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Abstract: 21 

Cold seeps are seafloor environments where hydrocarbon-rich fluids, including methane and hydrogen 22 
sulfide, migrate through deep-seated faults and fractures to the seabed, supporting chemosynthetic 23 
communities. Although the biological activity within and immediately around these sites can be highly 24 
elevated compared to the surrounding deep-ocean ambient sediments, little is known about whether subtle 25 
changes extend to the larger periphery, where no visible signs of seepage exist. Here we examine how 26 
geological structures, such as subsurface faults, regulate seep formation and fluid migration, and assess 27 
the influence this has on microbial distributions by combining a 2.5×2.5×1 km three-dimensional seismic 28 
survey with a 1.6 km transect study that overlies a deeply buried salt diapir. The crest of the diapir rests 29 
~1 km below the seafloor, where it has heavily disturbed the overlying bedrock with radial and crustal 30 
faults, half-graben block displacements, and salt-tectonic-influenced anticlinal mini-basins. Rocks draping 31 
the diapir also host a subsurface methanogenic deep biosphere that produces sufficient methane to sustain 32 
a biodiverse ocean floor cold seep. A portion of the produced hydrocarbons has become trapped within 33 
~300 mbsf block-faulted strata where they are recognizable in seismic data as a direct hydrocarbon 34 
indicator (DHI). We analyzed 52 sediment samples extending 5–575 cm below seafloor (cmbsf) from five 35 
gravity cores and one push core collected at an active cold seep. Spatial heterogeneity in cored sediments 36 
along the transect was revealed by porewater geochemistry, stable isotopes, and lipidomics. Collectively, 37 
these data resolve distinct chemosynthetic zones that form tightly coupled functional networks mediated 38 
by interlinked redox-dependent cycling of nitrogen, carbon, iron, and manganese that are comprised of 39 
ammonia-oxidizing archaea (AOA), anaerobic methanotrophs (ANMEs), and sulfate-reducing bacteria 40 
(SRB). Evidence is provided that microbial assemblages and their metabolic interactions are shaped and 41 
sustained by diffuse and largely non-detectable microseepage ascending along more deeply buried fault 42 
systems associated with the salt diapir. The results, therefore, establish a spatially resolved model for 43 
offshore geochemical surveys that link subsurface fluid flow to redox gradients and microbial activity. 44 
 45 
 46 
 47 
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1. Introduction  48 

Cold seeps occur along both passive and active continental margins, where the upward migration of 49 
reduced fluids from deep subsurface reservoirs through faults and fractures (Suess, 2014; Joye et al., 50 
2020) supports substantial chemosynthetic biomass (Levin, 2005; Foucher et al., 2009). These fluids also 51 
transport heavy hydrocarbon gases, brines, and waters (Judd and Hovland, 2007; Suess, 2014), with their 52 
composition and discharge rates influenced by subsurface geology, which in turn regulates the availability 53 
of energy for microbial metabolism (Levin et al., 2005; Jørgensen and Boetius, 2007; Foucher et al., 54 
2009; Suess, 2014; Joye, 2020). Anaerobic oxidation of methane (AOM) is a key microbial process in 55 
cold seeps, mediated by syntrophic consortia of methanotrophic archaea (ANME) and sulfate-reducing 56 
deltaproteobacteria (SRB). The distribution of ANME is linked to methane availability, sediment 57 
geochemistry, and habitat conditions (Ruff et al., 2015), while localized variations in fluid advection 58 
create steep geochemical gradients that further drive microbial zonation over spatial scales (Levin, 2005). 59 
AOM typically occurs within the narrow sediment interval known as the sulfate-methane transition zone 60 
(SMTZ), where it consumes upward-migrating CH₄ and converts it to bicarbonate (HCO₃⁻), thereby 61 
acting as a major biological sink for methane in marine sediments (Boetius et al., 2000; Knittel et al., 62 
2005; Knittel and Boetius, 2009). As a result, AOM increases alkalinity in marine porewaters and 63 
facilitates authigenic carbonate precipitation near the seafloor (Eq. 1; Hinrichs et al., 1999; Treude et al., 64 
2005; Meister et al., 2018). Methane oxidation can also be mediated by alternative electron acceptors, 65 
such as nitrate (Haroon et al., 2013; NO₃⁻), nitrite (Ettwig et al., 2010; NO₂⁻), and metal oxides (Ettwig et 66 
al., 2016; Beal et al., 2009; Eq. 3, 4), in addition to sulfate (SO₄²⁻). 67 
 68 
CH₄ + SO₄²⁻ → HCO₃⁻ + HS⁻ + H₂O                                                                                                          (1) 69 

The co-occurrence of methanotrophs, sulfate-reducing bacteria, and nitrogen-cycling microorganisms in 70 
cold seep sediments indicates tightly coupled methane, sulfur, and nitrogen cycling that sustains seep 71 
ecosystems (Wang et al., 2025). However, the mechanisms by which geological heterogeneity generate 72 
chemical gradients that structure microbial niches and drive taxonomic and functional variation within 73 
cold seeps remain poorly understood. The Scotian Slope, represents a major segment of the Nova Scotian 74 
continental margin that transitions into deep ocean water that records over 250 million years of 75 
subsidence and sediment accumulation, with hydrocarbon reservoir potential strongly influenced by salt-76 
related deformation and sediment instability (Sherwin, 1973). Basin evolution has produced an extensive 77 
salt-tectonic system characterized by distinct diapir- and canopy-dominated provinces (Albertz et al., 78 
2010; Deptuck et al., 2017; Supplementary Fig. S3). Within this system, the Shelburne Subbasin 79 
constitutes a southwestern subdivision of the Scotian Basin, spanning ~ 100,000 km² (Wade and 80 
MacLean, 1990; Supplementary Fig. S1). Its extensive salt structures are associated with seismic 81 
amplitude anomalies, including direct hydrocarbon indicators (DHIs) that reside directly above diapirs, 82 
suggesting hydrocarbon-bearing sediments (Supplementary Figs. S1, S2). Cold seeps also occur around 83 
these salt diapirs (Campbell, 2019; Supplementary Fig. S3). The region therefore offers an ideal setting to 84 
address existing knowledge gaps pertaining to deeper basin geological structural influence of fluid flow 85 
on relatively shallow sediment hosted microbial ecosystem.  86 
 87 
Diverse microbial assemblages have been documented in both shallow and deeply buried sediments 88 
associated with these locations (Dong et al., 2020; Li et al., 2023; Ahangarian et al., 2026). Surrounding 89 
benthic sediments support complex communities that are strongly influenced by hydrocarbon seepage and 90 
vary substantially with depth, exhibiting a pronounced stratification that reflects the dynamic conditions 91 
of hydrocarbon-rich environments (Gittins et al., 2022; Li et al., 2023). This aligns with documented 92 
changes in microbial distribution, particularly at boundaries of strong geochemical gradients (Redshaw et 93 
al., 2026), raising the question of how salt-related subsurface structure and associated geochemical 94 
gradients influence microbial community composition and function. Cold seep 2A-1, situated ~400 km 95 
offshore southeastern Nova Scotia, represents a geologically complex system where salt tectonism 96 
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governs subsurface architecture and fluid migration (Campbell and Normandeau, 2020). The seep 97 
primarily emits biogenic methane through the carbonate-hosted depression referred to as “The Hole.” Gas 98 
hydrates are present beneath authigenic carbonate blocks that support chemosynthetic communities 99 
(Campbell and Normandeau, 2019; Bennett and Desiage, 2022; Chowdhury et al., 2024; Redshaw et al., 100 
2026; Supplementary Fig. S4).  101 
 102 
This study hypothesizes that the structural configuration of buried salt diapirs controls fluid migration 103 
pathways, thereby creating spatially heterogeneous geochemical gradients that structure microbial 104 
communities and drive subsurface carbon mobilization beyond the immediate active seep site. It further 105 
investigates whether spatial patterns in microbial distribution correspond to these geochemical gradients 106 
and align with fluid transport along pathways associated with the underlying salt structures. Addressing 107 
this hypothesis requires molecular proxies capable of resolving microbial responses across geochemical 108 
gradients. Lipid analyses reveal the structural diversity and functional characteristics of microbial 109 
consortia, offering insight into biogeochemical processes associated with seep (Van Mooy and Fredricks, 110 
2010; Chevalier et al., 2014; Redshaw et al., 2026) and ambient deep marine environments (Ahangarian 111 
et al., 2026). Here, membrane lipids, including core lipids (CLs) and intact polar lipids (IPLs), which 112 
consist of hydrophobic core structures linked to hydrophilic headgroups, are characterized to assess 113 
microbial community variability. Additionally, menaquinone respiratory pigments (MKs) are analyzed to 114 
constrain microbial community composition and metabolic activity (Urakawa et al., 2005; Elling et al., 115 
2016; Becker et al., 2018). Lipid distributions are interpreted alongside porewater chemistry, bulk 116 
geochemistry, and geophysical observations to identify the environmental controls governing microbial 117 
variability within the Scotian Slope seep system. 118 
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 119 

Figure 1. Seismic and bathymetric overview of the study area. A) Map of the Scotian Slope near the 120 
southern coast of Nova Scotia, Canada indicating the location of seep site 2A-1. B) Seismic coherence 121 
map showing the main fault zone and pockmark features. C) High-resolution bathymetric map illustrating 122 
the spatial distribution of sediment cores within a seafloor valley (NSDoE, 2025). D) 3D seismic RMS 123 
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map showing the location of the DHI (red area). RMS was calculated with a ±100 m integration window 124 
(red font) at a 300 mbsf target depth (black font). The structural alteration of the rock strata overlying a 125 
more deeply buried salt diapir is indicated by the dark green color that marks anticlinal strata bisected by 126 
radial and crustal faults. E) Strike-oriented seismic profile displaying velocity pull-ups and amplitude 127 
dimming indicative of gas-charged sediments (light blue ellipse), and diapiric faulting that suggests 128 
pathways for deep fluid migration (Shell Canada Ltd. via NSDoE). 129 
 130 
 131 

2. Materials and methods  132 
2.1. Sample collection 133 

Cold seep site 2A-1 (42.162698/-62.372356), located at 2687 mbsl (m below sea level) along the Scotian 134 
Slope of the North Atlantic Ocean, was first identified in 2018 from an Autonomous Underwater Vehicle 135 
(AUV) survey over a large, buried salt diapir (Campbell and Normandeau 2019). Seep site 2A-1 was 136 
subsequently selected for Remotely Operated Vehicle (ROV) investigation (Bennet and Desiage 2022). 137 
Samples were collected along a 1.6-km transect spanning a gradient of seep influence, with five gravity 138 
cores (15, 19, 17, 14, and 13) and one seep-sourced push core (78, The Hole) (Supplementary Table S1), 139 
yielding 52 samples. Cores 15, 19, and 17 located near the seep, and cores 14 and 13 positioned 515 m 140 
and 1.26 km away, respectively (Fig. 1; Supplementary Fig. S3). Gravity cores were collected during the 141 
2018 Scotian Slope expedition using the CCGS Hudson (Campbell and Normandeau 2019), which also 142 
surveyed the seep structure with an autonomous underwater vehicle (AUV) equipped with multibeam 143 
sonar. Samples from The Hole were collected in 2021 aboard the Atlantic Condor using a push coring 144 
system designed by the OGL group at Saint Mary’s University (Bennett and Desiage 2022). Each core 145 
barrel was 50 cm in length, had an internal diameter of 8.89 cm, and penetrated to a depth of 38 cmbsf. 146 
An ROV equipped with advanced sensors was deployed during the 2021 expedition. After retrieval, the 147 
cores were sectioned into 2–4 cm intervals. Each subsample was wrapped in pre-baked aluminum foil and 148 
stored at -80 °C to preserve sample integrity prior to analysis. 149 

2.2. Headspace gas analyses  150 

Sediment from the lowermost 20 cm of each core was transferred to 500 mL IsoJars (Isotech 151 
Laboratories, Inc.), flushed with nitrogen, sealed, and stored at -20 °C until analysis. Cores selected based 152 
on DHIs underwent analysis for headspace gas composition, carbon isotopes, biomarkers, and sediment 153 
extract composition using gas chromatography-mass spectrometry (GC-MS). The resulting data enabled 154 
characterization of hydrocarbon composition and assessment of biogenic and thermogenic sources 155 
(Supplementary Table S1). Geochemical analyses were conducted by Dr. Martin Fowler at Applied 156 
Petroleum Technology AS. 157 

2.3. Bulk geochemical analyses 158 

The total organic carbon (TOC) content of sediment samples was quantified using a modified version of 159 
Kahn’s (1988) method. Approximately 2.5 g of frozen sediment was dried at 35 °C for at least 12 hrs. 160 
After drying, samples were treated with 5 mL of 6N hydrochloric acid (HCl) and allowed to decarbonate 161 
for 24 hrs. Acid-treated samples were neutralized by repeated washing with deionized water until a pH of 162 
7 was achieved. Neutralized samples were dried again at 35 °C for 12 hrs and subsequently stored at 4 °C 163 
until analysis. TOC concentrations were measured using a Perkin-Elmer 2400 Series II CHNS/O 164 
Elemental Analyzer (EA) configured for CHN analysis. All analyses were conducted at the Centre for 165 
Environmental Analysis and Remediation, Saint Mary’s University. Four decarbonated sediment samples 166 
from each core were selected for bulk organic stable carbon isotope analysis (δ13Corg). Samples were 167 
analyzed by the Isotope Science Laboratory (ISL) at the University of Calgary, Canada. Carbon isotope 168 
ratios (¹³C/¹²C) were measured using Continuous Flow Elemental Analysis-Isotope Ratio Mass 169 
Spectrometry (CF-EA-IRMS) coupled with an Elementar Isotope CUBE® elemental analyzer. The 170 
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isotope ratios were presented in delta (δ) notation, which expresses the per mil (‰) deviation of the ratio 171 
relative to the Vienna Peedee Belemnite (VPDB) standard (Eq. 2; Craig, 1957). 172 

𝛿13𝐶 =  [
(

13𝐶
12𝐶

⁄ )𝑆𝑎𝑚𝑝𝑙𝑒

(
13𝐶

12𝐶
⁄ )𝑆𝑡𝑑

 − 1] × 1000                                                                                                         (2) 173 

 174 

2.4. Porewater chemistry 175 

Porewater analyses were performed at the Organic Geochemistry Laboratory, Saint Mary’s University. 176 
Approximately 40 g of frozen sediment was placed in pre-cleaned polycarbonate centrifuge tubes, 177 
defrosted for up to 2 h, and centrifuged at 2500 rpm for 10 min. The extracted porewater was collected, 178 
filtered through 0.45-μm filters to remove suspended particles, and the recovered volume was recorded to 179 
estimate sediment porosity. Alternating sediment intervals of approximately 4 cm were designated for 180 
anion and cation analyses, except for the 0–2 cm surface interval, which was analyzed for both. Anion 181 
concentrations, including fluoride (F-), NO₂-, NO₃-, SO₄²-, and dissolved inorganic carbon (DIC; the 182 
combined signal of HCO₃- and carbonate (CO₃²-), were determined by ion chromatography using a 183 
Thermo Scientific Dionex Aquion Chromatography Conductivity System. Filtered porewater was diluted 184 
with high pressure liquid chromatographic (HPLC)-grade water prior to analysis; data acquisition and 185 
instrument control were managed using Chromeleon 7 software (version 7.3, Thermo Scientific).  The 186 
concentrations were quantified using external calibration curves prepared from standard solutions. Cation 187 
and nutrient concentrations, including ammonium (NH₄⁺), iron (II) (Fe²⁺), manganese (II) (Mn²⁺), and 188 
phosphate (PO₄³-), were measured using a Hanna Instruments HI-83300 Multiparameter Photometer. 189 
Samples were diluted with Milli-Q water or appropriate reagents and corrected for dilution factors after 190 
measurement. Analyses of Fe²⁺, Mn²⁺, and PO₄³- were conducted only for samples with sufficient 191 
porewater recovery to ensure reliable quantification. Data acquisition and instrument control were 192 
managed using Chromeleon 7 software (version 7.3, Thermo Scientific). 193 
 194 

2.5. Lipid extraction and analysis 195 

Lipids were extracted following a modified Bligh and Dyer protocol (Bligh and Dyer, 1959; Sturt et al., 196 
2004; Bentley et al., 2022). Frozen samples were spiked with a recovery standard, 1-alkyl-2-acetyl-sn-197 
glycerol-3-phosphocholine (PAF; Avanti Polar Lipids, Inc.). Three organic solvent mixtures were 198 
prepared: methanol, dichloromethane (as a substitute for chloroform), and phosphate buffer in a 2:1:0.8 199 
volume ratio; methanol, dichloromethane, and trichloroacetic acid buffer in the same ratio; and methanol 200 
with dichloromethane in a 5:1 volume ratio. For each extraction, 3 mL of each mixture was added twice. 201 
The sediment-solvent mixture was sonicated and centrifuged at 1250 rpm for 5 min. Combined extracts 202 
were transferred to separation funnels and purified with Milli-Q water. The purified extract was 203 
evaporated under a stream of dry nitrogen and heated to 40 °C. The total lipid extract (TLE) was spiked 204 
with 1,2-diheneicosanoyl-sn-glycero-3-phosphocholine (C21-PC; Avanti Polar Lipids) and stored at -20 205 
°C until mass spectral analysis. 206 

An aliquot corresponding to 1% of the TLE was analyzed using an Agilent 1260 Infinity ultra- high 207 
performance- liquid chromatographic (UHPLC) system coupled to an Agilent Technologies 6530 208 
quadrupole time-of-flight mass spectrometer (qTOF-MS) with electrospray ionization (ESI). Lipids were 209 
separated according to hydrophobic characteristics using a reverse-phase (RP) column (ZORBAX RRHD 210 
Eclipse Plus C18). Lipids were identified by their [M + H] ⁺, [M + Na] ⁺, and [M + NH₄] ⁺ pseudo-211 
molecular ions and were tentatively characterized using retention times, molecular masses, and 212 
fragmentation patterns. Lipid detection was performed using Agilent Technologies MassHunter 10.0 213 
software and in accordance with previous studies (Yoshinaga et al., 2011; Wörmer et al., 2015). 214 
Individual lipid concentrations were quantified relative to the internal standard C21-PC (Eq. 3) and 215 
expressed as μg per gram of sediment (μg‧g sed-1). 216 
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[𝐿𝑖𝑝𝑖𝑑] =  (
𝑀𝑎𝑠𝑠𝑆𝑡𝑑×𝐴𝑟𝑒𝑎𝐿𝑖𝑝𝑖𝑑

𝐴𝑟𝑒𝑎𝑆𝑡𝑑×𝑀𝑎𝑠𝑠𝐿𝑖𝑝𝑖𝑑
) × 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 %                                                                                            (3) 217 

2.6. Statistical analysis  218 

Statistical analyses of lipid and porewater chemistry datasets were performed using RStudio (version 219 
4.4.2). Hierarchical clustering analysis (HCA) was applied to z-scored lipid data (Eq. 4) using the “Stats” 220 
package and performed using Ward’s minimum-variance method and Euclidean distance. Principal 221 
component analysis (PCA) was performed using the “FactoMineR” and “FactoExtra” packages. Data 222 
visualization was achieved using the “ggplot2” package. 223 

𝑧 =  (
𝑥−𝑥̄

𝑆
)                                                                                                                                                   (4)    224 

where x is the measured concentration of the lipid in each sample, x̄ is the mean lipid concentration across 225 
all samples, and S denotes the sample standard deviation. 226 

 227 

3. Results 228 
3.1. Gas seepage and bulk organic matter patterns 229 

Site 78 collected within a carbonate crag termed ‘The Hole’ with active biogenic methane seepage 230 
contained gas hydrates.  However, no evidence of gas hydrates was observed in the recovered gravity 231 
cores. Core 15 exhibited the highest methane concentrations, consistent with a predominantly biogenic 232 
methane source. Apart from minor thermogenic input detected in core 14, the gas and biomarker data 233 
provide no evidence for substantial thermogenic hydrocarbon contributions or active petroleum seepage 234 
in the study area (Fowler and Webb, 2018). As such, all gravity cores were determined to be largely 235 
hydrocarbon negative and indicative of slope ambient sediment conditions. 236 
 237 
Total organic carbon (TOC), total nitrogen (TN), carbon-to-nitrogen ratios (C/N), and δ¹³Corg were 238 
measured in all sediment cores (Fig. 2; Supplementary Table S3). The resulting TOC profiles revealed 239 
three distinct stratigraphic patterns, indicating spatial heterogeneity. Cores 15, 19, and 17 exhibited low 240 
TOC concentrations, ranging from 0.24 to 0.69 wt.%. In contrast, cores 14 and 13 displayed moderately 241 
higher TOC values with minimal variability (0.29–0.74 wt.%). The Hole was characterized by a 242 
pronounced TOC maximum of 1.3 wt.% at 4 cmbsf followed by a marked decline of concentrations with 243 
depth, and TN distributions closely mirrored those of TOC, decreasing from 0.18 wt.% at the sediment-244 
water interface (SWI) to 0.08 wt.% in deeper sediments. Downcore C/N ratios in cores 15, 19, and 17 245 
ranged from 4 to 14, with a notable sharp peak of 30 in core 19 at 334 cmbsf. The Hole consistently 246 
exhibited low C/N values (mean 5.4). In cores 14 and 13, C/N ratios remained relatively stable in the 247 
upper ~300 cmbsf (5–10), with moderate fluctuations between 300 and 500 cmbsf, reaching a maximum 248 
of 15. These variations reflect changes in organic matter sources or input with depth. Values of δ¹³Corg 249 
ranged from -25‰ to -21‰ in all cores, while The Hole displayed a pronounced gradient from -40‰ at 250 
the sediment surface to -26‰ at depth (Redshaw et al., 2026). Overall, the seep exhibited a distinct 251 
organic carbon signature in surface sediments compared to other transect cores, characterized by higher 252 
surface TOC and more depleted carbon isotope values (Fig. 2). 253 
 254 
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 255 

Figure 2. Downcore profiles of TOC, TN, C/N, and δ¹³Corg in sediment cores. Profiles are arranged 256 
according to their position relative to the seep.  257 

 258 

Linear regression analyses revealed covariation between TOC and TN, as well as potential coupling C/N 259 
ratios and δ¹³Corg across sediment cores (Fig. 3). The strength of TOC–TN relationships varied among 260 
cores with the seep core exhibiting the highest correlation (R² = 0.78), cores 19 and 17 having the weakest 261 
correlations (R² = 0.14–0.20), and cores 15, 14, and 13 displaying intermediate values (R² = 0.32–0.55; 262 
Fig. 3a). When data from all cores were combined, TOC and TN showed a positive linear relationship (R² 263 
= 0.60; TN = 0.123 × TOC + 0.009; Fig. 3b). In contrast, C/N and δ¹³Corg did not demonstrate meaningful 264 
covariation in cores 15, 19, 17, and 13 (R² = 0–0.08), whereas cores 14 and the seep core exhibited weak 265 
negative trends (R² = 0.31–0.38; Fig. 3c). Overall, data from all cores indicated no relationship between 266 
C/N and δ¹³Corg (R² = 0.002; Fig. 3d). 267 
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 268 

Figure 3. Spatial variation in TOC-TN and C/N-δ¹³Corg coupling of sediment cores (a–d). For panels (a) 269 
and (c), colored arrows link R2 values to their respective regression lines; confidence intervals are 270 
indicated by grey shaded regions on panels (b) and (d). 271 

 272 

3.2. Porewater chemistry of sediment cores 273 

Depth profiles of porewater ions (PO₄³-, DIC, SO₄²-, NH₄⁺, NO₃-, NO₂-, Fe²⁺, Mn²⁺, and F-) were combined 274 
with C/N ratios and core logs to evaluate porewater-sediment interactions (Fig. 4; Supplementary Tables 275 
S2, S3). In core 15, C/N peaked in deeper silty clays with rare bioturbation and organic-rich sand blebs. In 276 
cores 17 and 19, no relationship between downcore C/N profiles and lithologic variation is observed. 277 
However, cores 14 and 13 showed a pronounced increase in C/N ratios at 300–500 cmbsf, where organic-278 
rich layers (ORLs) were detected (Fig. 4; Supplementary Fig.S7). Interestingly, in this interval, PO₄³- 279 
concentration showed a pronounced peak in core 14, with concentrations ranging from 1 to 22 mmol·L-1. 280 
Sulfate concentration decreased with sediment depths, while DIC continued to accumulate in deeper 281 
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sediments. The highest DIC concentration was recorded in The Hole, reaching ~12 mmol·L-1 compared to 282 
~6.4 mmol·L-1 in non-seep cores, while surface SO₄²- averaged 26.1 mmol·L-1 and was completely 283 
depleted at the core base. Only core 19 showed near-complete depletion of SO₄²- with depth, while other 284 
cores had concentrations of 10 mmol·L-1 or less. NH₄⁺ concentrations increased with depth, reaching 285 
about 1.5 mmol·L-1 in cores 14 and 13 and approximately 1 mmol·L-1 in other gravity cores. The Hole 286 
exhibited a lower maximum NH₄⁺ concentration of ~0.7 mmol·L-1. NO₃- and NO₂- concentrations were 287 
higher in the seep compared to the surrounding sediment cores and declined slightly with depth. 288 
Concentrations of Fe²⁺ and Mn²⁺ remained uniformly low (<0.2 mmol·L-1) with no systematic downcore 289 
trends in most cores. Similarly, F- showed no clear stratigraphic pattern and averaged 0.2 mmol·L-1. 290 
Notably, Fe²⁺ and Mn²⁺ ions peaked in core 14 between the 200–500 cmbsl intervals, where NH₄⁺ also 291 
continued to increase. Within this interval, ORLs have been reported, and a distinct SO₄²--DIC interaction 292 
was observed. In this regard, this interval (grey-shaded in Fig. 4) may represent a redox boundary where 293 
multiple terminal electron-accepting processes coexist. 294 
 295 
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 296 

Figure 4. Lithological patterns (after Geological Survey Canada; GSC) and porewater geochemical 297 
profiles with sulfate-alkalinity transition zones marked by red dotted lines and biogeochemical zonation 298 
indicated by the gray-shaded interval in core 14. 299 
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3.3. Lipidomic survey 300 

Identified archaeal CLs included glycerol dialkyl glycerol tetraethers (GDGTs) and archaeol (AR). The 301 
concentration of total isoprenoid GDGTs (isoGDGTs) ranged from 6.9 to 11.7 μg‧g sed-1 in gravity cores, 302 
whereas substantially lower values were observed in The Hole (avg. 1.7 μg‧g sed-1). Hydroxy GDGTs 303 
(OH-GDGTs) occurred at lower concentrations, averaging 0.3 μg‧g sed-1 in the seep and 0.8 μg‧g sed-1 in 304 
other transect cores. Both isoGDGTs and OH-GDGTs were enriched in surface sediments and declined 305 
with depth (Fig. 5; Supplementary Table S4). The cyclopentane rings associated with isoGDGTs ranged 306 
from zero to five. Among these, isoGDGT-0, which lacks cyclopentane rings, and isoGDGT-5 307 
(crenarchaeol), which contains one cyclohexane and four cyclopentane rings, were the dominant 308 
isoGDGTs in gravity cores and occurred in equal proportions. isoGDGT-1–3 were minor components in 309 
these cores but showed enrichment in the seep, particularly in the upper 10 cmbsf. Only OH-GDGTs with 310 
zero, one, or two cyclopentyl moieties (OH-GDGT-0–2) were detected along the transect (Fig. 6). AR 311 
concentrations were much lower than those of GDGTs, averaging 0.14 ± 0.04 μg‧g sed-1 in all gravity 312 
cores and reaching a maximum concentration of 0.26 μg‧g sed-1 in the seep. Hydroxylated AR (OH-AR) 313 
was absent in The Hole and, in other cores, averaged 0.09 ± 0.05 μg‧g sed-1, occurring at lower 314 
abundances than OH-GDGTs. Depth profiles of AR and OH-AR were spatially variable with no clear 315 
downcore pattern (Fig. 5). 316 

Other detected archaeal membrane-spanning lipids included glycerol dibiphytanol diethers (GDDs), 317 
which have been considered either degradation products of isoGDGTs or biosynthetic compounds 318 
produced by archaea (Meador et al., 2014; Hingley et al., 2024; Supplementary Table S4). Similar to 319 
isoGDGTs, GDDs with 0–5 cyclopentyl rings were identified. Their hydroxylated counterparts (OH-320 
GDDs) were also limited to 0–2 cyclopentyl moieties. GDD concentrations were consistently higher in 321 
surface sediments than in deeper layers, peaking at 1.25 μg‧g sed-1 in surface core 14 and averaging 322 
0.11 μg‧g sed-1 within the seep. OH-GDDs occurred at lower concentrations, averaging 0.03 ± 0.01 μg‧g 323 
sed-1 in gravity cores and 0.02 μg‧g sed-1 at The Hole, without a clear downcore trend. GDD-0 and GDD-5 324 
dominated all cores (15, 19, 17, 14, and 13), whereas GDD-1–3 contributed minor fractions, except for 325 
surface enrichment within The Hole (Figs. 5, 6). 326 

Detected IPLs included mono- and di-glycosidic-GDGTs (1G-GDGTs and 2G-GDGTs, respectively) 327 
comprising 0–5 rings, with 1G-GDGTs being the most abundant IPLs, averaging 0.13 μg‧g sed-1 in The 328 
Hole and 0.42 ± 0.09 μg‧g sed-1 across gravity cores (Fig.5; Supplementary Table S4). In the seep, 1G-329 
GDGTs containing 1–3 rings were particularly abundant. Detected hydroxylated 1G-GDGTs (1G-OH-330 
GDGTs) and 2G-GDGTs (2G-OH-GDGTs) consisted only of 0–2 rings (Fig. 6). Additionally, we 331 
identified mono- and di-glycosidic ARs (1G- and 2G-AR), phosphatidic acid AR (PA-AR), and its 332 
hydroxylated analogue (PA-OH-AR). 1G-AR was detected in all cores and averaged 0.05 μg‧g sed-1, 333 
while 2G-AR was not detected in cores 15, 17, and 13. PA-AR occurred in only a few depth intervals at 334 
The Hole, averaging 0.01 μg‧g sed-1. In cores 15, 19, 17, and 14, PA-AR concentrations increased with 335 
depth, reaching 0.35 ± 0.06 μg‧g sed-1. PA-OH-AR was restricted to cores 14 and 13, averaging 0.12 μg‧g 336 
sed-1 and 0.03 μg‧g sed-1, respectively (Fig. 5; Supplementary Table S4). 337 

Identified bacterial lipids included branched glycerol dialkyl glycerol tetraethers (brGDGTs; 338 
Supplementary Table S5). The average concentration of brGDGTs varied between 0.13 μg‧g sed-1 and 0.9 339 
μg‧g sed-1. In general, brGDGT-Ia and -IIa were the most abundant brGDGTs (accounting for 38% and 340 
18 % of brGDGTs, respectively). Concentrations were highest in cores 15, 19, and 17, intermediate in 341 
cores 14 and 13, and lowest in core 13. brGDGT-Ic, -IIb, -IIc, -IIIb, and -IIIc were detected at the lowest 342 
concentrations in all cores, representing only 1–9% of brGDGTs (Figs. 5, 6). 343 

Photosynthetic pigments, including chlorophyll a (Chl a), pheophytin a (Pheo a; a degradation product of 344 
Chl a), and their hydroxylated derivatives (OH-Chl a and OH-Pheo a), were monitored across all 345 
samples. Chl a peaked in core 14 (0.89 μg‧g sed-1) and reached the lowest concentration in core 19 346 
(0.26 μg‧g sed-1). Pheo a recorded a lower concentration and averaged 0.07 ± 0.01 μg‧g sed-1. OH-Chl a 347 
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and OH-Pheo a averaged 0.03 ± 0.01 μg‧g sed-1 each. In The Hole, Chl a and Pheo a were quantified at 348 
very low concentrations, while their hydroxylated derivatives were not detected. All pigments showed no 349 
clear stratigraphic patterns in their relative distributions (Fig. 5; Supplementary Table S5). Menaquinones 350 
with isoprenyl side chains containing four (MKs-4), six (MKs-6), seven (MKs-7), and ten (MKs-10) 351 
isoprene units and with different degrees of unsaturation of the side chain were also identified and 352 
quantified (Figs. 5, 6; Supplementary Table S6). MKs were below the detection limit in The Hole. The 353 
highest concentrations of MKs-4 were recorded in cores 15 and 14, averaging approximately 0.7 μg‧g sed-354 
1. In contrast, MKs-10 were more abundant in cores 19, 17, and 13, with an average of 0.42 μg‧g sed-1. 355 
MKs-7 remained low across all cores, ranging from 0.05 to 0.17 μg‧g sed-1. MKs-6 showed strong 356 
enrichment in cores 14 and 13 (1.94 and 1.14 μg‧g sed-1, respectively), but were nearly absent in cores 15, 357 
19, and 17. Among these, cores 14 and 13 were dominated by saturated MKs (MK-6:0 and MK-6:1; 68% 358 
of total MK-6). 359 

 360 

 361 

 362 

 363 

 364 

 365 

 366 

 367 

 368 

 369 

 370 

 371 

 372 

 373 

 374 

 375 
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 377 

Figure 5. Depth-resolved profiles of archaeal lipids, bacterial brGDGTs, photosynthetic pigments (PPs), 378 
and electron carriers (ECs).  379 

 380 

 381 
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 382 

Figure 6. Downcore variation in archaeal lipid ring structures, brGDGTs, and MKs homologues. 383 

 384 

4. Discussion  385 
4.1. Organic matter sources and carbon inputs 386 

4.1.1. Bulk geochemical constraints  387 

Bulk geochemical analyses indicate differences in geochemical signature between The Hole and adjacent 388 
sediments (Figs. 2, 3; Supplementary Table S2). At The Hole, surface sediments are characterized by high 389 
TOC concentrations combined with strongly depleted δ¹³Corg values, supporting active methane seepage 390 
that sustains microbial carbon processing (Joye et al., 2004; Joye, 2020; Redshaw et al., 2026). The 391 
ebullient CH₄ collected at The Hole exhibits a carbon isotopic composition of δ¹³C = -71.0 ± 0.3‰ 392 
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(Chowdhury et al., 2024), and the depleted δ¹³Corg values closely match the isotopic signature of biogenic 393 
methane (Whiticar, 1999; Joye, 2020), indicating substantial methane-derived carbon input to the surface 394 
sediment organic matter pool. In contrast, δ¹³Corg values across the transect (-25‰ to -21‰) fall within the 395 
typical range for marine organic matter (Meyers, 1994), suggesting minimal methane-derived carbon 396 
beyond The Hole. Fluctuations in C/N ratio in core 19 at 334 cmbsf, along with moderate fluctuations 397 
below approximately 300 cmbsf in cores 13 and 14, more likely reflect episodic terrestrial organic matter 398 
input or the selective diagenetic loss of nitrogen during burial, and the approximately 56% decline in TN 399 
at The Hole indicates progressive remineralization and early diagenetic transformation of organic matter 400 
(Wakeham, 2002; Redshaw et al., 2026). The variability in TOC-TN relationships (Fig. 3) highlights 401 
further site-specific controls on organic matter preservation and reveals pronounced spatial heterogeneity 402 
in organic matter sources and carbon cycling across the transect. These patterns occur alongside marked 403 
lithological variability among the cores, including differences in sand content, bioturbation, mottling, 404 
lamination, and organic-rich bands (Supplementary Fig. S7; Supplementary Table S2), which may 405 
influence organic matter deposition and preservation. 406 
 407 

4.1.2. Photosynthetic contribution to sedimentary organic matter 408 

The down-core preservation of photosynthetic pigments serves as an indicator of euphotic-zone 409 
contributions to the benthic organic matter pool. Localized pigment enrichments reflect periods of 410 
elevated primary productivity and the subsequent export of fresh phytoplankton material to the benthos 411 
(Jeffrey, 1974; Vernet & Lorenzen, 1987; Wernand et al., 2013). On the Scotian Slope, however, pigment 412 
variability is primarily modulated by post-depositional heterotrophic degradation and differences in 413 
organic matter preservation rather than initial export from the euphotic zone (Redshaw et al., 2026). 414 
Enrichment of MKs-4 in cores 14 and 15 coincides with the highest Chl a concentration across the 415 
transect. Specifically, MKs-4 averaged ~0.7 μg‧g sed-1, and Chl a reached 0.89 μg‧g sed-1 in core 14, 416 
indicating enhanced input of phototroph-derived organic matter. While MKs are primarily associated with 417 
microbial producers, MK-4 is unique in that it occurs in cyanobacteria and phototrophic eukaryotes 418 
(Collins and Jones, 1981; Hiraishi, 1999). Its presence in Photosystem I of certain cyanobacteria 419 
(Gloeobacter violaceus, Synechococcus sp. PCC 7002), as well as in diatoms and primitive red algae 420 
(Nowicka and Kruk, 2010), further supports a phototrophic contribution to the MK-4 pool. The spatial 421 
association of MK-4 and Chl a (Supplementary Figs. S10, S11) therefore suggest enhanced deposition of 422 
relatively fresh phototroph-derived material at these cores, although contributions from heterotrophic 423 
MK-4 producers cannot be excluded. 424 
 425 
Pigment concentrations vary with organic matter degradation as chlorophyll degradation products 426 
accumulate in sediments (Szymczak-Żyła and Kowalewska, 2011). The conversion of Chl a to Pheo a 427 
involves the removal of the central magnesium ion; while biologically catalyzed by enzymes during 428 
cellular senescence, this reaction occurs primarily via abiotic chemical pathways during early diagenesis, 429 
accelerated by thermal stress, acidification, bioturbation, and grazing pressure (Lajolo et al., 1971; 430 
Bianchi et al., 2000; Ingalls et al., 2000). Pheo a averaged 0.07 ± 0.01 μg‧g sed-1, while OH-Chl a and 431 
OH-Pheo a each averaged 0.03 ± 0.01 μg‧g sed-1. The consistently low concentrations of these 432 
degradation products and the absence of stratigraphic trends indicate a relatively uniform degradation 433 
regime. This degradation pathway is likely influenced by heterotrophic processes, with pigment loss 434 
generally enhanced under strong or fluctuating redox gradients (Sun et al., 1995; Ingalls et al., 2000). 435 
Low pigment concentrations at The Hole are consistent with enhanced heterotrophic degradation rather 436 
than reduced phytodetrital input. Pigment concentrations decrease downcore with TOC, indicating 437 
pigment loss during organic matter degradation (Redshaw et al., 2026). Outside the seep, higher pigment 438 
concentrations coincide with greater organic matter preservation, suggesting lower degradation rates in 439 
the surrounding sediments. 440 
 441 
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4.2. Microbial community structure and metabolic pathways 442 
4.2.1. Ammonia oxidizing archaea 443 

The enrichment of isoprenoidal electron carriers, specifically MK-6:0 and MK-6:1, in cores 14 and 13 444 
(Fig. 6) aligns with localized AOA activity, as these specific MKs represent predominant components of 445 
Thaumarchaeota lipid matrices (Elling et al., 2016, 2017). Because MK-6 pools can exhibit taxonomic 446 
overlaps with distinct prokaryotic lineages, these structures cannot be unambiguously assigned to AOA on 447 
the basis of lipid profiles alone. However, their detection in deep-sediment archives down to 800 cmbsf, 448 
frequently exceeding water-column inventories, demonstrates the persistence of Thaumarchaeota 449 
biomarkers in deep-sediment environments. Their distribution is shaped by lithological and geochemical 450 
gradients, as well as increased heterotrophic activity (Becker et al., 2018). The presence of sediment-451 
specific amoA lineages and genomic evidence of active subsurface populations further supports the in-situ 452 
production of Thaumarchaeota, rather than passive burial from the water column (Park et al., 2014; Ren et 453 
al., 2025). This niche establishment is likely energetically sustained by an inherently high oxygen affinity 454 
(Park et al., 2010) and, in distinct lineages, pathways for nitric oxide reduction (Bristow et al., 2016; Kraft 455 
et al., 2022). Consequently, the confinement of these MK signatures to cores 14 and 13, contrasted against 456 
their near absence in cores 15, 19, and 17, delineates a highly heterogeneous spatial mosaic of AOA 457 
activity regulated by localized redox boundaries, dissolved oxygen penetration, and NH₄⁺ flux. 458 
Conversely, the absence of detectable MKs within the active seep site points to a divergent microbial 459 
regime (Figs. 5, 6, and Supplementary Fig. S11). This environment is potentially dominated by taxa 460 
utilizing alternative quinone profiles, or it is marked by accelerated quinone turnover under intensely 461 
reducing, high-flux conditions that preclude the accumulation of MK pools.  462 
 463 
Elevated NH₄⁺ concentrations in sediments significantly influence AOA diversity and activity, in addition 464 
to environmental factors such as temperature and salinity (He et al., 2018). Consistent with sediment-465 
specific conditions, cores 14 and 13 exhibited the highest porewater NH₄⁺ concentrations along the 466 
transect (Fig. 4; Supplementary Fig. S8). The strong correlation between MK-6:0 and NH₄⁺ in core 14 (R² 467 
= 0.77) and the moderate correlation in core 13 (R² = 0.41) suggest that NH₄⁺ availability is a primary 468 
determinant of thaumarchaeal quinone distribution in these sediments. In contrast, the weaker correlations 469 
observed in cores 15, 19, and 17 (R² = 0.06–0.25) suggest that additional environmental variables, 470 
including redox conditions and organic matter availability, also influence this relationship (Fig. 7). 471 
Collectively, these results highlight the spatial heterogeneity of Scotian Slope sediments, where varying 472 
geochemical conditions likely shape the composition of microbial assemblages. 473 

 474 
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 475 

 476 

Figure 7. Downcore profiles of NH₄⁺ and MK-6:0, along with their correlation patterns. 477 

 478 

4.2.2. Methanotrophic Archaea 479 

Lipid biomarkers indicate distinct spatial distributions of ANME clades. ANME-1 dominates the seep, as 480 
shown by the higher abundance of GDGT-1–3 (Fig. 6; Zhang et al., 2011, 2023), identifying this clade as 481 
the primary mediator of sulfate driven AOM (S-AOM) in The Hole (Redshaw et al., 2026). In contrast, 482 
cores 13 and 14 are characterized by enrichment of PA-OH-AR (Fig. 5; Supplementary Fig. S9), which 483 
may reflect either a distinct methanotrophic community or preferential preservation of these lipids. OH-484 
AR/AR ratios remained ≤ 1 in cores 15, 19, and 17, consistent with an ANME-1-dominated community. 485 
Core 14 exhibited intermediate values of 1–2 between 150 and 400 cmbsf, whereas core 13 reached ratios 486 
approaching 2 below 500 cmbsf before generally declining to ≤ 1 at shallower depths (Fig. 8a). Low OH-487 
AR/AR ratios (0–0.8) are characteristic of ANME-1, whereas higher values (1.1–5.5) indicate increasing 488 
contributions from ANME-2 and/or ANME-3 (Elvert et al., 2005; Niemann and Elvert, 2008). The 489 
distribution of OH-ARs in The Hole is also consistent with the ANME-1 archaeal lipid profile, which 490 
typically contains only trace amounts or no OH-ARs (Niemann and Elvert, 2008; Kurth et al., 2019). 491 
These patterns suggest spatial structuring of ANME communities across the transect. Significant 492 
correlations between AR and OH-AR were observed only in cores 13 (R² = 0.82, p < 0.001) and 14 (R² = 493 
0.72, p = 0.004) (Fig. 8b), further supporting spatial differences in ANME lipid distributions. 494 
 495 
Elevated NH₄⁺ concentrations in cores 14 and 13 (Fig. 4; Supplementary Fig. S8) may reflect enhanced 496 
microbial remineralization and nitrogen cycling. One possible mechanism is AOM coupled to nitrate 497 
reduction, which can produce NH₄⁺ through dissimilatory nitrate reduction to ammonium (DNRA), 498 
whereby NO₃⁻ is reduced to NO₂⁻ and subsequently to NH₄⁺ (Haroon et al., 2013; Ettwig et al., 2016). 499 
Methane oxidation can also be coupled to the reduction of Fe and Mn oxides, providing alternative 500 
electron acceptors under appropriate redox conditions (Beal et al., 2009; Cai et al., 2018; Leu et al., 501 
2020). In core 14, the discrete increases in Fe²⁺ and Mn²⁺ between 320 and 500 cmbsf (Fig.4; 502 
Supplementary Fig. S8) may indicate enhanced metal reduction and suggest that alternative electron-503 
acceptor processes could contribute to methane cycling at these depths (Zhao et al., 2024; Xue et al., 504 
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2025). However, the available geochemical data cannot resolve the specific microbial taxa or metabolic 505 
pathways responsible for these patterns; thus, a contribution from nitrate- or metal-coupled AOM remains 506 
hypothetical. 507 
 508 

 509 

Figure 8: A) Depth profiles of the OH-AR/AR and PA-OH-AR/PA-AR ratios. B) Correlation between 510 
AR and OH-AR concentrations. The red dotted lines mark the boundary separating ANME-1 domain 511 
(light blue shaded area) and ANME-2 /-3 domain (dark blue shaded area).  512 

 513 

4.2.3. Sulfate reducing bacteria  514 

Sulfate-driven AOM at The Hole is indicated by the inverse relationship between SO₄²- and DIC, which 515 
reflects active sulfate reduction and subsequent DIC accumulation (Antler et al., 2014; Hu et al., 2017; 516 
Redshaw et al., 2026). At this site, the sulfate-alkalinity transition zone (SATZ) was identified at a depth 517 
of 10 cmbsf (Redshaw et al., 2026). In contrast, adjacent cores did not exhibit complete SO₄²- depletion 518 
(Fig. 4), suggesting either insufficient methane supply to drive full SO₄²- reduction or the predominance of 519 
alternative electron acceptors. Cores 15, 19, and 17 exhibited increased concentrations of MKs-7 and 520 
brGDGTs in deeper sediment layers (Figs. 5, Supplementary Figs. S10, S11). Among the brGDGTs, 521 
brGDGT-Ia was most abundant, followed by brGDGT-IIa and brGDGT-IIIa (Fig. 6), which likely reflects 522 
preferential in situ microbial production rather than input from sedimentary sources. AOM appears to 523 
influence the relative abundances of brGDGT-Ia and brGDGT-IIa (Zhang et al., 2020; Zeng et al., 2025), 524 
thereby shaping specific microbial niches within the sediment column. Nevertheless, higher abundance of 525 
MKs-7 and brGDGTs in these cores provides only indirect evidence for sulfate reduction. MKs-7 are not 526 
unique to sulfate-reducing bacteria, as quinone composition varies substantially even within sulfate-527 
reducing lineages (Suzuki et al., 2008; Song et al., 2021). Similarly, brGDGTs were enriched in the seep 528 
sediments, with the highest concentrations observed at the base of The Hole. This enrichment is consistent 529 
with previous observations linking brGDGT-Ia, -IIa, and -IIb to enhanced AOM and sulfate-reducing 530 
bacterial communities in cold seep environments (Zhang et al., 2024; Redshaw et al., 2026). Thus, the 531 
brGDGT signal may reflect microbial activity associated with methane cycling at the seep. 532 
 533 
 534 
 535 
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4.3. The relationship amongst microbial communities 536 

Multivariate analyses, including HCA and PCA, were conducted to investigate relationships among 537 
microbial communities in the seep and adjacent gravity cores. HCA identified seven lipidomes (L) and six 538 
lipid classes (LC), revealing differences in microbial community structure (Fig. 9). LC-1a and -1b were 539 
enriched in archaeal IPLs and CLs. LC-1a was primarily associated with surface sediments of cores 15, 540 
19, 17, 14, and 13, while LC-1b was strongly associated with The Hole and dominated by isoGDGTs and 541 
glycosidic GDGTs characteristic of ANME-1 archaea, consistent with active AOM. LC-2 consisted 542 
mainly of photosynthetic pigments enriched at the SWI of all cores, reflecting inputs from surface 543 
primary production. LC- 3 was also enriched in archaeal IPLs and CLs, primarily in the surface sediments 544 
of cores 15, 19, 17, 14, and 13. LC- 4, characterized by brGDGTs and MK-7 homologues, exhibited a 545 
heterogeneous distribution across the gravity cores but was least abundant in the seep. LC- 5 comprised 546 
hydroxylated GDGTs without a clear spatial pattern. LC- 6 was dominated by MK-6 homologues, 547 
particularly in cores 13 and 14 and mainly within lipidomes 3 and 7, suggesting enhanced respiratory 548 
activity associated with AOA. PCA was performed separately for porewater data combined with lipid 549 
classes categorized as (a) photosynthetic pigments, (b) MKs, (c) brGDGTs, and (d) archaeal IPLs and 550 
CLs (Fig. 10). The Hole formed a distinct cluster, indicating a unique combination of porewater 551 
geochemistry and microbial lipid composition, whereas cores 15, 19, 17, 14, and 13 exhibited variable 552 
associations depending on the lipid class. Both HCA and PCA revealed distinct microbial lipid signatures 553 
between the seep and adjacent sediments, consistent with contrasting geochemical conditions and 554 
microbial assemblages.  555 

 556 

 557 

 558 
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 559 

Figure 9: Hierarchical cluster analysis heatmap with dendrogram showing the z-scored concentrations of 560 
all detected lipids across the transect. Rows represent core samples, L represents lipidomes and LC 561 
represents lipid classes.  562 

 563 
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 564 

Figure 10: Principal component analysis of porewater ions and lipid classes, including a) photosynthetic 565 
pigments, b) MKs, c) brGDGTs, and d) archaeal IPLs and CLs. 566 

 567 

 568 

4.4. Sedimentary and geological controls on biogeochemical dynamics and microbial 569 
assemblages 570 

Recent lipidomic analyses at Site 2A-1 have revealed fine-scale microbial zonation within seep sediments 571 
(Redshaw et al., 2026). The distinct lipidomic and geochemical signatures observed across the transect 572 
further highlight the role of spatial differences in geological setting and fluid-plumbing systems in 573 
shaping microbial distributions across the study area (Fig. 11; Supplementary Fig. S3). The Hole is an 574 
actively venting methane cold seep sustained by focused fluid flux above the diapir crest (Chowdhury et 575 
al. 2024). Crustal faults in this region serve as high-permeability conduits for methane transport from the 576 
deep biosphere (Fig. 1; Supplementary Figs. S2, S3), supporting elevated heterotrophic activity, intense 577 
sulfate reduction, and active AOM, consistent with a primary fault-controlled seep pathway (Chowdhury 578 
et al., 2024; Redshaw et al., 2026). In contrast, cores 15, 19, and 17 reflect background marine 579 
sedimentation. These sites exhibit intermediate sulfate reduction, low-to-moderate heterotrophic activity, 580 
and limited microseepage, indicating diffuse, low-intensity methane input rather than focused subsurface 581 
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fluid advection. Cores 14 and 13 occupy an intermediate structural position along the diapir margin, 582 
where secondary faults associated with salt dissolution and growth faulting may facilitate localized 583 
migration of hydrocarbon- and nutrient-rich brines. Elevated NH₄⁺ concentrations and high C/N ratios at 584 
these sites support potentially a brine-derived nitrogen contribution (Stüeken et al., 2024). Increased NH₄⁺ 585 
availability likely influences the community structure of AOA and their associated lipid biomarkers 586 
(Francis et al., 2005; Sintes et al., 2016). Within this probable brine-influenced flow regime, S-AOM 587 
likely occurs in discrete horizons rather than throughout the sediment column. Under these conditions, S-588 
AOM likely remains active but is spatially constrained. This constraint allows AOM coupled to iron and 589 
manganese reduction (Beal et al., 2009) or nitrogen cycling (Ettwig et al., 2010). Core 13 represents a 590 
transitional setting with a weaker manifestation of these processes despite its proximity to the diapir (Fig. 591 
11). 592 

 593 

 594 

Figure 11: Three-dimensional seismic bathymetric map and seismic crossline of the survey region 595 
(modified from Redshaw et al., 2026) showing surface sediment microbial shifts in response to subsurface 596 
geological structures and seepage. Yellow lines mark radial and crustal faults overlying the salt diapir 597 
(orientation of seismic section produces different fault spays from Fig. 1). The orange region traces the 598 
generalized region for the seep’s primary methane source (with an orange arrow illustrating the gas 599 
migration pathway; Chowdhury et al., 2024). Images provided courtesy of the NSDoE. 600 

 601 

 602 

 603 
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5. Conclusion  604 

This study provides a comprehensive biogeochemical, lipidomic, and sedimentological survey that 605 
demonstrates deeply buried geologic structures producing cold seeps can also alter the surrounding, 606 
regional shallow sedimentary environment well beyond obvious ocean-floor seep structures. Three 607 
ecologically and metabolically distinct microbial assemblages were identified, dominated by AOA, 608 
ANMEs, and SRB, each corresponding to discrete redox niches shaped by geological factors. At the 609 
methane seep, a distinct geochemical signature indicative of active AOM was detected, with ANME-1 as 610 
the predominant microbial population. In contrast, sediments associated with reduced microseepage 611 
sources exhibited no unique geochemical patterns and primarily reflected background sedimentary 612 
conditions. Cores collected above the buried salt diapir revealed a tightly coupled redox network that 613 
linked multiple electron acceptors to a compositionally unique microbial assemblage. The spatial 614 
alignment between this assemblage and the underlying salt structure suggests diffusive microseepage 615 
along deep fault conduits is the primary mechanism sustaining microbial activity in this region. Seismic 616 
reflection data show these variations, which, in several cases, occur in seemingly monotonous, normal 617 
marine slope sediments, are directly above rock strata linked to a larger, complex radial fault system 618 
formed by the intrusion of a deeply buried salt diapir. These results enhance our understanding of how 619 
subsurface salt diapirism influences geochemical gradients that organize benthic microbial communities 620 
and highlight the importance of a multi-proxy framework for linking subsurface geological processes to 621 
near-surface biogeochemical cycling. 622 
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