and literature data. 
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Table 1. Laser-ablation system and operation conditions.
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ICP-MS in Laser-Ablation Mode




	
Instrument

	
Aglient 7900




	
Carrier gas flow rate

	
Ar: 1.3 L/min




	
Gas flow in the collision reaction cell

	
He: 0.5 mL/min




	
Isotopes

	
23Na, 24,25,26Mg, 27Al, 29Si, 33,34S, 39K, 43,44Ca




	
Monitored

	
54,56,58Fe, 55Mn, 88Sr, 90,91Zr, 137,138Ba, 235,238U




	
Background acquisition time

	
60 s




	
Data acquisition time

	
20 s




	
Laser-Ablation System




	
Instrument

	
CETAC




	
Beam

	
193 nm excimer




	
Fluence

	
4.72 J/cm2




	
Repetition rate

	
5 Hz




	
Shot count

	
150




	
He gas flow rate

	
0.6 L/min (MFC1)




	
0.2 L/min (MFC2)




	
Laser spot diameter

	
40 µm
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Table 2. Elemental ratios of AcAr from rock slabs 6 and 7.
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	Spot # *
	Mg/Ca
	S/Ca
	Sr/Ca
	Ba/Ca
	U/Ca





	Slab-6
	
	
	
	
	



	42
	0.791
	0.986
	13.366
	25.292
	2.195



	43
	0.531
	0.765
	11.264
	13.703
	0.870



	56
	2.965
	1.258
	11.367
	13.776
	2.994



	57
	0.914
	0.812
	11.081
	15.379
	1.783



	58
	0.610
	0.734
	9.253
	8.747
	0.690



	59
	2.039
	1.133
	11.355
	16.254
	2.044



	67
	1.849
	0.908
	11.652
	14.432
	2.271



	70
	1.771
	0.833
	10.487
	13.484
	1.114



	75
	2.092
	0.599
	10.624
	13.994
	1.817



	average
	1.507
	0.892
	11.161
	15.007
	1.753



	s.d.
	0.834
	0.206
	1.094
	4.381
	0.743



	Slab-7
	
	
	
	
	



	24
	0.684
	0.599
	8.933
	6.997
	0.891



	40
	0.459
	0.656
	10.453
	8.747
	0.673



	41
	0.659
	0.699
	7.768
	9.694
	1.165



	42
	0.618
	0.668
	7.974
	11.662
	1.034



	43
	0.457
	0.640
	10.396
	9.038
	0.576



	44
	0.651
	0.659
	10.293
	10.496
	0.984



	45
	0.675
	0.652
	8.134
	10.715
	1.009



	average
	0.600
	0.653
	9.136
	9.621
	0.905



	s.d.
	0.099
	0.030
	1.220
	1.534
	0.210







Element concentrations were determined through data reduction using the carbonate standard MACS-3. Data are reported in the Table S4. Mg/Ca, S/Ca, and Sr/Ca are in mmol/mol; Ba/Ca and U/Ca are in µmol/mol. s.d. = standard deviation. * Spot # is identified as “Source file” in Table S4.
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