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Abstract 26 

Biogeochemical processes occurring in fluids that permeate oceanic crust make measurable 27 

contributions to the marine carbon cycle, but quantitative assessments of microbial impacts on 28 

this vast, subsurface carbon pool are lacking. We provide bulk and single cell estimates of 29 

microbial biomass production from carbon and nitrogen substrates in cool, oxic basement fluids 30 

from the western flank of the Mid-Atlantic Ridge. The wide range in carbon and nitrogen 31 

incorporation rates indicates a microbial community well-poised for dynamic conditions, 32 

potentially anabolizing carbon and nitrogen at rates ranging from those observed in subsurface 33 

sediments to those found in on-axis hydrothermal vent environments. Bicarbonate incorporation 34 

rates were highest where fluids are most isolated from recharging bottom seawater, suggesting 35 

that anabolism of inorganic carbon may be a potential strategy for supplementing the ancient and 36 

recalcitrant DOC that is prevalent in the globally-distributed subseafloor crustal environment.     37 

 38 

Teaser 39 

Quantitative assessments of microbial activity in crustal fluids yield potential strategies to 40 

supplement recalcitrant DOC. 41 

 42 

Introduction 43 
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In the deep ocean, seawater is entrained into the rocky crust, chemically altered by abiotic and 44 

microbial processes, and discharged from the seafloor as hydrothermal fluid with a global flux 45 

that rivals riverine inputs (1, 2). Over 90% of this hydrothermal fluid discharge is from low-46 

temperature fluids (5 – 20°C) circulating on the flanks of mid-ocean ridges (1), where these fluids 47 

are generally inaccessible and their microbial assemblages largely unexplored (3). The 48 

biogeochemical influence of this cool, ridge-flank microbiome on net chemical fluxes, and 49 

particularly on the enormous, climate-sensitive reservoir of deep-ocean DOC, is potentially 50 

significant, but poorly constrained. For this study, pristine, cool, basaltic subseafloor fluids (4) 51 

from 8 Ma crust were recovered from ocean drilling borehole observatories of the North Pond site 52 

located at 22 °N on the western flank of the mid-Atlantic Ridge. Here, oxygenated crustal fluids 53 

are largely indistinguishable from bottom seawater and concentrations of ammonium, methane, 54 

hydrogen sulfide, and iron (II) are below detection, indicating an overall low redox energy 55 

potential in these subseafloor crustal fluids (5). While DOC sourced from the deep ocean is 56 

thought to be unreactive and resistant to microbial degradation (6, 7), previous isotopic data from 57 

these fluids suggest selective removal of DOC via microbial oxidation does occur (8, 9) and DOC 58 

may, therefore, be the most abundant reduced substrate available for microbes to oxidize in cool 59 

crustal fluids (9).  60 

While the abundance and diversity of microorganisms in the subseafloor has been explored for 61 

decades via scientific drilling programs (10), slow growth, and often low biomass, present 62 

challenges for demonstrating microbial activity under environmentally relevant conditions. 63 

Microbial activity via uptake of labeled substrates has been successfully observed in sedimentary 64 

(11–13) and diffuse flow hydrothermal vent fluids (14–16) using stable isotope probing (SIP) 65 

incubations coupled to single cell measurements with nanoscale secondary ion mass spectrometry 66 

(NanoSIMS), providing constraints on the potential microbial contribution to primary production 67 

and organotrophy in these habitats. However, no such data exist from the crustal biome. Here we 68 

determine single cell and bulk estimates of microbial carbon and nitrogen incorporation from the 69 

ridge flank crustal habitat that represents the majority of fluid flux between the subsurface and the 70 

overlying ocean. Our extensive and quantitative assessments highlight a microbial population 71 

poised to incorporate fresh sources of labile organic carbon and a consistent, wide range of inter-72 

cell incorporation rates across fluids and conditions. We also report significant bicarbonate 73 

incorporation, despite the absence of abundant inorganic sources of redox energy that could fuel 74 

chemolithotrophy, and suggest this may be part of a metabolic strategy of supplementing anabolic 75 

carbon needs with bicarbonate to reduce the reliance on aged and recalcitrant deep-ocean DOC.  76 

North Pond hosts two CORK (Circulation Obviation Retrofit Kit) seafloor borehole observatories 77 

installed in 2011 at IODP Sites U1382A and U1383C (Figure 1A). The CORK at site U1382A 78 

accesses circulating fluids from one depth interval below the sediment in the rocky subseafloor 79 

(90-210 mbsf), and the U1383C CORK accesses three depth ranges: Shallow (70-146 mbsf), 80 

Middle (146-200 mbsf), and Deep (200-332 mbsf). Although the geochemistry of fluids 81 

recovered from both CORK observatories are largely similar to overlying seawater, radiocarbon 82 

measurements and larger differences in dissolved oxygen and DOC concentrations indicate that 83 

fluids recovered from U1383C are more isolated from bottom water recharge than U1382A (5, 8, 84 

9). Recent numerical simulations suggest there is convective and oscillatory fluid movement 85 

through the rocky crust (17), rather the simple linear flow along the north-south axis as had been 86 

hypothesized in earlier studies of North Pond (4). 87 

 88 

Results and Discussion: 89 

Fluids described in this study were collected using a mobile pumping system (18) in October 90 

2017 as a part of the third sampling expedition to North Pond. Bottom seawater was also collected 91 

by Niskin bottles on a CTD sampling rosette. 16S rRNA gene sequencing of all samples (North 92 
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Pond crustal fluids and bottom seawater) indicates the microbial community in crustal fluids is 93 

distinct from those communities in bottom seawater in 2017 (Figure S1, S2), as has been seen in 94 

previous years (8, 19). Within the crustal fluids, the microbial community at U1382A is more 95 

similar to bottom water than the U1383C fluid horizons, which is also consistent with 96 

geochemical data (5). Moreover, in a separate study of a diverse range of mineral chips incubated 97 

in the CORKs for 4 to 6 years (retrieved in 2017), the authors recovered similar taxa across all 98 

sample types (CORK fluids, bottom water, and mineral chips) and determined that the incubation 99 

fluid explained more of the microbial community composition colonizing minerals than the type 100 

of mineral surface (20). Together these results indicate the fluids collected in 2017, and used in 101 

the current study, are capturing the dominant microbial communities in the North Pond crustal 102 

fluids.  103 

Cell counts from CORK fluids in 2017 ranged from 2.1 to 5.1 x103 cells ml-1 (Table 1). These 104 

2017 counts are lower than historical cell count data for previously collected fluids, which have 105 

ranged from high 103 to low 104 cells ml-1 of fluid (8, 19). Decreasing cell concentrations post 106 

drilling has also been observed in other CORKs (Juan de Fuca ridge flank; 21) and groundwater 107 

well systems (22). Together with geochemical data (Table 1; 5), low cell counts likely indicate the 108 

North Pond system had recovered from drilling and that the 2017 fluids (and resulting data) are 109 

the best representation of microbial activity in the cold, oxic crustal subseafloor aquifer to date.  110 

Incubations of bottom seawater and crustal fluids were all amended with deuterated (2H2O) water, 111 

which can be used as a general tracer of microbial anabolic activity (23). Select combinations of 112 
13C carbon (bicarbonate, acetate, methylamine, and diatom lysate) and 15N nitrogen (ammonium, 113 

methylamine, and diatom lysate) were provided as substrate-specific tracers of anabolic activity 114 

(Table 2). No substrates were added to CN controls. For diatom lysate, diatoms were grown in the 115 

presence of isotopically enriched 13C-bicarbonate and 15N-nitrate and then lysed prior to addition 116 

as a proxy for environmentally relevant complex organic matter. Incubations were conducted at 117 

temperatures bracketing the expected range in the North Pond aquifer (4°C to 20°C), and cells 118 

were harvested from separate incubations prepared for three time points (12 hr, 2 days, and 6 119 

days; Table 2). Isotope incorporation rates were calculated from bulk elemental analysis (Figure 120 

1B-D) and single cell NanoSIMS measurements (Figure 2, 3). 121 

Microbial populations in North Pond fluids appear poised for dynamic and heterogeneous 122 

conditions. Cell counts from organic carbon amended incubations (acetate and diatom lysate) had 123 

the highest cell densities in earlier time points (Figure S3). By 2 days, all incubations with acetate 124 

(1383C Middle) or diatom lysate (all other samples) had the highest cell densities. By the final 125 

time point of 6 days, most of these organic carbon incubations had a lower cell density than 126 

earlier time points or CN controls, suggesting an initial period of cell growth followed by death. 127 

This pattern of cell increase in the first few days followed by decrease has also been observed in 128 

groundwater wells with no amendments (22), which the authors attribute to necromass induced 129 

growth from cells that die off at the onset of the incubation.  130 

In bulk analysis performed on 13C-acetate, 13C-methylamine, and 13C-bicarbonate amended 131 

incubations, acetate incorporation was widespread across fluids and conditions (Figure 1B). 132 

Bicarbonate incorporation was not detected as consistently as acetate incorporation, but was on 133 

par with acetate incorporation in some fluids (e.g., U1383C Middle and Deep, Figure 1C). 134 

Methylamine incorporation rates were lower overall, compared to acetate and bicarbonate, but 135 

uniquely elevated in U1383C Middle at both 4℃ and 20℃ (Figure 1D).  136 

Bulk rates of carbon incorporation from acetate were highest at 6 days for all 20℃ fluids except 137 

U1383C Shallow, where the rate decreased between day 2 and 6 (Figure 1B). Acetate 4℃ 138 

incubations were generally lower than their 20℃ counterparts (except for U1383C Shallow where 139 

the 12 hr rate was highest at 4℃, Figure 1B). Examination of the single cell rates for carbon 140 
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incorporation (Figure 3A) showed a bimodal distribution of rates for U1383C Deep (20℃) and 141 

Shallow (4℃) at their respective in situ temperatures. These data suggest that microbes in deeper 142 

crustal fluids may persist on recalcitrant carbon sources, with select members poised to quickly 143 

respond to an influx of more labile organic carbon.  144 

Previous genomic studies of North Pond crustal fluid microbial communities collected in 2012 145 

recovered genes for autotrophic CO2 fixation (8, 19), and much higher incorporation of 13C-146 

bicarbonate than 13C-acetate (800 to 4,300 pmol ml-1d-1 vs. no more than 104 pmol ml-1d-1; Table 147 

S4) from SIP incubations (8). However, the fluids collected in 2012, only 6 months after drilling, 148 

were particle-laden and geochemical data suggested they represented a mixture of crustal fluids, 149 

bottom seawater, and surface seawater (5). 13C-bicarbonate incorporation rates from 2017 CORK 150 

fluids were much lower and ranged from below detection to 94 pmol ml-1d-1. 2017 bottom 151 

seawater rates (0.95 pmol ml-1d-1) were comparable to a study from the western branch of North 152 

Atlantic Deep Water, which overlays the North Pond site (0.24 pmol ml-1d-1 from 14C-153 

bicarbonate, 2537 m water depth; Table S4)(24). Thus, it appears that bicarbonate incorporation 154 

may have been artificially elevated in these early studies.  155 

Still, bicarbonate incorporation rates on par with acetate incorporation in some 2017 fluids is 156 

surprising because of the lack of abundant electron donors typically used for chemolithotrophy. 157 

Though oxygen was abundant, methane, hydrogen sulfide, ammonium and reduced iron are all 158 

below detection limits (5, 8) and unlikely to fuel extensive autotrophic carbon fixation in North 159 

Pond crustal fluids.  160 

Limited carbon fixation driven by the oxidation of reduced iron and sulfur minerals on basalt 161 

surfaces is still possible, although 13C-bicarbonate stable isotope incubations conducted with 162 

basalt samples and metagenomics investigations of these same rocks showed no conclusive 163 

evidence for carbon fixation (25, 26). However, global estimates indicate its importance in the 164 

first ~10 Ma of crustal evolution (27) and chemolithotrophy in biofilms on rock surfaces may not 165 

have been captured by observations of bulk rates.  166 

Given the lack of electron donors that could be paired with chemolithotrophy in our incubations, 167 

it is unlikely that rock-driven autotrophy is occurring in our experiments. Metagenomic and 168 

metatranscriptomic analysis of the same 2017 North Pond fluids used in our experiments showed 169 

more transcription of organic carbon utilizing pathway genes than autotrophic pathway genes 170 

across all sampling horizons, suggesting a microbial community engaged in organotrophy (28). 171 

Carbon fixation transcripts were most abundant in 1383C Middle and Deep where we also 172 

detected the highest rates of bicarbonate incorporation. Furthermore, metagenomic-assembled 173 

genomes (MAGs) from the fluids revealed a number of MAGs contained carbon fixation 174 

pathways linked to oxidation of sulfide and thiosulfate, but these same MAGs also contained 175 

numerous extracellular protease and carbohydrate catabolism genes, consistent with a 176 

mixotrophic lifestyle. 177 

These North Pond results are in accordance with the predominance of heterotrophic bacteria 178 

reported in ~33 and 104 Mya basalt crust cored beneath the South Pacific Gyre (29), as well as in 179 

subseafloor ultramafic and gabbroic rocks cored from the Atlantic Ocean (30, 31), where 180 

organotrophic microbial processes also dominate. 181 

Because DOC is the reduced substrate with the highest concentration in the North Pond crustal 182 

fluids (20-31 μmol/kg DOC; Table 1), organotrophy coupled with anabolism of both organic and 183 

inorganic carbon is the more likely explanation for observed uptake of bicarbonate. While 184 

anabolic incorporation of bicarbonate is underexplored in environmental settings, it has been 185 

demonstrated in laboratory conditions with pure cultures. For example, Pseudomonas AM1, 186 

Hyphomicrobium vulgare, and Methylobacterium extorquens, are able to use a combination of the 187 
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ethylmalonyl-CoA pathway and serine cycle, resulting in as much as 50% of biomass carbon 188 

derived from bicarbonate (32, 33).  189 

We hypothesize organotrophy coupled to anabolism of both organic and inorganic carbon reflects 190 

microbial communities optimizing the low potential redox energy conditions in the rocky 191 

subseafloor. Crustal fluid DOC likely represents the fraction of deep ocean DOC that remains 192 

after the more bioavailable components are removed on short timescales after fluids are entrained 193 

in the crust (9). Our results indicate that this degraded DOC alone supports an active microbial 194 

population since cell growth was observed even when no carbon or nitrogen or other reduced 195 

substrates were added to incubations. DOC may be largely oxidized for energy by organotrophic 196 

pathways and bicarbonate may provide a supplementary, and less metabolically expensive, 197 

anabolic source of carbon.  198 

Bicarbonate incorporation rates from 2017 were consistently high across time points in U1383C 199 

Deep fluids and highest with U1383C Middle fluids in 2 day incubations at 4℃ and 20℃ (Figure 200 

1C). U1383C Middle and Deep fluids are also the fluids with the most “aged”, or 14C-depleted 201 

DOC (9). DOC in fluids from U1383C has a radiocarbon age of 7,300 – 9,200 years and a higher 202 

aromaticity index and percent carboxyl-rich alicyclic molecules (CRAM) than bottom water or 203 

fluids from U1382A (9). Since DOC concentrations are lower at all subseafloor depths at U1383C 204 

compared to U1382A (Table 1), and compositional evidence indicates the DOC is the most aged 205 

and degraded at U1383C (9), microbial communities at this site may have the most to gain from 206 

supplementing their anabolic needs with bicarbonate incorporation. Our results indicate that there 207 

is not a concentration limit below which natural DOC is unavailable to microbes (34), but rather, 208 

there could be a different strategy for accessing the aged and recalcitrant fraction of deep-ocean 209 

DOC by combining biomass production from both inorganic and organic carbon sources (Figure 210 

S8). This could be supplemented by other oligotrophic strategies to utilize diverse sources of 211 

organic carbon in low DOC (<4 μM) conditions (35). 212 

 213 

While dissolved nitrogen has been less studied at North Pond than DOC, ammonium loss through 214 

nitrification has been hypothesized in North Pond fluids based on geochemical fluxes (5). All of 215 

the provided nitrogen sources analyzed from U1383C Deep (15N-ammonium, 15N-methylamine, 216 

and 15N-diatom lysate) and U1383C Shallow fluids (15N-ammonium) were incorporated by cells 217 

based on NanoSIMS analysis (Figure 3B). It was generally observed that when 15N-ammonium 218 

was paired with 13C-acetate, the nitrogen incorporation rate was higher than when paired with 219 
13C-bicarbonate. It was also observed that 13C and 15N diatom lysate C and N incorporation rates 220 

were similar to the 15N-ammonium and 13C-acetate C and N rates for comparable 12 hr 20°C 221 

U1383C Deep incubations. Therefore, organic nitrogen anabolic rates may have been higher 222 

when organic carbon was also provided (Table 3; Figure S8). 223 

 224 

Methylamine incorporation was observed in all fluids. The highest methylamine incorporation 225 

rate (72 pmol C ml-1d-1) was from the same condition that had the highest bicarbonate 226 

incorporation rate, U1383C Middle 20℃ at 2 days. This suggests Middle fluids were the most 227 

amenable to different carbon sources, with the highest rates of bicarbonate and methylamine 228 

carbon incorporation and the third highest acetate incorporation. Bulk carbon incorporation of 229 

methylamine was comparable to carbon uptake rates of other simple organic N compounds from 230 

oxygen deficient zones (ODZ) with similar oxygen concentrations to North Pond crustal fluids 231 

(36), such as urea and cyanate (5 to 12 and 2 to 14 pmol C ml-1d-1, respectively; Table S4). 232 

However, nitrogen incorporation rates from the same compounds in ODZ incubations ranged 233 

from 2 to 265 pmol N ml-1d-1, which were much higher than average nitrogen incorporation rates 234 

derived from single cell analysis of North Pond microbial communities (Table 3), where the 235 

highest average rate from diatoms was 6 pmol N ml-1d-1 and ammonium was 1 pmol ml-1d-1. 236 
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Overall, this suggests that both C and N can be incorporated from organic N sources in North 237 

Pond crustal fluids and from these organic N sources, North Pond C incorporation rates were 238 

more similar to ODZ rates than the N incorporation rates.   239 

Cool, crustal aquifer fluids appear to support a wider range of microbial activities than more 240 

stable subsurface sedimentary and diffuse flow hydrothermal vent counterparts. The average 241 

observed single cell uptake rates (10-3 to 100 fmol C or N cell-1d-1; Table 3) fall between SIP-242 

NanoSIMS rates derived from deep, organic-rich marine sediments incubated with bicarbonate 243 

and ammonium (10-2 fmol C or N cell-1d-1; Table S5) and diffuse flow hydrothermal vent fluids of 244 

the East Pacific Rise incubated with bicarbonate (100-101 fmol C cell-1d-1; Table S5). The highest 245 

average C and N North Pond incorporation rates were observed in 20℃ incubations (U1383C 246 

Deep with acetate and ammonium at 1 fmol C cell-1d-1 and 0.1 fmol N cell-1d-1; U1383C Shallow 247 

with bicarbonate and ammonium at 3 fmol C cell-1d-1 and 0.4 fmol N cell-1d-1; Table 3). While the 248 

upper end of this range may only be observed under incubation conditions, the highest average 249 

rates were from incubations where no additional DOC was provided (bicarbonate amendments) 250 

and illustrates the potential for North Pond crustal microbes to exhibit high anabolic rates using 251 

aged DOC and little or no inorganic redox-active substrates for energy conservation. Higher 252 

bicarbonate uptake observed in the shallower fluids at 20℃ may also be the result of 253 

supplemental bicarbonate anabolism, which allowed the colder in situ fluid community to more 254 

quickly take advantage of growth under warmer incubation temperatures, similar to deeper 255 

communities using bicarbonate to supplement available DOC. Therefore, in addition to 256 

implications for marine carbon and nitrogen cycling, the wide range in potential incorporation 257 

rates may have additional import for understanding evolutionary constraints in subseafloor 258 

ecosystems, which have been heretofore been based on sedimentary and diffuse flow “end-259 

member” subseafloor biomes. 260 

A global first-order estimate approximated 1011-1012 mol organic carbon could be incorporated 261 

per year in the cool subseafloor crustal aquifer fluids. This is derived from an estimated habitable 262 

pore volume for North Pond-age crust (<10 Ma) and the average single cell uptake rates from 263 

U1383C Shallow and Deep fluid incubations amended with organic carbon at the temperatures 264 

most relevant to in situ conditions (Table 4). This average estimate for fluid biomass production 265 

from organic carbon agrees with the estimated annual removal of DOC from cool crust at 1011 266 

mol DOC year-1 (9) and suggests the majority of DOC loss could be associated with 267 

organotrophic and anabolic processes rather than catabolism. We also find organic nitrogen 268 

(average rates of 1010 to 1011 mol N year-1) may be anabolized per year in this system. 269 

Estimates for bicarbonate incorporation were approximately 1010-1011 mol C year-1 (Table 4) and 270 

provide a potential mechanism for adding more labile, organic carbon to the crustal aquifer 271 

(Figure S8). This estimate from young crustal fluids is higher than estimates of annual primary 272 

productivity from hydrothermal systems at 109 mol C year-1 (24), suggesting cool crustal fluid 273 

bicarbonate utilization may be equally or more significant than on-axis hydrothermal vent fluids 274 

on a global scale.  275 

Materials and Methods 276 

Sample Collection 277 

Fluids were collected from the basaltic aquifer at North Pond (22°45′N and 46°05′W) in October 278 

2017 during cruise AT39-01 of the R/V Atlantis using ROV JASON II during expedition AT39-01. 279 

Fluids were sampled from two CORK installations, each with umbilicals that are accessible at the 280 

seafloor and terminate in a subsurface hydrologic zone: U1382A (includes one umbilical) and 281 

U1383C (includes 3 umbilicals; Shallow, Middle, and Deep; Table 1, Figure 1). Filtered samples 282 

were collected using the mobile pumping system (MPS; 8, 37). Sample purity was evaluated by 283 

monitoring geochemical parameters. Temperature and oxygen concentrations of the fluids were 284 
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continuously monitored using an inline optode oxygen/temperature sensor (Aanderaa, Bergen, 285 

Norway). Prior to filtering, umbilical lines were flushed until oxygen concentrations were stable 286 

and reached the expected values previous observed in each horizon. Then, crustal fluid was 287 

pumped at a rate of ~0.5 LPM for 80 min through a 0.22 μm, 47 mm GWSP filter 288 

(MilliporeSigma, Burlington, MA, USA). MPS sample purity has also been demonstrated at other 289 

CORK installations where the geochemistry of the crustal fluids is more distinct from seawater 290 

(21). Fluids were also minimally disturbed during recovery and kept in a narrow temperature 291 

range between sampling and incubations. In addition, bottom seawater was filtered and collected 292 

at 4,397 m water depth by holding the MPS pump inlet ~5 m off the seafloor and pumping for 80 293 

min. All filters collected on the seafloor had a reservoir of RNAlaterTM (Ambion, Austin, TX, 294 

USA) that could weep into the filter for in situ fixation as described in (18). Upon recovery, filters 295 

were removed from the reservoirs and placed in fresh RNALaterTM, incubated at 4oC for 18 hours, 296 

and subsequently stored at -80oC shipboard.  297 

 298 

Aquifer fluid was also collected by the MPS (~0.5 LPM for ~20 min) into multiple acid-washed 299 

custom 15 L Tedlar™ bags for onboard SIP incubations and shipboard filtration. ~10 L was 300 

filtered in series to capture “particle-attached” (5 μm) and “free-living” (0.22 μm) fractions (47 301 

mm GWSP, MilliporeSigma). Tedlar™ bag fluids were transferred to SIP microcosms using a 302 

peristaltic pump, sterile acid-washed tubing, and sterile needles (for incubations). Bottom 303 

seawater for microcosms was collected by Niskin bottles via a CTD water sampling rosette to the 304 

same bottom seawater depth as the in situ MPS filter. These fluids were collected by bringing 305 

Niskin bottles into the laboratory and processed in the same manner as MPS bag fluids. Filtering 306 

on deck was carried out using the same filter holders with in situ fixation as those used on the 307 

seafloor.  308 

 309 

DNA Extraction, 16S rRNA gene amplification, sequencing, and analyses 310 

DNA was extracted using a phenol chloroform protocol (16) from in situ and onboard filters from 311 

all four CORK horizons (1382A and U1383C Shallow, Middle, and Deep) and the bottom 312 

seawater samples (MPS and CTD) and both filter size fractions. 16S rRNA gene amplicon 313 

libraries were prepared and sequenced by the UConn Microbial Analysis, Resources, and Services 314 

using modified EMP primers (38–41). 16S rRNA gene reads were processed using mothur 315 

(v.1.39.5; 38), and 97% similarity Operational Taxonomic Units (OTUs) were classified with the 316 

SILVA v128 database (42). A distance matrix of these OTUs was computed using Bray-Curtis 317 

dissimilarity with vegan (43). This matrix was then ordinated using classical multidimensional 318 

scaling with the R function cmdscale and clustered with the maximum allowable number of 319 

clusters (5) and membership exponent (1.5). For taxonomy figure generation, only OTUs greater 320 

than or equal to 0.5% of an individual sample were retained and R ggplot tools were used for 321 

display (44).  322 

 323 

Stable Isotope Probing (SIP) Incubations 324 

Incubations were prepared in 50 ml serum vials with labeled substrates prior to the cruise in acid 325 

washed and combusted glassware with crimped autoclaved butyl rubber stoppers. All serum vials 326 

contained 5 ml of 99.99% 2H2O and carbon and nitrogen isotopes were added to a final 327 

concentration of 0.2 mM 13C-Sodium Bicarbonate, 1.5 μM 13C-Sodium Acetate (dual carbon 328 

label), 10 nM 15N-Ammonium Chloride, 4 μM 15N13C-Methylamine-HCl and estimated 2 µM 13C 329 

and 4 µM 15N from diatom lysate. ~45 ml of sample fluid was added to each vial for a total 330 

volume of 50 ml. All isotopes were from Cambridge Isotopes (Tewksbury, MA, USA). Controls 331 

with no C and N label were also included. After fluid addition to pre-labeled bottles, incubations 332 

were carried out for 12 hours, 2 days, or 6 days at either room temperature (~20°C, monitored 333 

during the cruise and remained within +/- 1°C of 19°C) or at 4°C in a walk-in refrigerator. 20°C 334 
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was chosen as the upper temperature limit because early temperature measurements from North 335 

Pond suggested basement temperatures up to 20°C at approximately 600 mbsf (45). 4°C was 336 

chosen as the lower temperature limit to represent the shallowest fluids at bottom water 337 

temperatures.  338 

While shipboard incubations inherently induce a variety of disturbances to the in situ microbial 339 

community, these changes may be similar to the spectrum of potential micro-environments crustal 340 

fluid microbes might experience between fluid flow paths or different thermal regimes beneath 341 

the seafloor (e.g., 5, 46). Samples remained within a 10-15oC range of in situ temperatures during 342 

the entire sampling and preparation process. A subset of large-scale (1 L) incubations were 343 

attempted near in situ pressures with fluids that were repressurized onboard; however, they 344 

formed a cloudy, “rust colored” precipitate and so it was determined the geochemical conditions 345 

those incubations differed too much from the unpressurized samples to be comparable in this 346 

study and were not included. 347 

We compare our results to SIP-NanoSIMS incubations from hydrothermal vent fluids that 348 

remained pressurized throughout sampling and experimentation (Table S5), but also experienced 349 

dramatic temperature changes during the collection and incubation preparation process (dropping 350 

from hydrothermal vent fluid temperatures to bottom water temperatures of ~4°C at times). The 351 

sediment SIP-NanoSIMS incubations used for comparison (Table S5) also underwent significant 352 

alteration as isotope labels were added by making sediment slurries that alter the in situ 353 

environment of compacted sediments. Therefore, all SIP-NanoSIMS subsurface sediment or fluid 354 

incubations have had to make some alterations from in situ conditions for the practicalities of 355 

undertaking these difficult experiments, and as such, results from any of these systems should be 356 

interpreted as potential rates of activity rather than direct field measurements.  357 

Finally, while oxygen was not monitored during the incubations, microcosms should have 358 

remained oxygenated during the full length of all incubations. A separate study of oxygen from 359 

bottled North Pond fluids collected in 2017 showed almost no change (<4 μmol/L variation) in 360 

concentration (~300 μmol/L) after 553 days of incubation across sampling horizons (5). Finally, 361 

the amount of organic carbon provided (<5 μM) was much lower than in situ oxygen 362 

concentrations (>100 μM), and thus should not be enough to stoichiometrically deplete oxygen 363 

during the incubation.  364 

 365 

Cell enumeration  366 

For in situ cell counts, fluids were preserved for cell counts in labeled scintillation vials, 2 x 18 ml 367 

sample, with 1.8 ml 37% formaldehyde. Vials were mixed via shaking after adding fixative, 368 

sealed with electrical tape, and stored at 4oC. Cells were quantified using DAPI DNA stain and 369 

100X objective on an epifluorescence microscope (Table 1).  370 

For incubation cell counts, incubations were ended by removing ~2 mL of the fluid, followed by 371 

the addition of 1.9 ml 40% paraformaldehyde (PFA). Each bottle was shaken gently and stored at 372 

4°C until filtration on shore. Cell density was quantified in each incubation using the DAPI DNA 373 

stain on a 0.22 μm polycarbonate membrane (MilliporeSigma) and visualized under 100X 374 

objective on an epifluorescence microscope (47). Replicates were pooled for a given incubation 375 

condition, with 3 mL from each replicate filtered together for a total of 10 ml.  376 

 377 

Diatom lysate 378 

For the diatom lysate amendment, Thalassiosira sp. were grown to a density of 106 ml-1 in f/2 379 

Medium with 8.82 x 10-4 M 15N Sodium Nitrate (100% of added nitrate) and of 1 M 13C Sodium 380 

Bicarbonate (50% of added bicarbonate). All isotopes were from Cambridge Isotopes 381 

(Tewksbury, MA, USA). The diatom culture was then concentrated 100x via centrifugation, 382 

processed with 3 freeze thaw cycles to lyse the cells, and 200 μl of this concentrated lysate was 383 
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added to each diatom lysate amended microcosm. Assuming no loss during concentration steps, 384 

this would be the equivalent of the lysed complex organics of 105 diatoms ml-1 incubation or 4 385 

μM total C (10-12 molC/diatom) and 2 μM 13C Diatom. Using the Redfield ratio, this would yield 386 

0.6 μM nitrogen for that amount of carbon. Therefore, we estimated 4 µM diatom concentrate 387 

carbon was equivalent to 2 µM 13C and 4 µM 15N was added to each diatom lysate condition. 388 

 389 

DIC measurement 390 

Whole fluids were sampled for DIC measurement by peristaltic pump transfer from Tedlar fluid 391 

bags through acid-cleaned Masterflex BiopharmTM tubing into 100 mL glass bottles sealed with 392 

ground glass stoppers and ApiezonTM M grease. Bottles and tubing were pre-cleaned with 10% 393 

HCl and glass bottles and stoppers were subsequently cleaned of organic carbon residues by 394 

muffling at 450°C. DIC samples were preserved with 20 µL of saturated HgCl2 solution and 395 

stored at room temperature in the dark until analysis. DIC concentrations were measured on an 396 

AS-C3 analyzer (Apollo Scitech, Newark, DE, United States) after acidification with phosphoric 397 

acid and quantification as CO2 by a Li-COR infrared gas analyzer. DIC concentrations were 398 

calibrated against certified reference material produced by A.G. Dickson (Scripps Institution of 399 

Oceanography, San Diego, CA, United States), and each sample was measured in duplicate with 400 

repeat concentrations within 0.1% and measurement uncertainty of 2 µmol/kg. Overall 401 

uncertainty is likely somewhat higher due to fluid handling during recovery and transfer to 402 

sample bottles. We assign a conservative estimate of ±5 µmol/kg for DIC concentrations. 403 

 404 

DOC measurement 405 

Whole fluids were sampled for DOC measurement similarly to DIC samples and collected in 406 

1000 mL amber glass bottles sealed with PTFE-lined lids. Concentrations from unfiltered samples 407 

are presented here. DOC concentrations were measured at the National Ocean Sciences 408 

Accelerator Mass Spectrometry (NOSAMS) facility as the CO2 yield after ultraviolet photo-409 

oxidation of total DOC. CO2 concentrations were determined by manometric quantification with 410 

uncertainty of ±2 µM. DOC concentrations reported here for subsurface fluids and bottom water 411 

are similar to those reported previously (6). 412 

 413 

Elemental analysis and isotope mass balance calculations 414 

Pre-combusted 1.0 μm AP15 glass fiber filters (MilliporeSigma) were washed 3X with artificial 415 

seawater and then dried in a 50°C oven overnight in individual sterile petri plates. Filters were 416 

analyzed at the Marine Biological Laboratory Stable Isotope Laboratory for δ15N and δ13C using a 417 

Europa 20-20 continuous-flow isotope ratio mass spectrometer interfaced with a Europa ANCA-418 

SL elemental analyzer (Sercon Ltd., Cheshire, UK). The analytical precision based on replicate 419 

analyses of isotopically homogeneous international standards was +/- 0.1 ‰ for both δ15N and 420 

δ13C measurements, and about 1% relative to the %N and %C. While δ15N was measured, 421 

concentrations were too low to accurately quantify. 13C-carbon incorporation was calculated for 2 422 

day and 6 day incubations by determination of the total particulate C with a background 423 

correction using blank filters (combusted and washed with artificial seawater only). Across all 424 

runs, blank filters had an average C concentration of 0.48 μmol C with a standard deviation of 425 

0.11 μmol. The average value plus one standard deviation for the blank filters measured on each 426 

run was chosen as the conservative estimate of total background C (0.65 μmol C to 0.58 μmol C 427 

across runs; Table S1). We then solved for the total moles of 13C that was incorporated into 428 

biomass (nlabel) from the labeled substrate using the estimated 13C fractional abundances of the 429 

isotope labels used (flabel) and average 13C fractional abundance of from filters where no C or N 430 

label was added that had greater than 14 μg C (finitial; 0.0185; Table S2). This resulted in the 431 

following equation: [nfinal(finitial-ffinal)]/[finitial-flabel] = nlabel, where nfinal = nlabel+ninitial and initial 432 

refers to the initial conditions of the experiment, final the final conditions, and label the isotope 433 
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label incorporated into biomass. The resulting moles of 13C (nfinal) was then divided by the total 434 

volume filtered (144 ml per filter from all replicate incubations) and the length of the respective 435 

incubation. Diatom samples were not included in elemental analysis since remaining 13C/15N 436 

labeled diatom particles were included on the filters. Samples were listed as below detection when 437 

either 1) the total C was below the blank filter estimate or 2) the 13C fractional abundance was 438 

below the estimate for unlabeled biomass, either of which would result in a negative value for 439 

nlabel. 440 

Using 2017 fluid geochemistry, in situ 13C-DIC was 8.4 % 13C. However, taking into account 441 

the dilution of the in situ DIC concentration from the addition of 5 ml 2H2O, the atom % 13C 442 

would be between 9 and 10 atom% 13C. Therefore, an estimate of 10 atom % 13C was used for the 443 
13C fractional abundance for DIC amended incubations, which would err on the side of 444 

underestimating rate of uptake. As there were no measurements of acetate, methylamine, or 445 

diatom lysate, we used 1.5 μM in situ concentration as an estimate for 13C isotope dilution 446 

calculations based on an estimated 15% of low molecular weight DOM (~10 μM). This yielded an 447 

estimated 50 atom % 13C acetate, 73 atom % 13C methylamine, and 57 atom % 13C diatom lysate. 448 

Ammonium concentrations were all below detection from 2017, but utilizing 2014 data they 449 

ranged from <0.02 to 0.15 μM, which would yield enrichment ranging from 6.3 to 33 atom %. 450 

However, enrichment as high as 60 atom % was observed in ammonium incubations (Figure S4), 451 

suggesting ammonium concentrations may have been even lower in 2017, possibly as low as 452 

0.0055 μM or 5.5 nM (64.5 atom % enrichment). We also used 5.5 nM for the remaining organic 453 

nitrogen concentrations, yielding 99.9 atom % 15N methylamine and 99.1 atom % 15N diatom 454 

lysate. Final estimates for each amendment are in Table S3. These estimates were rounded to 1 455 

significant figure given the combined uncertainties of measurement errors and estimation of in 456 

situ concentrations of C and N compounds. Estimated values were below maximal fractional 457 

abundance value of 13C measured for each condition, where DIC amended incubations do not 458 

exceed 0.1 f13C and the remaining incubations do not exceed 0.5 f13C or f15N.  459 

For the NanoSIMS derived average rates plotting with bulk EA data, average single cell 460 

measurements were multiplied by the cell density for each incubation. Cell counts and NanoSIMS 461 

were performed on 0.22 μm PES filters, but elemental analysis was carried out on 1.0 μm GFF 462 

filters, therefore some biomass which was analyzed by the first two techniques may have been 463 

missed by the elemental analysis. PFA fixation has also been shown to under-estimate biomass 464 

incorporation rates (~10% loss in carbon; (48). Elemental analysis therefore likely represents a 465 

lower estimate of the total incubation biomass production.  466 

 467 

NanoSIMS analysis and single cell rate calculations 468 

A subset of 12 hr U1383C Shallow and Deep incubations were analyzed via Nanoscale secondary 469 

ion mass spectrometry (NanoSIMS). 12 hour incubations were selected for minimal incubation 470 

time and Shallow and Deep as crustal fluid endmembers. For this analysis, the remaining sample 471 

after cell counts was pooled from each replicate (~144 mL), filtered (0.22 μm polycarbonate 472 

membrane; MilliporeSigma), washed with artificial seawater, dehydrated with ethanol, and gold 473 

coated (10 nm) prior to analysis. Masses 1 (1H), 2 (2H), 24 (12C2), 25 (13C12C), 26 (14N12C), and 474 

27 (15N12C) were collected for all samples along with the secondary electrons using a NanoSIMS-475 

50L (Cameca, Gennevilliers Cedex, France) at the Caltech Microanalysis Center. A focused 476 

primary Cs+ beam was used for data collection after pre-sputtering to stabilize ion counts. Three 477 

frames of 512 x 512 px were collected for each sample. 478 

The data were processed using Look@NanoSIMS software (49). Individual ion image frames 479 

were merged and aligned using the 12C14N ion image to correct for drift during acquisition. Cell-480 

based regions of interest (ROIs) were determined by “interactive thresholding” with the 12C14N 481 

ion and 2H images. Final ion images and counts per ROI were calculated by summation of ion 482 

counts for each pixel over all scans. For NanoSIMS isotope incorporation plots, only ROIs with 483 
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counts greater than 2x the Poisson error of the NanoSIMS measurement were displayed. ROIs 484 

were also visually inspected to look for potential charging effects or edge effects that may affect 485 

isotopic measurements. A one-point correction was also applied to the C and N isotope values 486 

based on methods in (12) using EA measurements of the polycarbonate filter (Table S1). 487 

 488 

Single cell incorporation rates were calculated utilizing the same method as the bulk rates except 489 

amount of C and N per cell was calculated using ROI size information from NanoSIMS images. 490 

First, cell volume was estimated based on the area of an ROI (Figure S5). Then per cell volume 491 

was converted to fg C and fg N per cell the formulas from (50). For comparison, estimates of 86 492 

fg C and 20 fg N per cell have been used to represent biomass estimates from subsurface 493 

sedimentary environments (11). The range of C (21 - 443 fg cell-1) and N (6 – 76 fg cell-1) across 494 

all ROIs is plotted in Figure S6. The largest ROIs consist of aggregates of cells that could not be 495 

visually divided. Data analysis and display as violin plots or boxplots were done using R (51) 496 

with the “ggplot2” (44), “dplyr” (52), “gridExtra” (53), and “RColorBrewer” (54) packages. Cell 497 

counts for each incubation were used to convert from fmol/cell/day to pmol/ml/day (Table 3). 498 

 499 

Global Rate Calculations 500 

Global rate calculations were computed by multiplying the 12 hr single-cell NanoSIMS rates by 501 

the in situ cell concentration (3,700 cells/ml for both U1383C Shallow and Deep) to get fmol per 502 

ml per day. This rate was then converted to mol per cubic meter per year by estimating the 503 

integral from 1 to 10 of a function for crustal volume versus age (55). This estimate for young 504 

(<10 Ma) crust that could be occupied by the suboceanic biosphere (1x1017 m3) was then 505 

multiplied by an estimated crustal porosity of 1% (56), resulting in an estimated habitable pore 506 

volume for young ridge flank crust of 1015 m3. This estimated crustal fluid volume was multiplied 507 

by the single cell rates to calculate mol per year production (Table 3).  508 

 509 
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Figures and Tables 697 

 698 

 699 
 700 

Figure 1. North Pond is located in young, cool crust (8 Ma) with a “sediment pond” roughly 13 701 

km long by 7 km wide and up to 200 m deep. (A) Diagram of CORK observatories at North Pond 702 

with different sampling locations (U1382A, bottom seawater, and U1383C) and depths in meters 703 

below surface (m) or meters below seafloor (mbsf). U1383C is located about 6 km to the NE of 704 

U1382A. Bulk 13C-carbon isotope incorporation rates calculated from (B) 13C acetate, (C) 13C 705 

bicarbonate, and (D) 13C methylamine SIP incubations of each fluid sample for 12 hour, 2 day, 706 

and 6 day incubation periods in order shown in (A). Asterisk indicates value computed from SIP-707 

NanoSIMS single cell measurements (Table 3) instead of bulk Elemental Analysis. No bar 708 

indicates the data are below detection (see methods). 709 

 710 

  711 

Basalt Crust
Shallow

Middle

Deep

U1383CU1382AA

B

p
m
o
l
1
3
C
/m
l/
d
a
y

C

Bottom U1383C Shallow U1383C Deep

4°C 12 hr 20°C 12 hr 4°C 2 day 20°C 2 day 4°C 6 day 20°C 6 day

U1383C Middle

D

U1382A

~4450 m ROVBottom

70-146 mbsf

146-200 mbsf

200-332 mbsf

90-120 mbsf

* ** *

* ** *

*
1383C-Deep

0.01

0.1

1

10

0.1

1

10

100

1000

100

0.01

0.1

1

10

100

0.01

0.1

1

10

100

0.01

0.1

1

10

100



Science Advances                                               Manuscript Template                                                                           Page 18 of 37 

 

 712 
 713 

Figure 2. Selected NanoSIMS ratio images for each stable isotope (2H, 15N, and 13C). a) The most 714 

active Shallow sample amended with 13C-DIC and 15N-ammonium (B20 U1383C Shallow), b) 715 

U1383C Deep 13C15N diatom lysate amendment, where remaining diatom lysate is visible in 15N 716 

and 13C images, but 2H uptake is only seen in associated filaments (D20 U1383C Deep), c) 13C15N 717 

methylamine uptake in 2H and 15N without visible 13C incorporation (M20 U1383C Deep), and d) 718 

and most active Deep sample (A20 U1383C Deep) amended with 13C acetate and 15N ammonium. 719 

All incubations were amended with 2H2O. 3μm scale bar. Ratio range scale differs between 720 

samples to show maximum values per image.  721 

 722 

  723 



Science Advances                                               Manuscript Template                                                                           Page 19 of 37 

 

 724 
 725 

Figure 3. Computed fmol (A) C and (B) N cell-1day-1 based on single cell isotope incorporation 726 

rates from U1383C Shallow and Deep incubations analyzed by NanoSIMS. Plotted as kernel 727 

density distribution of the data with true values overlain.  728 
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 731 

 732 

Sample 
Depth  

(m) 
Cells 

x103 ml-1 
± 95% 

CI pH 
DIC 

(µmol/kg) 
O2 

(μM) 
Nitrate 

(μmol/kg) 
DOC 

(μmol/kg) 

Bottom Water 4397* 9.0 0.4 7.92 2188 250 21.8 39 

U1382A 90 to 210 5.1 0.2 7.91 2164 228 22.3 31 

U1383C Shallow 70 to 146 3.7 0.3 8.07 2167 198 22.8 20 

U1383C Middle 146 to 200 2.1 0.2 8.13 2189 205 22.9 22 

U1383C Deep 200 to 332 3.7 0.3 8.06 2156 173 22.7 22 

Table 1. North Pond CORK fluids and bottom water values for cell enumeration, dissolved 733 

inorganic carbon (DIC) and dissolved organic carbon (DOC) from 2017 samples collected for this 734 

study. Additional geochemistry (Oxygen, nitrate, and pH) reproduced from (5) also collected in 735 

2017. Ammonium concentrations were all below detection (<0.1 umol/kg) from 2017 (5). *Depth 736 

in meters below surface, remaining depths are in meters below seafloor (mbsf). bicarbonate 737 

concentrations are ± 5 µmol/kg.  738 

  739 
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 740 

Condition  2H label 13C label 15N label Temp. (°C) 

C20 Water None None 20 

D20 Water Diatom lysate Diatom lysate 20 

M20 Water Methylamine Methylamine 20 

A20 Water Acetate Ammonium 20 

B20 Water Bicarbonate Ammonium 20 

C4 Water None None 4 

D4 Water Diatom lysate Diatom lysate 4 

M4 Water Methylamine Methylamine 4 

A4 Water Acetate Ammonium 4 

B4 Water Bicarbonate Ammonium 4 

Table 2. Experimental conditions of stable isotope probing incubations for the five fluid sources 741 

collected at North Pond (bottom water, U1382A, U1383C Shallow, U1383C Middle, and U1383C 742 

Deep). All incubations were conducted in triplicate separate bottles for each time point at 12 743 

hours, 2 days, 6 days. Condition identifiers used in figures referenced here, where C is control, D 744 

is diatom lysate, M is methylamine, A is acetate, and B is bicarbonate or bicarbonate and the 745 

temperature is in subscript.  746 

  747 



Science Advances                                               Manuscript Template                                                                           Page 22 of 37 

 

 748 

Cond. U1383C Fluid 
fmol C 
cell-1d-1 

fmol N 
cell-1d-1 

pmol C 
ml-1d-1 

pmol N 
ml-1d-1 

C:N 

D20 Deep 1.3 0.096 86 6.2 14 

M20 Deep 0.0085 0.0087 0.16 0.17 0.98 

A20 Deep 1.15 0.097 15 1.3 12 

B20 Deep 0.042 0.021 0.4 0.17 2.0 

A4 Deep 0.21 0.12 2 1.5 1.7 

B4 Deep 0.46 0.0029 3 0.020 155 

A20 Shallow 0.30 0.054 1.1 0.2 5.5 

B20 Shallow 3.0 0.42 5 0.6 7.0 

A4 Shallow 0.33 0.025 10 0.8 13 

B4 Shallow 0.13 0.0085 0.4 0.023 16 

Table 3. Average per cell and per ml rates of carbon and nitrogen uptake from NanoSIMS data of 749 

12 hour incubations. Incubations conducted nearest in situ temperatures for each fluid source are 750 

shaded in gray. 751 

  752 
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 753 

 754 

 755 

 756 

 757 

 758 

 759 

 760 

 761 

 762 

 763 

 764 

 765 

Table 4. Estimated average, maximum, and minimum mol of C or N year-1 produced in young 766 

(<10 Ma) crustal fluids for incubations conducted nearest in situ temperatures for each fluid. 767 

Estimates are based on single cell average, maximum, and minimum carbon and nitrogen isotope 768 

incorporation rates from NanoSIMS analysis for U1383C Shallow and Deep samples. 769 

 770 

Supplementary Materials 771 

Figs. S1 to S8 772 

Tables S1 to S5 773 

Dataset S1 to S3 774 

  775 

Fluid Cond. 
mol C year-1 mol N year-1 

Avg Max Min Avg Max Min 

U
1
3
8

3
C

 

D
e
e
p

 

D20 2×1012 1×1012 8×108 1×1011 8×1011 2×108 

M20 1×1010 2×1011 2×107 1×1010 7×1010 2×107 

A20 2×1012 2×1013 2×108 1×1011 5×1011 5×107 

B20 6×1010 7×1011 2×108 3×1010 2×1010 9×107 

U
1
3
8

3
C

 

S
h
a

llo
w

 

A4 4×1011 3×1012 1×108 3×1010 7×1011 1×107 

B4 2×1011 5×1011 9×109 1×1010 3×1010 6×107 
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 776 

 777 

 778 

 779 

 780 

Supplementary Materials for 781 

 782 

Multiple carbon incorporation strategies support microbial survival in cold 783 

subseafloor crustal fluids 784 

 785 

Elizabeth Trembath-Reichert1*, Sunita R. Shah Walter2, Marc Alec Fontánez Ortiz3, Patrick D. 786 

Carter4, Peter R. Girguis5, and Julie A. Huber6 
787 

 788 

*Corresponding author. Email: e.t.r@asu.edu 789 

 790 

 791 

 792 

 793 

 794 

This PDF file includes: 795 

 796 

Figs. S1 to S8 797 

Tables S1 to S5 798 

 799 

Other Supplementary Materials for this manuscript include the following:  800 

Data S1 to S3 801 

 802 

 803 

 804 

 805 

 806 

  807 
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 808 

 809 

Fig. S1. 810 

CORK and bottom seawater fluids were filtered sequentially through 5 μm and then 0.22 μm 811 

filters shipboard, with an additional set of 0.22 μm filters filtered on the seafloor. DNA was 812 

extracted from all filters and 16S rRNA gene amplicon libraries were created. Fuzzy logic 813 

groupings of the relative abundance of 97% 16S rRNA gene OTUs were generated and indicated 814 

that samples grouped by fluid source, with U1382A, bottom seawater, and U1383C Shallow in 815 

distinct groups. Wedge size indicates probability of membership. Asterisk indicates samples 816 

filtered and preserved on the seafloor, while all others were filtered shipboard. Shallow (Sha.), 817 

Middle (Mid.), and Deep (De.) One sample from U1383C Deep grouped with U1383C Shallow 818 

samples, while all U1383C Middle samples grouped together. Within the groupings, no 819 

distinction between filter size fraction was apparent. 820 

 821 

  822 
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 823 

Fig. S2. 824 

Relative abundance of 16S rRNA gene sequence 97% OTUs grouped by phylum level taxonomy. 825 

All phyla which summed to >10% across all samples are named, the remaining phyla are grouped 826 

into Other. Asterisk indicates samples filtered and preserved on the seafloor. Taxonomic analysis 827 

of 16S rRNA gene OTUs indicated all samples were dominated by Proteobacteria, with the 828 

exception of U1383C Shallow samples, where Firmicutes were the most abundant group (Fig S2). 829 

The U1383C Deep sample filtered shipboard through a 5 μm filter also had a large portion of 830 

Firmicutes, whereas the 0.22 μm in situ filter from U1383C Deep had a large component of 831 

Epsilonbacteraeota, similar to the in situ filtered bottom seawater sample (Fig S2). 832 

 833 

 834 

  835 
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 836 
Fig. S3.  837 

12 hour, 2 day, and 6 day SIP incubation cell densities for (a) U1382A, (b) U1383C Middle, (c) 838 

U1383C Shallow and (d) U1383C Deep fluids. Cell counts were carried out on all 2 and 6 day 839 

crustal fluid incubations, as well as on a subset of the 12 hour incubations with U1383C Shallow 840 

and Deep fluids that were used for NanoSIMS analysis. 12 hour incubations were only counted 841 

when used for NanoSIMS analysis. Dashed line indicates in situ cell densities from Table 1. 842 

Amendments and temperatures are defined in Table 2. No bar indicates analysis was not done. X-843 

axis labels are provided in Table 2. 95% confidence intervals based on statistical analysis of cells 844 

per field of view are presented as error bars.  845 

 846 

 847 

  848 

  849 
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 850 

 851 

 852 
Fig. S4.  853 

Single cell SIP-NanoSIMS measurements of fractional abundance 2H, 15N, and 13C across 12 hour 854 

U1383C Shallow and Deep incubations conditions (labeled as per Table 2). Dashed lines indicate 855 

natural abundance of each isotope. The number of cells (ROIs) included in the boxplot is provide 856 

above each sample. Relative comparison of fractional abundance is only possible across 857 

incubations with 2H, since it should have the same elemental enrichment across all incubations, as 858 

compared to carbon and nitrogen substrates that vary in final isotopic enrichment (see Methods). 859 

Different amendments cannot be compared for 15N and 13C since they had different labeling 860 

strengths (e.g. 13C acetate label was ~0.5 whereas 13C DIC was ~0.1). 861 
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 863 
Fig. S5.  864 

Estimated volume (μm3) per ROI (cell) calculated from pixel area of NanoSIMS images for SIP-NanoSIMS 865 

incubations.   866 
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 868 

 869 

 870 
Fig. S6.  871 

Fg C and N per ROI (cell) calculated from pixel area of NanoSIMS images for SIP-NanoSIMS incubations.   872 
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 874 

 875 
Fig. S7. Linear regression analysis of each SIP-NanoSIMS incubation condition with Redfield (106:16; solid black 876 

line) and 1:1 lines for comparison (dashed black line). Sample B4 Deep had a negative regression, likely due to very 877 

low N uptake rates, (C:N of 155, Table 3) and is not plotted here.  878 
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 881 
 882 

Fig. S8. A schematic representation of the relative availably and anabolic utilization of DOC 883 

compared to DIC with depth in North Pond crustal fluids as a strategy to reduce reliance on a 884 

winnowing and aging DOC pool. 885 

 886 

  887 
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 888 

GFF blanks C μg C μmol Run Date     
U1382A TP3 Blank 5.93 0.49 19-Feb Avg Stdev Avg+std Max 

U1383C-M Blank 7.48 0.62 19-Feb 0.56 0.09 0.65 0.62 

11 blank 6.84 0.57 May-19         

22 blank 6.51 0.54 May-19         

33 blank 5.80 0.48 May-19 0.53 0.04 0.58 0.57 

23 blank 5.93 0.49 Apr-19         

M blank 7.48 0.62 Apr-19         

 44 blank 5.04 0.42 Apr-19         

 55 blank 6.48 0.54 Apr-19         

64 blank 4.13 0.34 Apr-19 0.48 0.11 0.59 0.62 

   

Capsule Blanks μg C Run Date      

No Capsule 
0.16 +/- 

0.15 Mar-19      

Empty Sn Capsule 
1.16 +/- 

0.12 Mar-19      

NH4(SO4)2 
1.57 +/- 

0.56 Apr-19      
 889 

Polycarbonate 
Blanks 

δ13C vs. 
PDB 

C 
μmol 

δ 15N vs. 
AIR 

N μmol 

Filter 1         -27.76 96.47 -2.43 0.72 

Filter 2         
-27.71 

100.3
8 

-5.17 0.75 

Table S1. 890 

GFF filter and capsule blanks for Elemental Analysis and polycarbonate filter blanks for 891 

NanoSIMS background correction. 892 

  893 
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 894 

Sample Time Point (d) Atom% 13C C μg C µmol Finital 

Bottom 6 1.0869 14.87 0.59 0.01087 

U1383C-Shallow 6 1.0864 14.30 0.54 0.01086 

U1383C-Middle 6 1.0872 26.42 1.55 0.01087 

U1382A 6 1.0892 28.62 1.73 0.01089 

U1383C-Middle 2 1.0870 19.65 1.05 0.01087 

U1383C-Deep 2 1.0756 22.63 1.29 0.01076 

    Avg. 0.01085 

    Stdev. 0.00005 

Table S2. 895 

Bulk elemental analysis filters from Condition 1 samples with no carbon or nitrogen isotope 896 

added used to calculate natural abundance biomass for isotope mass balance equations. 897 

  898 
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Table S3. 899 

Estimated isotope label fractional abundance for incubation isotope mass balance calculations. 900 

*Background DIC concentrations differ from in situ with 5 ml dilution from 2H2O addition. ^See 901 

supplemental methods for calculation. 902 

  903 

 Tracer 
Added 
(μM) 

Added 
(μmol) 

Background 
(μM) 

Background 
(μmol) 

In situ 
(μmol) Flabel 

Bicarbonate(C)* 200 28.8 1940-1970 279-284 
302-
313 0.1^ 

Acetate (C) 1.5 0.216 1.500 0.2 0.4 0.50 

Methylamine (C) 4 0.576 1.500 0.2 0.8 0.73 

Diatom Lysate (C) 2 0.288 1.500 0.2 0.5 0.57 

Methylamine (N) 4 0.576 0.0055 0 0.6 0.99 

Diatom lysate (N) 0.6 0.086 0.0055 0 0.1 0.99 

Ammonium (N) 0.01 0.00144 0.0055 0 0.002 0.64 
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 Labeled Substrate 
Published 
Values Location  Temp 

pmol 
ml-1d-1 Ref. 

C
N

 c
o

m
p

o
u

n
d

s
 13C-MeAm - 2017 fluids 4°C bd-17 this study 

13C-MeAm - 2017 fluids 20°C bd-72 this study 
13C-Urea 0.2-0.5 nmol/L/h 50-75m N. Pacific ODZ in situ 5-12 (36) 
13C-Cyn. 0.1-0.6 nmol/L/h 50-75m N. Pacific ODZ in situ 2-14 (36) 
15N-Urea 0.3-10 nmol/L/h 50-75m N. Pacific ODZ in situ 7-233 (36) 
15N-Cyn. 0.3-0.1 nmol/L/h 50-75m N. Pacific ODZ in situ 2-7 (36) 
15N-Am. 0.2-11 nmol/L/h 50-75m N. Pacific ODZ in situ 5-264 (36) 

In
o

rg
a
n

ic
 C

a
rb

o
n

 

13C-DIC - 2017 fluids 4°C bd-78 this study 
13C-DIC - 2017 fluids 20°C bd-94 this study 
13C-DIC 856 pmol/ml/d North Pond Bottom Water 5°C 856 (8) 
13C-DIC 1334 pmol/ml/d North Pond Bottom Water 25°C 1334 (8) 
13C-DIC 1332 pmol/ml/d North Pond U1382A 5°C 1332 (8) 
13C-DIC 3742 pmol/ml/d North Pond U1382A 25°C 3742 (8) 
13C-DIC 3031 pmol/ml/d North Pond U1383C Shallow 5°C 3031 (8) 
13C-DIC 3277 pmol/ml/d North Pond U1383C Shallow 25°C 3277 (8) 
13C-DIC 322 pmol/ml/d North Pond U1383C Deep 5°C 322 (8) 
13C-DIC 4328 pmol/ml/d North Pond U1383C Deep 25°C 4328 (8) 
14C-DIC 0.24 umol/m3/d NADW 2537 m in situ  0.24 (24) 
13C-DIC 50 ug C/L/d EPR, pressurized, bulk rate 24°C 4167 (14) 
13C-DIC+110 μM O2 100 ug C/L/d EPR, pressurized, bulk rate 24°C 8333 (14) 

O
rg

a
n

ic
 C

a
rb

o
n
 

13C-Acetate - 2017 fluids 4°C bd-57 this study 
13C-Acetate - 2017 fluids 20°C bd-700 this study 
13C-Acetate 26 pmol/ml/d North Pond Bottom Water 5°C 26 (8) 
13C-Acetate 28 pmol/ml/d North Pond Bottom Water 25°C 28 (8) 
13C-Acetate 58 pmol/ml/d North Pond U1382A 5°C 58 (8) 
13C-Acetate 104 pmol/ml/d North Pond U1382A 25°C 104 (8) 
13C-Acetate 95 pmol/ml/d North Pond U1383C Shallow 5°C 95 (8) 
13C-Acetate 87 pmol/ml/d North Pond U1383C Shallow 25°C 87 (8) 
13C-Acetate 6 pmol/ml/d North Pond U1383C Deep 5°C 6 (8) 
13C-Acetate 69 pmol/ml/d North Pond U1383C Deep 25°C 69 (8) 
14C-Leucine 0.88 umol/m3/d NADW 2537 m in situ  0.88 (24) 

 904 

Table S4.  905 

Bulk stable and radioisotope-based reference literature value conversions for comparison to 2017 906 

results. 907 

 908 

 909 

  910 
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 911 
Labeled C 
Substrate 

Published 
values 

fmol 
cell-1d-1 

Labeled N 
Substrate 

Published 
values 

fmol 
cell-1d-1 

Location Ref. 

13C-Acetate 
2.17x10-17 

mol cell-1d-1 
0.0217 

15N-
Ammonium 

2.09 x10-17 
mol cell-1d-1 

0.0209 
219 mbsf 
sediment 

(11) 

13C-DIC 
6.73x10-17 

mol cell-1d-1 
0.0673 

15N-
Ammonium 

1.77x10-17 

mol cell-1d-1 
0.0177 

219 mbsf 
sediment 

(11) 

13C-DIC 
17.00 

μg C L-1d-1 
2.8* - - - 

EPR vent 
fluids 

(14) 

13C-DIC+ 
110 μM O2 

80 
μg C L-1d-1 

13.3* - - - 
EPR vent 

fluids 
(14) 

*assuming 5x105 cells per ml (14) 

 912 

Table S5.  913 

Single cell NanoSIMS-based reference literature value conversions for comparison to 2017 results. 914 

 915 

 916 

Dataset S1 (separate file). Incubation cell counts. 917 

Dataset S2 (separate file). Bulk EA carbon incorporation rates.  918 

Dataset S3 (separate file). NanoSIMS ROI fractional abundance and estimated carbon and 919 

nitrogen incorporation rates.   920 

 921 

 922 


