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Survey of porewater geochemistry within deep marine hydrocarbon seep sediments of the 

Scotian Slope, Canada. 

Abstract 

 

The ocean floor surface sediments of the Scotian Slope, Nova Scotia are host to a complex network 

of microbially mediated reactions that knit together the carbon, sulfur, and nitrogen 

biogeochemical cycles. Limited diffusion between the upper water column and ocean floor muds 

pore space, coupled with competitive microbial ecological niche partitioning, leads to the 

formation of biogeochemically controlled redox gradients. The energetics of such gradients are 

further governed by microbial heterotrophy with the deposition of detrital organic matter that is 

primarily sourced from terrestrial runoff and upper water column productivity. However, these 

microbial biogeochemical zones change if surface sediments are impregnated by hydrocarbon 

seepage that migrates up from deeper within the basin. Porewater profiles of F−, NO2
-, NO3

-, CO3
2- 

and SO4
2- were used to reconstruct biogeochemical stratification depth profiles that can provide 

comparative evidence for anion behaviour in active cold seep sites. These profiles define microbial 

metabolic processes within the sediment subsurface. To test this hypothesis, 50 samples 

stratigraphically collected across 9 sediment cores were separated, centrifugated and analyzed 

using ion chromatography. A comparative study between two methods of data analysis was applied 

to the samples. The internal calibration method of standard addition proved to be a better method 

than external calibration method of calibration curve to measure porewater anion concentrations 

of natural samples with complex matrices and a varying range of concentrations. For this reason, 

porewater anion concentrations were compared using the standard addition method. Fluoride 

concentration seems uncorrelated to sediment depth and unique sample heterogeneity might be the 

leading factor to its variation. However, NO2
-, NO3

-, and SO4
2- display decreasing concentrations 

with increasing depths. Carbonate displays a steady variation in concentration possibly attributing 

to precipitated aggregates of carbonate rocks in the ocean floor surface sediments not being subject 

to a massive change. Sulfate concentration decreases dramatically in both ambient and 

hydrocarbon impacted marine benthic sediments although, in hydrocarbon impacted sites, it 

appears to occur at a much shallower depth suggesting that the redox gradient is much more 

pronounced and as much sulfate reduction has not yet transpired with the ambient sediments at the 

same depth. Nitrate and NO2
- trends also show similar pronounced reduction patterns occurring at 

shallower depths for hydrocarbon impacted sediments suggesting widespread increased microbial 

and bacterial activity in these regions.  

 

Date submitted: 27th May 2022 
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1. Introduction 

Cold seep sites can be found in marine settings along active and passive margins. These areas are 

environments where emissions of H2S, CH4, and other hydrocarbon-rich fluid seepage occurs. In 

the oceanic sediments around these seep sites, there is continuous biodegradation and 

remineralization of organic matter occurring. The dominant biogeochemical process guiding the 

geochemistry in cold seep sites is the anaerobic oxidation of methane (AOM) via sulfate reduction 

(SR) (Joye et al., 2004). For biogeochemical studies, reconstruction of elemental concentration 

using ion-exchange chromatography in the deep oceanic surface sediments can be a useful tool to 

study the behavior of organic matter rich sediments that have been impregnated by hydrocarbon 

seepage. The ocean floor surface sediments of the Scotian Slope, Nova Scotia are host to a complex 

network of microbially mediated reactions that knit together the carbon, sulfur, and nitrogen 

biogeochemical cycles. Our knowledge of the deep marine ocean floor surface sediments is 

limited, but continuously increasing around the controls and transformations of the recycling of 

biogenic material in these areas (Brunnegård et al., 2004). 

 

1.1. Scotian Slope 

1.1.1. Geological History and Setting 

The Scotian Slope is a passive margin located off the coast of Nova Scotia. Formed within the 

Appalachian orogeny during the separation of Africa from North America during the Mesozoic 

and the breakup of Pangaea (Mosher & Wach, 2009). The area off the coast of Nova Scotia is 

referred to as the Scotian Margin. Rifting of the Scotia Margin began from 230–175Ma, from the 

middle Triassic to early Jurassic, followed by seafloor spreading during the Jurassic (Welsink et 

al., 1989). A combination of deep basin syn-rift deposits overlaying thick successions of salt 
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deposits, faults, and salt tectonic-based structures make-up the facies of the slope (Mosher & 

Wach, 2009). The abundant salt structures can produce hydrocarbon traps creating suitable 

exploration targets (Mosher & Wach, 2009). The thick sediment fill of the slope coupled with the 

complex structural setting makes it a highly perspective location for hydrocarbon formation. The 

modern margin is roughly divided into the shelf, slope, and rise. The shelf extends from ~125 – 

230 km offshore, while the slope extends from the edge of the shelf to ~2000 m in depth 

(Government of Canada, 2018). The subsequent depth from 2000 – 5000 m is categorized as the 

Scotian Rise (Government of Canada, 2018). The shape of the ocean basin influences and guides 

the biological and geochemical processes. The shelf has been the site of oil and gas production 

since the late 1960s (Department of Natural Resources and Renewables, 2016). The Scotian Slope 

has been widely researched because of the geologic complexity of the salt tectonics around this 

area (Department of Natural Resources and Renewables, 2016). Various studies show how Lower 

and Upper Cretaceous deposits are strongly controlled by a deep-water thermogenic gas play and 

a probable hydrocarbon source rock is quite eminent in the slope part of this reservoir (Department 

of Natural Resources and Renewables, 2016). Figure 1 displays the extent of the geological setting 

of the Scotian Shelf, Slope and Rise off the coast of Nova Scotia.   
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Figure 1. Geographical extent of the Scotian Shelf and the Scotian Slope (ocean depth increases from a 

lighter blue to a darker blue). Arrows represent rough extent of the divided zones of the Scotian Margin. 

(modified from Government of Canada, 2018) 

 

 

1.2.   Hydrocarbon seep sites 

Hydrocarbon seeps are usually areas where oil and gas migrate up to the sediment water interface 

and these migrated hydrocarbons serve as an abundant source of nutrients and energy (Dong et al., 

2020). Mostly located adjacent to continental margins, hydrocarbon seeps are regions of high 

metabolic microbial activity and biological productivity of chemical compound recycling 

(chemotrophs) that are not dependent on sunlight or photosynthesis (Harris & Baker, 2020). Salt-

driven tectonics is one of the dominant processes that creates conduits through fault networks for 

the rapid transfer of oil, methane gas hydrates, brine pools etc. (Kennicutt et al., 1988). Reduced 

chemical gases from the oceanic sediment surface like H2S and CH4 migrate upwards from the 

Scotian Shelf 

Scotian Slope 

Scotian Rise 
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deeper sediments into the shallow sediments and eventually the water column (Harris & Baker, 

2020). Seeps are highly productive sites of biodiversity and experience different environmental 

conditions and redox shifts around deep ocean sediments (Ruff, 2020). Scotian Slope studies have 

shown that there has been active seafloor seepage of thermogenic hydrocarbon which can be linked 

to the presence of an active petroleum system (Dong et al., 2020; Fowler, 2016). 

 

 

1.3.   Biogeochemical Cycles  

 

Biogeochemical cycles involve the continuous and complete cycling of different elements 

throughout the different parts of the Earth. Biogeochemical cycles intertwine the four realms on 

earth, the atmosphere, biosphere, hydrosphere, and geosphere. They are driven by solar and 

geothermal energy and are converged at places where microorganisms to catalyze chemical 

reactions and exchange materials (Hedges, 1992). These cycles in turn guide the transfer, behavior 

and cycling of material on the Earth as well as in the oceans. Marine sediments act as one of the 

largest pools of accumulated organic matter throughout the world. The complex interactions 

between microbial communities coupled with various geochemical processes act as the driving 

force to break down the organic matter (Jørgensen, 2021). The six most common elements of 

global biogeochemical cycles are carbon, nitrogen, sulfur, hydrogen, oxygen, and phosphorus. The 

recycling of these elements in ocean sediments are often interconnected, and provides essential 

nutrients for microorganisms to help fuel their metabolism (Hedges, 1992). Ocean floor surface 

sediments throughout the world are host to a complex network of microbially mediated reactions 

that link together the carbon, sulfur, and nitrogen biogeochemical cycles. The compound cycling 

of these species is continuously occurring in the oceans and their concentration signatures are 

replicated into the porewater (PW) profiles in ocean floor surface sediments.  
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1.3.1. Nitrogen Cycle  

Nitrogen undergoes a cyclic conversion from dinitrogen (N2) into its various oxidized and reduced 

forms by a stepwise series of biological and chemical processes. In ecosystems with high organic 

matter accumulation and low accessibility of N2, the capacity for chemotrophic nitrogen fixation 

is low (Musat et al., 2006). The reduction of atmospheric N2 to NH4 occurs via the process of 

microbially mediated N2 fixation and is an important aspect of the global nitrogen cycle (Zehr & 

Capone, 1996). The cycling of NO2
- and NO3

- compounds are preferentially interesting for the 

purposes of this study. Coastal regions (like that of the Scotian Slope) are often subject to large 

anthropogenic forms of N2 through detritus sedimentation among other sources (Herbert, 1999). 

In anoxic conditions of the deep oceanic sediments, the process of denitrification recycles NO2
- 

and NO3
- and then back into N2 via nitrifiers (Brunnegård et al., 2004; Herbert, 1999). In marine 

ecosystems, about 67% of the total nitrogen production can be contributed to the low diversity of 

microorganisms like the anammox bacteria among others (Fernandez et al., 2011; Qian et al., 

2018). The dissimilatory nitrate reduction to ammonia (DNRA) coupled with denitrification are 

common processes in hydrocarbon-rich sediments where microorganisms compete for NO2
- and 

NO3
-   (Bonaglia, 2015). In deep oceanic sediment settings, after the exhaustion of NO3

- is the 

dominant nutrient that microorganisms require to flourish and preferentially prefer to exhaust first. 

After the exhaustion of nitrate, the next best electron acceptor (EA) microorganisms turn to is 

nitrite. The exchange of nutrients in oceanic ecosystems is a useful indicator to reconstruct the 

presence and abundance of various anions. The increased concentration of nitrogenous compounds 

promotes the growth of various microorganisms and other microbially mediated fluxes. 
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1.3.2. Sulfur Cycle  

Our knowledge and understanding of sulfur cycling and how various microorganisms guide this 

process is continuously developing (Wasmund et al., 2017). The sulfur cycle is largely driven by 

the oxidation of organic matter through sulfate-reducing microorganisms (SRM) (Jørgensen, 

2021). On a global scale, recent estimates have suggested how the remineralization of up to 29% 

of the organic matter that is deposited on the seafloor is guided by SRM (M. W. Bowles et al., 

2014). The sulfur cycling in marine sediments is globally the dominant path of anaerobic processes 

like dissimilatory sulfate reduction (DSR) to sulfide by various anaerobic microorganisms 

(Jørgensen & Kasten, 2006). DSR to S2- is globally the most common pathway for organic matter 

mineralization in the anoxic seabed (Jørgensen et al., 2019). Sulfate (SO4
2-) is the third most 

dominant EA in hydrocarbon enriched deep ocean sediments and microorganisms tend to turn to 

sulfate after the exhaustion of nitrate and nitrite.  Within the oceanic sediment cycling, most of the 

sulfide gets re-oxidized back into sulfate via various microbially based reactions (Jørgensen et al., 

2019). For a more detailed explanation of the sulfur cycling, the reader is referred to (Wasmund et 

al., 2017; Jørgensen et al., 2019; Jørgensen, 2021) 

 

1.3.3. Carbon Cycle  

The carbon cycle refers to the exchange of carbon as an element between the four realms on earth. 

The  ocean is the largest place for earth’s active carbon recycling (Tajika, 1999). Carbon is a unique 

element in its both organic and inorganic forms and its cycling includes both slow and fast 

components (Riebeek, 2011). The global carbon cycle describes the complex transformations and 

fluxes of carbon cycling variations on Earth (Carlson et al., 2001). The growth of photosynthesis 

allowed microbes to utilize solar energy and provide a system for the first carbon cycle to occur. 
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Many global ocean research programs, for example the Geochemical Ocean Sections (GEOSEC), 

have helped constrain the ecosystem and circulation patterns of carbon sequestration in marine 

systems compared to terrestrial systems (Carlson et al., 2001). Microorganisms like diatoms and 

phytoplankton play a crucial role in the cycling of CO2 fixation into the organic form of carbon 

(Edwards et al., 2015). This organic carbon has the potential to sink into deeper depths of the ocean 

floor surface sediments where various microorganisms recycle it back into CO2. The exhaustion of 

CO2 is the fourth-best nutrient that acts as an EA for microorganisms. Various microorganisms 

then cause the dissolution of CO2 to form carbonate. Various studies suggest that seep CO3
2- 

formation is also controlled by the hydrocarbon flux changes around the sulfate methane transition 

zone (SMTZ) (Roberts, 2001). For this study, we are most interested in CO3
2- cycling through the 

ocean floor sediments and how it behaves concerning the other anions around it. 

 

1.4. Redox Gradients 

Redox gradients form when reduction-oxidation settings are produced in closed systems. Redox 

gradients are fairly common in oceanic shallow sediments (Barge et al., 2019). There is a 

continuous diffusion between the upper water column and ocean floor mud pore spaces. 

Biogeochemical processes occurring in the upper sediment column show a distinct vertical pattern 

concerning the ion geochemistry in these zones (e.g. Figure 2 from Jilbert, 2016). The changes in 

oceanic sediment redox chemistry can frequently be observed throughout the Earth’s history (Van 

de Velde et al., 2020). Reconstruction of this vertical zonation can prove difficult due to the 

shortage of Cretaceous rock records displaying definite deposition in the deep-sea environments 

(van de Velde et al., 2020). These redox gradients are led by various microbial activities and 

processes like AOM and DSR which cause the shifts in their ion redox chemistry and leads to the 
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formation of biogeochemically controlled redox gradients. These redox gradients play an 

important role in guiding the anion geochemistry of marine sediments.  

 

Figure 2. Diagram showing an idealized electron tower redox reaction succession in marine conditions and 

how the ion chemistry changes with increasing depth. Red arrows point toward elements of interest for this 

study. (modified from Jilbert, 2016) 

 

1.5. Porewater  

Porewater (PW) trapped in between marine sediments can be a valuable tool to reconstruct the 

nature and kinetics of diagenetic reactions that occur as sediments get buried at depth (Di Bonito 

et al., 2018). Any change in the chemistry of sediments is directly emanated into the quantitative 

PW concentrations. For studies around the geochemical cycling of trace elements in deep oceanic 

sediments, the analysis of PW is more helpful than soil sampling studies (Hammond, 2001). 

Porewater chemistry is largely controlled by the prevailing pathways of organic matter 

remineralization in the deep oceanic surface sediments (Jilbert, 2016).  The PW trapped in between 
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the marine sediment particles is capable of emitting the redox zonation of different anions and 

cations (Figure 2). For every observed concentration gradient, a corresponding vertical flux of PW 

can be reconstructed (Schulz, 2006). While the exact concentration of the redox diversity of the 

deep ocean can be difficult to reconstruct, measuring the concentration through PW can bring us 

quite close to the expected pattern (van de Velde et al., 2020). 

 

1.6. Ion Chromatography (IC) 

Ion chromatography has widely been an essential tool for analytical chemistry. The highly 

sensitive technique typically is based on a combination of gradients and a suppressed conductivity 

detection system coupled with high-performance stationary phases that makes it ideal for chemical 

water analysis (Nesterenko & Paull, 2017). Ion chromatography is extensively used for monitoring 

the contaminants in drinking water (Rohrer, 2019). For water samples that contain the appreciable 

level of common cations and anions, like Ca and Mg or NO2
-, NO3

-, and SO4
2-; IC has proved itself 

to be the preferred method to measure and reconstruct their concentration analysis (Pohl, 2005). 

This is a form of liquid chromatography that measures the concentration of organic/inorganic ions 

based on their interaction with an ion-exchange column coupled with a conductivity detector 

(Haddad, 2000). Before injection of a sample, pre-treatment with in-line cartridges is required to 

provide a lower baseline, better separation and to eliminate matrix interferences.  When a sample 

of the mixture is prepared, it goes through different components in an IC system before reaching 

the chromatograph (Figure 3).  
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Figure 3. Flow diagram showing the instrumental components of an IC (modified from Nesterenko & Paull, 

2017) . 

 

 

1.7. Standard Addition Method  

The standard addition method is based on adding consecutively increasing standard dilutions to 

the unknown analyte to compensate for sample constituents that might enhance or suppress a signal 

and measuring the solution's analytical signals in response to each respective addition (Saxberg & 

Kowalski, 1979). It is often also known as ‘spiking’ the sample to a known matrix and baseline 

(Andersen, 2017). The standard addition is a commonly used technique for quantitative chemical 

Sample mixture

Carrier Fluid (eluent) 

Pump

Injector

Analyte flows down the 
column

Suppressor 

Electrical Conductivity 
Detector

Chromatogram 
(Recorder of Integrator)

Waste
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analysis and to overcome matrix interferences for a sample (Saxberg & Kowalski, 1979). The 

calculation of the standard addition method involves the assumption of homogeneity of variance 

and that only the data is rarely scattered by the presence of foreign elements while the analytical 

signal value will solely be based upon regression standard equations (Rodríguez et al., 1995). At 

least three to four standard addition dilution mixtures are prepared to calibrate the analytical 

method and to assess the recovery of the analytes with the use of regression equations (example 

Appendix A, Figure A2) (Pastore et al., 2005). An advantage to using standard addition is that it 

does not require a blank matrix for measuring the quantity of a target compound while a common 

disadvantage of the experiment is that it is labor-intensive process (Hasegawa et al., 2021). 

 

1.8. Calibration Curve Method  

Calibration curve is another external chemical analytical technique that can commonly be used for 

ion chromatographic analysis to calculate the recovery of the net signal obtained through the 

continuous addition of standard injections (Gámiz-Gracia et al., 2003). It is an external calibration 

analytical method used to calculate the analyte content, recovery and sensitivity of analytical 

signals (Saxberg & Kowalski, 1979). It is based on producing a standard set of regression equations 

through continuous injections of different standard dilutions to the chromatograph and integrating 

the analytical signals to those standard sets of equations. Although this method is less time-

consuming, however a standard set of assumptions are applied in this method which increases the 

chances of error, for example, if the linear range of the detector is not taken into consideration, it 

could lead to inaccurate results (Büttner et al., 1977).  

 

1.9. Research Objective and Hypothesis Statement 
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Ocean floor surface sediments of the Scotian Slope are host to a complex network of microbially 

mediated reactions that knit together the carbon, sulfur, and nitrogen biogeochemical cycles. 

Within PW, these elements are complexed as a series of ions that are microbially generated and/or 

shuttled across sediment depths by diffusion and microbial respiratory processes. Major PW ionic 

species may display different stratigraphic trends in hydrocarbon impacted marine sediments. 

Limited diffusion between the upper water column and ocean floor muds pore space, coupled with 

competitive microbial ecological niche partitioning, leads to the formation of biogeochemically 

controlled redox gradients (Figure 2). These redox gradients play an important role in guiding the 

anion geochemistry of the marine sediments of the Scotian Slope. We hypothesize that the PW 

anions as F−, NO2
-, NO3

-, CO3
2-, and SO4

2- extracted from frozen marine sediment cores located in 

prospective hydrocarbon seep sites of the Scotian Slope can be used to reconstruct biogeochemical 

stratification depth profiles that can provide comparative evidence for anion behaviour in active 

cold seep sites. 

 

2. Experimental  

2.1. Instrument and Sample Preparation Equipment 

Anion chromatographic analysis was performed using a Thermo Scientific Dionex Aquion Ion 

Chromatography Conductivity Detector System with an anion-exchange column and a DS6 Heated 

Conductivity Cell fitted with an AERS_4mm suppressor pump and a Dionex AXP Auxiliary pump 

and pump ECD. The ion chromatograph is further configured with an in-line Thermo Scientific 

9×24mm Dionex InGuard Ag sample prep cartridge and Thermo Scientific Dionex InGuard Na 

prep cartridge to facilitate trace analysis of seawater. The IC is controlled via Thermo Scientific 

Chromeleon 7 chromatography system version 7.3 software. An Elma 5300 ElmaSonic Sonicator 
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and Beckman Coulter Avanti J-15 Centrifuge were used for sample sonication and centrifugation 

during sample preparation.   

 

2.2. Reagents and Chemicals 

The solvent used in this study was Thermo Fisher Scientific Deionized HPLC ACS reagent grade 

water, ASTM Type 1 (100%, CAS# 7732-18-5) stored at room temperature. The mobile phase was 

25mM NaOH 50% w/w solution from Fisher Chemicals SS254-1, stored in a cool, dark place. The 

chemicals used for the standard addition and the calibration curve method were all analytically 

pure and prepared with the use of Thermo Scientific Dionex Seven Anion Standard ΙΙ (from 

Sunnyvale, California) in deionized water. The anion standard (S+D) was an amalgamation of H2O 

(99.9%, CAS# 7732-18-5) and the following anions – F- (20mg/L, CAS# 7681-49-4); Cl- 

(100mg/L, CAS# 100mg/L); NO2
- (100mg/L, CAS# 7632-00-0); Br- (100mg/L, CAS# 7647-15-

6); NO3
- (100mg/L, CAS# 7631-99-4); PO4

3- (200mg/L, CAS# 7778-77-0); SO4
2- (100mg/L, 

CAS# 7757-82-6) , stored in -4 °C refrigerator. Carbonate and Sulfite are prepared as separate 

stock solutions. Carbonate is prepared using Anhydrous Sodium Carbonate ACS powder from 

Fisher Chemicals (CAS # 497-19-8) and SO3
2- is prepared using Anhydrous Sodium Sulfite 

crystalline powder from Fisher Chemicals (CAS# 7757-83-7).  

 

3. Methodology 

3.1. Preparation of Mobile Phase 

For the mobile phase, 25 mM of NaOH chemical was diluted with HPLC grade water to ensure 

better separation and resolution of anion signals. Hence, for 1L of HPLC grade water, 1.308 mL 
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of NaOH was required. After mixing NaOH with the water, the solution was sonicated for 5 min. 

before use.  

 

3.2. Preparation of Standard 

To prepare 2000 mg/L (ppm) stock solution of CO3
2-, 88.310mg of anhydrous sodium carbonate 

powder is mixed with 25 mL HPLC grade water and stored in -4 °C refrigerator. To prepare 2000 

mg/L stock solution of SO3
2-, 80.322mg of sodium sulfite is mixed with 25mL HPLC grade water 

and stored in -4 °C refrigerator. To prepare 2 mL of standard for standard addition dilution, for the 

initial set of samples, two different standard concentrations were prepared. For the initial set of 

samples, 20 ppm S+D, 20 ppm SO3
2- , and 20 ppm CO3

2- . For the latter set of samples, 50 ppm 

S+D, 0 ppm SO3
2- , and 500 ppm CO3

2- . Please refer to Appendix A for full information. For each 

anion concentration, at least 3-4 different standard addition dilution calibration were prepared. For 

the initial set of samples, it was assumed that the sediments also host some concentration of SO3
2-

, hence the prepared stock solution of SO3
2- was added to the standard but was discarded later when 

almost no concentration of the anion was found in the sediment samples. Please refer to Appendix 

A for full information on which samples had SO3
2- added to the standard dilution.   

 

3.3. Ion Chromatographic Analysis 

Prior to IC analysis, samples were pre-treated by cartridges. An in-line Ag sample prep cartridge 

was used in the IC system to removes halides such as Cl-, Br-, and I- from sample matrices. The 

Thermo Scientific Dionex InGuard Na cartridges were also used to remove alkaline metals from 

sample matrices and to facilitate trace analysis. The Dionex AXP Auxiliary Pump that is used to 
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pump water through the inline cartridge runs at a flow rate of 1.00 mL/min with pressure ranging 

from 0 -3000psi while the Pump ECD runs at a flow rate of 1.50 mL/min. 

 

3.4. Sediment Porewater 

The ocean floor surface sediments were obtained from the deep marine hydrocarbon seep sites 

along the Scotian Slope and were stored in -80 ° C immediately upon collection. A total of 50 

frozen sediment samples spread out over nine spatially different cores were analyzed for the 

purpose of anion chromatography. Among these, there were 17 shallow push cores, 8 deeper 

gravity cores and 25 deeper piston cores. These sediments were extracted on cruises in July 2015, 

2016, 2018 and 2021. The anions of interest for this study are F−, NO2
-, NO3

-, CO3
2- , SO3

2-, and 

SO4
2-. For each frozen sediment sample, 30 – 35 mg of sediment was extracted and transferred to 

50 mL centrifuge tubes and shut tight to avoid contamination via air. This sediment was left at 

room temperature for 40–50 min to thaw followed by high-speed centrifugation at 2000 rpm for 

10–15 min until the sediment and the PW physically separated. The PW was then extracted and 

filtered using a disposable filter and syringe to remove the micro sized sediment particles and to 

obtain a cleaner aliquot of PW.  

 

3.5. Standard Addition Methodology 

The PW sample was then subject to the method of standard addition dilution where a specific 

amount of standard is added to the extracted PW in concentrations of 0, 2, 5, 10 and 20 ppm. For 

the 2015, 2016 and 2018 samples, the mixture of standard addition used is specified in Table 1. 

For the 2021 samples, the mixture of standard addition dilution used is specified in Table 2. Not 
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all the samples were subject to the same amount of standard addition injections and that it was a 

continuously evolving process. For example, the addition of 20 ppm standard dilution was adopted 

to create a better separation between the different dilution signals. For full information of the 

specifications of the methodology please refer to table A2, Appendix A. Before the prepared 

solutions were injected into the instrument, 3-4 Blanks were run to flush out the column, followed 

by a run of 5 ppm (HPLC water dilution) of the prepared standard. The run time in the program 

for each sample in a section is approximately 20 min where the program produces peak signal area 

with respect to time and micro siemens (conductance).  

 

Table 1. Amount of PW, Standard Mix and HPLC grade water mixed to obtain each injection for the 

initials et of samples. 
Dilution + Standard 

Addition 
Filtered PW (μL) 

20ppm Standard Mix 

(μL) 

HPLC grade water 

(μL) 
Total Volume (μL) 

10x + 0ppm 60 0 540 600 

10x + 2ppm 60 60 480 600 

10x+ 5ppm 60 150 390 600 

10x +10ppm 60 300 240 600 

 

Table 2. Amount of PW, Standard Mix and HPLC grade water mixed to obtain each injection for the 

latter set of samples. 
Dilution + Standard 

Addition 
Filtered PW (μL) 

50ppm Standard Mix 

(μL) 

HPLC grade water 

(μL) 
Total Volume (μL) 

10x + 0ppm 60 0 540 600 

10x + 5ppm 60 60 480 600 

10x+ 10ppm 60 120 420 600 
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10x +20ppm 60 240 240 600 

 

3.6. Calibration Curve methodology 

Standards having the concentration of 0.5, 1, 2, 5, 10, 20 and 50 ppm were injected into the IC to 

produce a standard set of regression equations (specified in Table 3). The area produced by the 

peaks concerning time and micro siemens is further integrated and a single regression equation is 

produced for each anion. For each sample run under different standard addition dilutions of 10x + 

0 ppm, 10x + 2 ppm, 10 x +5 ppm, 10x + 10 ppm, 10x + 20 ppm, the area obtained from the 10x 

+ 0 ppm run was used and inserted into the following regression equations.  

Table 3. Regression equations produced for the calibration curve method.  

Anions Calibration Curve Equations 

Fluoride Signal (F−) = 0.2531 (F−) - 0.0176 

Nitrite Signal (NO2
-) = 0.1087 (NO2

-) - 0.0271 

Carbonate Signal (CO3
2-) = 0.0025 (CO3

2-) + 0.0079 

Sulfate Signal (SO4
2-) = 0.2178 (SO4

2-) - 0.0372 

Nitrate Signal (NO3
-) = 0.0828 (NO3

-) - 0.0268 

 

 

3.7. Data Analysis  

For both standard addition and calibration curve, the data analysis is similar. While for standard 

addition, after a blank was subtracted from each peak signal, the area obtained for each anion in 

each sample was further integrated using the regression equations produced for the line of best fit 
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by substituting the y coordinate as zero and solving for x coordinate (Figure A2, Appendix A). For 

the calibration curve, the standard regression equations produced (Table 3) were used in a similar 

way. For both methods, the area produced was further multiplied by 10 to revert to the ×10 dilution 

that the PW was subject to at the time of sample preparation. This area was then used to plot the 

depth v/c concentration plots.  

 

4. Results and Discussion 

Nova Scotia has been actively researching and surveying potential hydrocarbon seep sites along 

the deep-water Scotian slope to research its hydrocarbon potential. Figure 4 provides the location 

of piston, gravity and push cores spatially separated across the extent of the Scotian Slope 

associated with a Genome Application Partnership Program (GAPP) that has been active since 

2015. Sites circled in red have been used for this study. A total of 50 frozen sediment samples 

spread across nine cores were used to gather data for this study. Table 4 contains the sample 

collection year, core number, archived sample name, depth, geographic core location and their 

expected hydrocarbon positive/negative behaviour. Table 5 and Table 6 provides the concentration 

of anions measured across these cores with the method of standard addition and calibration curve 

respectively.  
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Figure 4. Geological setting of the Scotian Slope and the location of all the collected cores and when they 

were drilled. Sites of interest for this study are circled in red. 

 

 

Table 4. Geographic location of samples and detected presence of hydrocarbons.   

Year Core Archived Sample Name 

Depth Geographic Location Hydrocarbon 

Behaviour Range Exact Latitude Longitude 

2015 9 NSPC 2015018-0009 S01 B 144-149cm 144-149 cm 144 42.308610 -62.836325 Positive 

    NSPC 2015018-0009 S03 B 297-302cm 297-302 cm 297 42.308610 -62.836325 Positive 

    NSPC 2015018-0009 S04 B 363-369cm 363-369 cm 363 42.308610 -62.836325 Positive 

2016 49 2016011-049 S01 B 77-82cm 77-82 cm 77 42.159815 -62.359746 Positive 

    2016011-049 S02 B 144-149cm 144-149 cm 144 42.159815 -62.359746 Positive 

    2016011-049 S03 B 226-231cm 226- 232 cm 226 42.159815 -62.359746 Positive 

2021 
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    2016011-049 S04 B 362-367m 362- 367 cm 362 42.159815 -62.359746 Positive 

    2016011-049 S05 B 403-409cm 403-409 cm 403 42.159815 -62.359746 Positive 

    2016011-049 S07 B 460-465cm 460-465 cm 460 42.159815 -62.359746 Positive 

  

2016011-049 S08 B 620-625cm 620- 625cm  620 42.159815 -62.359746 Positive 

 

21 2016011-021 S01 B 12-17cm 12-17 cm 12 42.308531 -62.838306 Positive 

    2016011-021 S02 B 148-155cm 148-155 cm 148 42.308531 -62.838306 Positive 

    2016011-021 S03 B 210-215cm 210-215 cm 210 42.308531 -62.838306 Positive 

    2016011-021 S04 B 230-236cm 230-236 cm 230 42.308531 -62.838306 Positive 

    2016011-021 S05 B 250-255cm 250-255 cm 250 42.308531 -62.838306 Positive 

  

2016011-021 S06 B 285-290cm 285-290 cm 285 42.308531 -62.838306 Positive 

 

32 2016011-032 S01 B 260-265cm 260-265 cm 260 42.234850 -61.599353 Positive 

  

2016011-032 S02 B 385-390cm 385-390 cm 385 42.234850 -61.599353 Positive 

    2016011-032 S03 B 540-545cm 540-545 cm 540 42.234850 -61.599353 Positive 

 

33 2016011-033 S01 B 170-175cm 170-175 cm 170 42.317898 -61.566376 Negative 

  

2016011-033 S02 B 320-325cm 320-325 cm 320 42.317898 -61.566376 Negative 

  

2016011-033 S03 B 610-615cm 610-615 cm 610 42.317898 -61.566376 Negative 

 

44 2016011-044 S01 B 432-437m 432-437 cm 432 43.435396 -59.152075 Negative 

    2016011-044 S02 B 601-606cm 601-606 cm 601 43.435396 -59.152075 Negative 

    2016011-044 S03 B 755-760cm 755-760 cm 755 43.435396 -59.152075 Negative 

2018 13 2018041-0013 gc 5-15cm 5-15cm 5 42.162286 -62.355680 Negative 
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    2018041-0013 gc 58-62 cm 58-62cm 58 42.162286 -62.355680 Negative 

    2018041-0013 gc 190-195cm 190-195cm 190 42.162286 -62.355680 Negative 

    2018041-0013 gc 255-260cm 255-260cm 255 42.162286 -62.355680 Negative 

    2018041-0013 gc 315-320 cm 315-320cm 315 42.162286 -62.355680 Negative 

    2018041-0013 gc 420-425cm 420-425cm 420 42.162286 -62.355680 Negative 

    2018041-0013 gc 533-538cm 533-538cm 533 42.162286 -62.355680 Negative 

    2018041-0013 gc 570-575cm 570-575cm 570 42.162286 -62.355680 Negative 

2021 1-46D 46D 0-2cm 0-2cm 0 43.010208 -60.212067 Positive 

    46D 4-6cm 4-6cm 4 43.010208 -60.212067 Positive 

    46D 8-10cm 8-10cm 8 43.010208 -60.212067 Positive 

    46D 10-12cm 10-12cm 10 43.010208 -60.212067 Positive 

    46D 14-16cm 14-16cm 14 43.010208 -60.212067 Positive 

    46D 16-18cm 16-18cm 16 43.010208 -60.212067 Positive 

    46D 20-22cm 20-22cm 20 43.010208 -60.212067 Positive 

    46D 24-26cm 24-26cm 24 43.010208 -60.212067 Positive 

    46D 28-30cm 28-30cm 28 43.010208 -60.212067 Positive 

 

1-9A 9A 0-2 cm 0-2cm 0 43.010795 -60.213159 Negative 

    9A 4-6cm 4-6cm 4 43.010795 -60.213159 Negative 

    9A 8-10cm 8-10cm 8 43.010795 -60.213159 Negative 

    9A 12-14cm 12-14cm 12 43.010795 -60.213159 Negative 
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    9A 16-18cm 16-18cm 16 43.010795 -60.213159 Negative 

    9A 20-22cm 20-22cm 20 43.010795 -60.213159 Negative 

    9A 22-26cm 22-26cm 22 43.010795 -60.213159 Negative 

    9A 30-34cm 30-34cm 30 43.010795 -60.213159 Negative 

 

 

Table 5. Standard addition determined anion concentrations.  

 

Standard Addition Data 

  

Year  

  

Core 

Depth  Concentration of Anions (ppm) 

 Range Exact Fluoride  Nitrite Carbonate Sulfite Sulfate Nitrate 

2015 Core 9 144-149 cm 144 1.9 0.0 145.7 0 4020.8 0.3 

    297-302 cm 297 1.4 0.0 182.4 0 1772.5 1.3 

    363-369 cm 363 1.4 0.2 439.3 0 40.9 1.8 

2016 Core 49 77-82 cm 77 0.8 0.0 202.2 0 845.2 1.9 

    144-149 cm 144 1.0 3.9 457.3 0 119.5 0.4 

    226- 232 cm 226 1.8 2.9 623.2 0 106.5 0.3 

    362- 367 cm 362 1.0 0.5 528.8 0 146.1 0.5 

    403-409 cm 403 1.1 6.7 496.3 0 49.1 3.7 

    460-465 cm 460 0.9 0.4 887.3 0 24.1 1.0 

    620- 625cm  620 0.5 4.6 443.0 0 8.2 3.7 
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  Core 21 12-17 cm 12 1.3 0.0 201.7 0 1607.2 1.3 

    148-155 cm 148 1.4 0.0 570.4 0 181.1 0.9 

    210-215 cm 210 0.9 0.7 770.5 0 200.6 0.7 

    230-236 cm 230 0.4 0.9 776.8 0 224.8 0.5 

    250-255 cm 250 1.1 0.0 1649.0 0 237.3 0.3 

    285-290 cm 285 1.2 0.0 2075.6 0 50.6 1.1 

  Core 32 260-265 cm 260 1.4 0.0 147.5 0 2119.4 2.9 

    385-390 cm 385 1.4 0.0 161.3 0 933.9 0.7 

    540-545 cm 540 1.3 0.0 192.6 0 1782.4 2.0 

  Core 33 170-175 cm 170 2.0 0.0 152.5 0 1401.2 1.5 

    320-325 cm 320 1.7 0.0 231.6 0 1005.7 2.1 

    610-615 cm 610 1.7 0.1 435.7 0 1579.9 0.8 

  Core 44 432-437 cm 432 0.9 0.0 365.0 0 955.7 6.0 

    601-606 cm 601 1.1 0.0 490.4 0 838.7 9.2 

    755-760 cm 755 0.9 0.0 538.5 0 380.8 0.5 

2018 Core 13 5-15cm 5 0.6 5.7 69.5 0 1131.3 19.0 

    58-62cm 58 2.3 8.0 411.1 0 1077.7 1.4 

    190-195cm 190 0.7 23.0 357.2 0 638.3 9.3 

    255-260cm 255 0.5 26.0 314.5 0 694.2 4.7 

    315-320cm 315 0.8 23.2 325.9 0 1589.2 5.5 
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    420-425cm 420 0.8 24.9 412.6 0 1090.1 5.0 

    533-538cm 533 0.1 16.2 613.2 0 1382.7 13.0 

    570-575cm 570 0.6 16.4 515.2 0 1965.6 10.3 

2021 Core 1-46D 0-2cm 0 0.1 0.5 175.9 0 961.0 6.8 

    4-6cm 4 0.8 10.8 480.0 0 1954.7 39.5 

    8-10cm 8 1.3 17.4 401.0 0 1700.9 24.6 

    10-12cm 10 0.3 25.4 418.5 0 1105.7 49.2 

    14-16cm 14 0.1 1.4 179.2 0 1827.6 17.5 

    16-18cm 16 1.8 24.4 496.2 0 1583.3 46.7 

    20-22cm 20 1.1 26.4 837.3 0 2189.4 31.5 

    24-26cm 24 0.3 4.9 289.3 0 1351.6 31.6 

    28-30cm 28 0.4 15.4 411.0 0 3065.2 31.5 

  Core 1-9A 0-2cm 0 0.3 26.3 787.5 0 1819.4 35.3 

    4-6cm 4 0.4 29.3 748.4 0 2230.7 41.4 

    8-10cm 8 1.2 34.5 678.1 0 1700.1 31.0 

    12-14cm 12 1.5 23.9 1022.9 0 1474.0 31.6 

    16-18cm 16 1.0 29.7 1436.2 0 2177.0 26.2 

    20-22cm 20 1.1 27.7 675.6 0 1658.5 36.9 

    22-26cm 22 1.4 29.3 660.7 0 1426.0 27.6 

    30-34cm 30 0.8 24.0 564.8 0 1300.8 27.2 
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Table 6. Calibration curve determined anion concentrations.  

 

Calibration Curve Data 

  

Year  

  

Core 

Depth  Concentration of Anions (ppm) 

 Range Exact Fluoride  Nitrite Sulfite Carbonate Sulfate Nitrate 

2015 Core 9 144-149 cm 144 2.2 2.5 0 143.2 1375.2 3.2 

    297-302 cm 297 1.7 2.5 0 180.0 697.5 4.4 

    363-369 cm 363 1.8 2.7 0 478.0 24.2 4.8 

2016 Core 49 77-82 cm 77 1.8 2.5 0 194.4 1350.7 3.2 

    144-149 cm 144 1.9 5.4 0 645.2 85.9 3.2 

    226- 232 cm 226 1.4 4.0 0 666.4 66.0 3.2 

    362- 367 cm 362 1.9 3.5 0 687.6 89.8 6.0 

    403-409 cm 403 2.0 9.8 0 566.4 29.1 3.2 

    460-465 cm 460 1.8 4.0 0 500.4 17.6 3.2 

    620- 625cm  620 1.6 8.6 0 376.0 8.1 3.2 

  Core 21 12-17 cm 12 1.7 2.5 0 215.2 1149.9 3.2 

    148-155 cm 148 2.6 2.5 0 551.2 127.6 3.2 

    210-215 cm 210 1.8 3.2 0 578.8 125.4 4.8 
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    230-236 cm 230 1.2 4.6 0 570.0 137.8 5.4 

    250-255 cm 250 1.8 2.5 0 625.6 113.2 3.2 

    285-290 cm 285 2.3 2.5 0 713.2 33.6 3.2 

  Core 32 260-265 cm 260 1.8 2.5 0 157.2 1469.2 3.2 

    385-390 cm 385 1.7 2.5 0 174.8 1369.6 3.2 

    540-545 cm 540 1.6 2.5 0 207.2 1320.9 3.2 

  Core 33 170-175 cm 170 1.8 2.5 0 139.2 1444.7 3.2 

    320-325 cm 320 1.9 2.5 0 200.0 1349.1 3.8 

    610-615 cm 610 1.9 2.5 0 334.4 1044.1 4.0 

  Core 44 432-437 cm 432 1.8 2.5 0 366.8 861.3 3.2 

    601-606 cm 601 1.7 2.5 0 481.2 561.2 3.2 

    755-760 cm 755 1.7 2.5 0 520.0 335.6 5.5 

2018 Core 13 5-15cm 5 1.4 9.7 0 51.6 1245.2 19.1 

    58-62cm 58 2.8 10.6 0 236.8 1272.4 4.2 

    190-195cm 190 1.4 21.1 0 186.8 1131.5 13.8 

    255-260cm 255 1.3 26.0 0 304.0 1248.2 6.6 

    315-320cm 315 1.4 23.9 0 294.8 1141.1 7.4 

    420-425cm 420 1.5 26.5 0 393.2 999.5 6.6 
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    533-538cm 533 1.1 18.1 0 384.0 796.4 15.0 

    570-575cm 570 1.3 18.3 0 386.0 731.9 14.2 

2021 Core 1-46D 0-2cm 0 1.7 4.2 0 183.2 1310.8 18.0 

    4-6cm 4 2.0 12.2 0 133.6 1433.9 49.4 

    8-10cm 8 2.0 23.5 0 110.4 1560.9 29.3 

    10-12cm 10 1.8 30.0 0 503.6 1452.7 57.9 

    14-16cm 14 1.7 6.8 0 228.0 1507.5 28.6 

    16-18cm 16 1.9 28.7 0 405.6 1581.4 57.5 

    20-22cm 20 2.2 35.4 0 720.0 1614.8 42.0 

    24-26cm 24 1.5 10.9 0 284.4 1444.1 45.0 

    28-30cm 28 1.7 18.1 0 576.0 1378.4 38.5 

  Core 1-9A 0-2cm 0 2.0 34.4 0 693.6 1499.5 44.3 

    4-6cm 4 1.8 34.3 0 692.0 1530.1 47.9 

    8-10cm 8 2.4 42.5 0 654.0 1506.7 46.8 

    12-14cm 12 2.4 27.7 0 946.8 1535.4 42.7 

    16-18cm 16 2.4 36.6 0 1103.2 1537.4 33.0 

    20-22cm 20 2.3 36.4 0 762.8 1506.7 48.9 

    22-26cm 22 2.7 39.4 0 648.4 1491.6 38.8 
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    30-34cm 30 1.9 31.5 0 506.4 1502.9 34.5 

 

 

4.1.  Comparative study of standard addition and calibration curve methods 

Both standard addition (internal calibration method) and the calibration curve method (external 

calibration method) have advantages and disadvantages. Therefore, a comparative study was 

carried out and the data obtained from both methods was plotted on x-y scatter plot of depth versus 

concentration (Figure 5 (a-e)). A trendline was plotted for each anion and each method and the 

percent difference as proxy for variance was calculated out for each anion to measure the shift of 

values between the two methods. Fluoride concentrations (Figure 5a) were low, ranging between 

0–3 ppm and are uncorrelated with sediment depth (R2 = 0.00) with increasing sediment depth for 

the method of standard addition. In slight contrast, a poor negative correlation (R2 = 0.17) is 

observed with the calibration curve method. For F−, the shift in the values for the calibration curve 

method with respect to the standard addition method was ~45%. Nitrite concentrations (Figure 5b) 

are higher and range from 0–45 ppm and almost all of the Scotian Slope samples display similar 

down core trends; however, there is a slight shift towards an increased concentration for the 

calibration curve method ~25%. Nitrate concentrations (Figure 5c) range between 0–60 ppm and 

record slightly elevated values for the calibration curve method. The NO3
- concentration plotted 

with depth has the highest R2 = 0.42 compared to all other surveyed anions. Carbonate 

concentrations (Figure 5d) are nearly comparable for both methods except for some higher 

concentration outliers (highlighted in a red circle) that are evident in the standard addition method. 

Both outliers belong to core 21, a hydrocarbon positive site. Sulfate concentration trend (Figure 
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5e) is almost similar for both methods but there is a shift towards a decreased concentration for 

the calibration curve method. Previous studies suggest that the Scotian Slope surface sediments 

are rich in sulfur compounds, hence the method of calibration curve indicating a lower sulfate 

concentration seems puzzling (Cranston, 1994; Grant et al., 1998). In addition to the anions of 

interest, PW solutions are a matrix that generally include salts, anions, cations, organic acids, and 

particulate and dissolved organic carbon (POC and DOC, respectively). These species must be 

removed from the matrix to improve the quality of signal. But sometimes, some species end up 

passing through the detector and their signal can interfere with our baseline signal. This 

phenomenon is commonly known as a ‘matrix effect’. Two possibilities explain the matrix effect 

in anion concentration offsets and the presence of outliers across the two methods. The first is 

sensitivity to anion concentration where greater offset may occur due to very high or low abundant 

anions. Evidence for this is the large opposing offset of the F− anion that could be attributed to its 

extremely low concentration. Smaller analytes also produce larger variance. To test this possibility, 

the average, standard deviation, and variance percentage of each anion was calculated (full 

information in Table B1, Appendix B). It was noted that there is an approximate 20% offset in all 

the anions which measured above a certain concentration while for F−, there was an approximate 

45% offset in the negative direction. Although from a macroscopic perspective it would appear 

that the concentration of the anions has an immense control on performance of the standard 

addition and calibration curve measurement, it was also noticed that the variations in concentration 

also seem to be constantly changing as a function of sediment depth and that the shallow samples 

show a greater disparity than the deeper samples. For example, for F−, the calibration offsets range 

from -1.79 to 0.46 (Table B1, Appendix B) with more negative offsets belonging to the more 

recently acquired shallow push core samples. Therefore, evidently the second possibility being 
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that the offset could be sample specific and the sample itself has unique characteristics that are 

introducing the higher matrix effects. For example, the trends in figure 5 seem to indicate that the 

offsets can go either direction positive or direction negative. Additionally, it appears the trend of 

standard addition versus calibration curve has more stratigraphic controls on the performance. For 

example, the low concentration of SO4
2- produces a higher offset in shallow sediments but almost 

no offsets in deeper sediments. Hence in conclusion, the matrix effect appears to be either sample 

specific or the combination of concentration dependent and sample specific. Lastly, the offsets 

could then be attributed to interesting phenomena in each individual cores. Calibration curve 

method is generally reliable when the signal is directly proportional to the concentration and a 

linear trend can be expected from the unknown samples (Brinkmann et al., 2002). For unknown 

samples that might have higher/lower concentration ranges than expected, calibration curve 

extrapolation quickly becomes non-linear and a regular regression equation is not useful anymore 

(Brinkmann et al., 2002). For example, being a low concentration anion, it would seem like F− has 

a lower susceptibility to matrix effects than the highly saturated SO4
2- anion. In this regard, the 

low concentration anions would be harder to measure with the calibration curve technique because 

the signal is more prone to undergo signal suppression due to the matrix effect. For measurements 

where the response of the instrument cannot be controlled and the sample has the probability to 

have a rather complex matrix the standard addition method is more useful (Zenkevich & Klimova, 

2006). Based on the reasons indicated, the method of standard addition appears more appropriate 

for our data involving complex matrices and concentrations ranging close to zero and as high as 

5000 ppm. Therefore, the rest of the data interpretation is based on the data measured from the 

method of standard addition.  
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Figure 5 (a-e). Comparison of standard addition (blue) versus calibration curve (black) data for different 

anion concentrations. 

 

 

4.2. Porewater concentration as a function of ocean floor surface sediment depth 

4.2.1. Scotian Slope core survey  

Ocean floor sediment PW’s have distinct anion concentrations. Figure 6 (a-e) displays the 

individual anion concentrations plotted against their depth in centimeters below seafloor (cmbsf). 

The lowest concentration anion is F−, followed by NO2
- , NO3

-, CO3
2- and SO4

2-. Fluoride ranges 

between 1–3 ppm and is uncorrelated with sediment depth (Figure 6a). No indication of a specific 

pattern for F− indicates further studies are required to produce a better fit for a halide dependent 

standard addition method. Nitrite concentrations range between 0–35 ppm and on average decrease 

with sediment depth (Figure 6b). Outliers in deeper sediments are highlighted with a red circle and 

a b 

d e 

c 
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entirely belong to the hydrocarbon positive core 49 and hydrocarbon negative core 13. The highest 

NO2
- concentration measuring ~34.5 ppm is recorded at ~8 cmbsf in the ambient sediment core 1-

9A (Table 5). Shallow sediments throughout the global oceans display relatively higher level of 

NO2
-  relative to the deeper sediments, consistent with our findings (Codispoti et al., 2001; 

Engström et al., 2005; Gruber & Sarmiento, 1997). Microorganisms like nitrifiers readily consume 

O2 in the shallow sediments to consecutively oxidize NO2
- to NO3

-, which produces relatively 

reduced NO2
- and elevated NO3

- concentrations in the shallow sediments (Christensen & Rowe, 

1984; Vanderborght & Billen, 1975). However, core 13 alternatively displays higher NO2
- 

concentrations that reach sediment depths of 600 cmbsf. One possibility for the elevated level of 

NO2
- could be credited to core 13 being a hydrocarbon negative site located in the ambient 

sediments of the Scotian slope, unaffected by the presence of hydrocarbons, hence the NO2
- has 

not been readily consumed by microorganisms yet. Some elevated NO2
- concentrations can also 

be a function of greater level of denitrification being energetically favorable to the redox gradient 

of ocean floor surface sediments (Bowles & Joye, 2011). Another possibility for the elevated level 

of NO2
- could be based on the assumption that the older cores might have experienced some NO2

- 

disintegration into NO3
- from sitting in the freezer for too long. Core 13 belongs to the site that 

was sampled in 2018, hence it hasn’t been sitting in the freezer for as long as the cores that were 

sampled in 2015 and 2016 which make up all of the other deeper cores included in this study. 

Nitrate concentrations range from 0.3-50 ppm (Figure 6c) and on average also decrease with 

sediment depth. The highest concentration of NO3
- in the deeper depths belongs to core 13 again 

~13 ppm at 530 cmbsf. Being in the ambient sediment setting and having a higher concentration 

of NO3
- at a greater depth could be explained using the same possibility as above being that as 

much NO3
- hasn’t been consumed by microorganisms yet. As discussed previously, in these ocean 
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floor surface sediments, microorganisms tend to turn to O2 for energy first followed by NO3
- and 

hence NO2
-. Apart from their roles as EA’s, the higher concentration of these anions in the deeper 

depths could be due to the slow consumption of these consequent EA’s in the hydrocarbon negative 

sites coupled with their movement in the DNRA pathway. The first step in DNRA pathway usually 

involves the reduction of NO3
- to NO2

- through various microorganisms and the oxidation of NH4
+ 

back to NO3
- which in turn can increase their concentrations (GIBLIN et al., 2013; Joye & 

Anderson, 2008). Carbonate concentrations (Figure 6d) range between 0 – 1000 ppm and generally 

stay consistent with depth. Exceptions to this trend are two outliers between 200-300 cmbsf hosting 

the exceptionally high concentrations of CO3
2- belonging to hydrocarbon positive site core 21. A 

lot of CO3
2- gets stored as carbonate precipitates in the ocean floor sediments due to a wide range 

of geochemical processes and represents an immense pool of stored carbon in the marine carbon 

cycle (Gieskes et al., 2005). Sulfate concentrations (Figure 6e) range between 0–5000 ppm and on 

average decrease with sediment depth. Exceptions to this trend are some outliers highlighted with 

a red circle that dominantly belong to hydrocarbon negative cores. In hydrocarbon seep sites, some 

authigenic carbonates and SO4
2- activities are largely controlled by biologically stimulated 

reactions and methane gas fluxes to the seafloor (Naehr et al., 2007). Dissimilatory sulfate 

reduction is one of the key processes causing low concentrations of SO4
2- in the deeper marine 

benthic sediments (Jørgensen, 1982; Tarpgaard et al., 2011). Sulfate reducing bacteria are widely 

responsible for anerobic oxidation of organic matter and simultaneous SR until the SMTZ where 

methanogenesis takes over (Dale et al., 2008). In summary, the outliers for all of the anions seem 

unrelated to sediment depth or the presence/absence of hydrocarbons, indicating sample specificity 

or an interesting phenomena/microbial activity could be responsible for the unique behavior of 

these anions.  As for the other anions, to find the approximate depth in our study where the NO3
- - 
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NO2
- reduction is occurring, site-specific studies were conducted for four different cores of the 

dataset. The rationale being these five cores had the best stratigraphic coverage with 6-9 different 

samples per core. 

 

 

 

Figure 6 (a-e). Different anion concentrations (ppm) versus depth (cm). Red circles are representative of 

the outliers. Two of the red circles in the nitrite concentration are representing core 49 (hydrocarbon positive 

site) and core 13 (hydrocarbon negative site). The red circles represent the outliers for each anion 

concentrations and which core they belong to.  

 

 

4.2.2. Site specific study  

Two shallow push cores extending to 30 cmbsf and 7 deeper cores extending to 800 cmbsf were 

included in the PW anion dataset. Push cores 1-46 D and 1-9A were the selected shallow core sites 

while piston core 49 and gravity core 13 were the selected deeper core sites included for the site-
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Core 21 
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specific analysis with the aim to conduct a comparative study between two sites located inside the 

seep and the ambient sediment sites proximal to the two seeps (Figure 7 (a-e)).  

 

4.2.2.1. Outside the seep 

The sites outside the seep represent the ambient sediments of the Scotian slope, unaffected by 

presence of hydrocarbons in their vicinity. Core 1-9A (Figure 7a) and core 13 (Figure 7d) are 

shallow and deeper cores respectively, located outside the seep. Nitrate concentration ranges 

between 42–27 ppm, decreasing with sediment depth of 0–35 cmbsf in a consistent rise and fall 

pattern. Nitrite concentration ranges between 34–24 ppm, decreasing with sediment depth of 0–35 

cmbsf in a similar rise and fall pattern. The two anions show no change between 0-5cm sediment 

depth. Typically, microorganisms tend to feed on O2 in the ocean floor surface sediments as a 

source of nutrients, followed by which they tend to turn to the next best EA (NO3
- and NO2

-) after 

a decline in the availability of O2 with deeper sediments. Subsequently, the two anions present a 

cross cutting relationship after 10 cm depth. The cross-cutting relationship refers to the intervals 

where one anion is showing a surge, the other shows a parallel fall. This could be attributed to the 

cycling of nitrogen in marine sediments where microorganisms tend to feed on NO3
- and produce 

NO2
- as a result. Additionally, the regeneration of both the anions at different intervals could be 

ascribed to reasons like seawater diffusivity by bioturbation induced through the activities of 

surface dwelling organisms (Brimblecombe, 2014). For the deeper sediments, concentration is 

comparatively reduced (notice the change in scale). Nitrate concentration is ranging from 19–10 

ppm, decreasing with sediment depth of 0–600 cmbsf in a similar rise and fall pattern with much 

less variability. Nitrite concentration is ranging from 6–15 ppm, increasing with sediment depth 

of 0–600 cmbsf in a similar rise and fall pattern with much less variability. Also, the cross-cutting 
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relationship which was noticed in the shallow sediments is replicated at ~30 cmbsf even in the 

deeper sediments. Carbonate concentration, between the shallow 0–35 cmbsf ranges from 1500–

560 ppm and stays quite consistent with depth, aside from an exceptionally high surge in 

concentration between 10–20cm. For the deeper sediments, between 0-600 cmbsf, the 

concentration of CO3
2- is comparatively reduced (notice the change in scale). Carbonate 

concentration ranges from 500–100 ppm and seems macroscopically less affected with depth for 

the deeper sediments between 0–600 cmbsf.  Sulfate concentration, between the shallow 0-35 

cmbsf ranges from 2200–1400 ppm and is decreasing with depth, aside from two exceptionally 

high surge in concentration between 0–5 and 10–20 cmbsf. The rapid surge between 10–20cm is 

parallel and analogous to the surge in CO3
2- and NO2

- and a decline in NO3
- at the same depth 

steering to perhaps a common process occurring at this specific depth, for example, a result of 

reduced microbial activity. In anoxic sediment zones of the global oceans, anions tend to exhibit 

similar gradients with respect to each other and with respect to the depth. In these anoxic zones, 

NO2
- and microbial abundance is usually elevated while NO3

- abundance is depleted (Ulloa et al., 

2012). In highly eutrophic anoxic conditions, sulfide oxidizing bacteria tend to detoxify sulfide 

and reduce NO3
- (Callbeck et al., 2021). Porewater sulfide is part of a rather dynamic system of 

the sulfur cycle in ocean floor surface sediments (Rickard, 2012). In these anoxic zones, a large 

SO4
2- pool tends to accumulate and support assimilatory sulfate reduction (ASR) and hold a 

potential to span the wide range of detox conditions (Jørgensen et al., 2019; Wasmund et al., 2017). 

With the reduced NO3
- and enriched NO2

- , CO3
2- and SO4

2- in our data, it seems like the region 

between 10-20cm could perhaps be attributed to reduced microbial activity and a common process 

like a zone of anoxia causing the rapid surge in concentrations.  
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4.2.2.2. Inside the seep 

The sediments inside the seep are representative of conditions where the sediments and the PW 

have been altered due to the presence of hydrocarbons. Figure 7b and 7c represent the shallow and 

the deeper anion concentration behavior for ambient sediments located inside these cold seep sites. 

Between 0–30 cmbsf, the concentration of NO3
- ranges between 50–7 ppm with a gradual increase 

with depth. Nitrite concentration ranges between 25–0 ppm and shows a similar varying and 

increasing trend from 0–35 cmbsf. Although the two anions do not show the cross-cutting 

relationship noticed for anion gradients in an ambient setting, they show a consistent rise and fall 

pattern of for all the anions in a very similar gradient variation. For the deeper sediments, between 

70–700 cmbsf, the concentration of these anions is quite low (notice the change in scale). Nitrate 

concentration ranges between 3.5–0.2 ppm and shows a similar varying and increasing trend from 

0-600 cmbsf. Nitrite concentration ranges between 6.5–0 ppm and displays a similar varying and 

increasing trend from 0–600 cmbsf. The two anions show similar gradient variation attributing to 

perhaps a common microbially mediated process occurring through each interval. Carbonate 

concentration ranges between 900–200 ppm and displays a similar varying and increasing trend 

from 0–600 cmbsf. Sulfate concentration ranges between 1600-0 ppm and displays a sharp 

declination in trend from 0–600 cmbsf. Interestingly, unlike the trend of SO4
2- increasing with 

depth for the ambient sediments (Figure 7b) in these hydrocarbon rich sediments, sulfate goes to 

total exhaustion by 500–600 cmbsf. In these cold seep, hydrocarbon positive sites, the processes 

that guide the biogeochemistry of this region is mostly attributed to AOM and SR. Generally, the 

trend seems to be that the CO3
2- concentration seems macroscopically less affected than the other 

anions in terms of concentration as well as variation similar to how it seemed outside the seep, in 

the ambient sediments. To oversimplify the variation happening through each interval, in terms of 
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each anion, an in-depth specific interval-based study would be required in the future to insinuate 

anything concrete. Although generally, previous studies (Joye et al., 2004) also show that 

concentration of SO4
2- and H2S is usually high and variable in and around seep sites, consistent 

with our findings. The possibility to explain the complete exhaustion of SO4
2- in these hydrocarbon 

rich sediments, could be that AOM and SR being the two dominant processes, pose a very strong 

underlying effect and total exhaustion of SO4
2- is occurring due to methanogenesis and AOM. In 

these cold seep sites, microorganisms sufficiently have more energy due to the presence of 

hydrocarbons and readily deplete the available EA’s and completely exhaust them within 600 

cmbsf. A syntrophic close relationship between the methane oxidizing and sulfate reducing 

microorganisms acts as the key intermediaries for AOM (Hoehler et al., 1994, 2001). A large pool 

of anaerobic methanotrophs within the anoxic sediments consume the methane fluxing from cold 

seep reservoirs and partake in higher rates of SR (Joye et al., 2004). It is also a  common occurrence 

to have exceedingly higher rates of SR and AOM in the deep marine benthic sediments of cold 

seep habitats (Lin & Morse, 1991). To confirm this speculation in our data, a comparative study 

of the ambient marine benthic sediments and hydrocarbon positive sites was prepared.  
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Figure 7 (a-d). Depth profiles of anions detected across various cores. Note the varying concentration scale 

for each core.  
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4.3. Comparative study of ambient marine benthic sediments to hydrocarbon impacted 

sediments 

Nutrients provide essential energy for microorganisms to flourish. The anions in the ocean floor 

surface sediments behave as essential nutrients for microorganisms and are continuously 

undergoing biodegradation and remineralization. The addition of hydrocarbon seepage at the 

Scotian Slope provides an extra push to the system as the hydrocarbons provide extra nutrients and 

energy to the system to correctly consume more organic matter. As discussed previously, AOM 

coupled with SR are the two major processes that drive most of the processes in seep sediments 

(Orcutt et al., 2010) . Various studies show that increased sulfate reduction can be directly linked 

to an increased presence of hydrocarbons, sometimes in magnitudes of two times higher (Grant et 

al., 1998; Orcutt et al., 2010 Dong et al., 2020). Sulfate reducing bacteria are common 

microorganisms in these anoxic environments and their activity level is directly related to the 

presence of more nutrients. The basic hierarchy that anions follow as EA’s is after the consumption 

of O2 in the shallow sediments, NO3
- gets exhausted first, followed by NO2

-, followed by SO4
2-, 

and then CO2 and this pattern can be reconstructed using the anion profiles. Figure 8 (a-e) is 

representative of the standard addition data for the samples in this study divided by their 

hydrocarbon positive (green) or hydrocarbon negative (black) behavior. 

 

4.3.1. Nitrate and Nitrite Recycling  

In marine sediments, especially at cold seeps, NO3
- and NO2

- are of minor importance relative to 

AOM and SR processes because their abundance is minimal and harder to quantify compared to 

SO4
2- (Ruff, 2020). Hydrocarbon negative refers to the ambient sediments of the Scotian Slope. 
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Nitrite concentration (Figure 8b) of the ambient sediments shows a shift towards a lower 

concentration for the shallow sediments with a poor coefficient of determination (R2 = 0.36) while 

the hydrocarbon positive sites show a similar trend but at a much higher concentration at a greater 

depth with R2 = 0.28. Nitrate concentration (Figure 8c) with depth shows a similar pattern for both 

hydrocarbon positive R2 = 0.29 and negative sites R2 = 0.42. While NO3
- concentration in shallow 

sediments is almost equal, there is a greater difference in concentration occurring at a deeper depth. 

Unlike the other anions displaying cross comparative trends, it appears that the NO3
- and NO2

- 

concentration has been shifted to a shallower depth. In cold seep surface sediments, microbial 

activity is much higher in hydrocarbon positive sites than in the ambient sediments due to the 

presence of hydrocarbons providing the additional nutrients and energy (Orcutt et al., 2010). In 

these environments, SRB and certain denitrifying bacteria hold a analogous metabolic capacity to 

degrade a greater quantity of liquid hydrocarbons (Widdel & Rabus, 2001). These denitrifying 

bacteria preferentially exhaust NO3
- and NO2

- as their first EA’s. Studies like (M. Bowles & Joye, 

2011; Joye et al., 2004) substantiate their individual PW profiles with significant rates of 

heterotrophic potential denitrification and NO3
- being depleted rapidly in the surface sediments of 

cold seep sites. Since the microorganisms essentially have more nutrients and energy from those 

hydrocarbons, they tend to exhaust a greater quantity of these anions. Figure 8b and 8c show good 

representation of this phenomena as it is noticeable that there is less NO3
- and NO2

- concentration 

in the hydrocarbon rich sediments compared to the ambient sediments. Essentially, the increase in 

microbial activity has caused more exhaustion of these EA’s in the shallower depths itself.  

Additionally, the PW data displays the difference in the trendlines of NO2
- being much farther 

away than the difference in the trendlines of NO3
- (Figure 8b and c respectively). This difference 

could indicate greater NO2
- removal suggesting additional processes such as assimilation, DNRA, 
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or NO2
- production coupled with removal via ANAMMOX prominently occurring in the sediments 

of the Scotian Slope, just to name a few (M. Bowles & Joye, 2011).  

 

4.3.2. Sulfate Reduction 

Sulfate is the next best EA that microorganisms tend to exhaust in marine habitats after the 

exhaustion of NO3
- and NO2

- . Since SO4
2- reduction is usually a coupled process with AOM in 

cold seep sediments, the majority of microorganisms tend to be methane dominant in these 

environments (Treude et al., 2014). The reduction of EA’s in these environments tend to be 

dependent on AOM + ANME with a reverse methanogenesis bacterial syntropy pathway (Orcutt 

et al., 2010). In cold seep sediments of the world, hydrocarbon presence is directly proportional to 

SO4
2- reduction. In previous studies of the Scotian Slope, it has been suggested that SO4

2- reduction 

accounts for a major pathway for carbon mineralization and this area is quite similar to a study 

conducted at the Gulf of Maine with  ̴ 55% of the system being dependent on the high quantity of 

SO4
2- in the region (Hines et al., 1991; Grant et al., 1998). Sulfate concentration (Figure 8e) with 

depth, in the shallow sites, both hydrocarbon positive and negative commence at a similar 

concentration ranging between 1000–2000 ppm but after 100 cmbsf, there is variable shifts in 

concentration. While the hydrocarbon positive sites reduce to a range between 0–50 ppm and the 

trendline presents a shift towards a shallower depth, the ambient sediments still stay between 

1000–2000 ppm concentration range even at the deeper depths. Implying greater SO4
2- reduction 

has occurred at shallower depths in hydrocarbon influenced sediments while as much sulfate 

reduction hasn’t yet transpired with the ambient sediments at the same depth, also corroborating 

with the results discussed previously.  
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4.3.3. Carbonate Variation 

The anthropogenic CO2 released to the atmosphere tends to accumulate in the ocean floor surface 

sediments as burial CO3
2- (Archer, 1996; Keil, 2017). Anaerobic oxidation of methane in cold seep 

sites causes an increase in alkalinity, hence impacts increased formation of CO3
2- from the 

metabolic activities of methane reducing microorganisms and being confined to anoxic 

environments (Aloisi et al., 2000; Peckmann et al., 2001; Valentine, 2002). Carbonate rocks serve 

as an important tool to track the relationships of ancient seep structures that accommodate presence 

of gas hydrates (Peckmann & Thiel, 2004). Depth coupled with alkalinity of sediments is also an 

important factor for CO3
2- cycling and preservation (Morse & Mackenzie, 1990). The precipitation 

rate these carbonate rocks generally is highest near the sediment water interface and gradually 

reduces (Han et al., 2004; Karaca et al., 2010). The PW profile of CO3
2- concentrations 

demonstrates a similar variability between ambient and hydrocarbon influenced sediments (Figure 

8d). Both trendlines hold exceptionally low correlations (R2=0.02 and R2=0.01, respectively) 

suggesting that the CO3
2- depth trend is not subject to a massive change. It is possible that the 

steady concentration of CO3
2- with depth of 900 cmbsf suggests that most of the CO3

2- might be 

present in the form of aggregates in the ocean floor surface sediments and hence the PW profile 

doesn’t show much variation according to depth. In cold seep sites, CO3
2- precipitation formed 

aggregates are a common occurrence and an important indication of seafloor gas venting and 

existence of shallow gas hydrates (Wang et al., 2014). Granting there isn’t much change in 

concentration range between the hydrocarbon positive and the ambient sediments, it probably 

signifies slow consumption of the anion by sulfate reducing microorganisms.  



51 
 

 

 

 

Figure 8 (a-e). Different anion concentrations (ppm) v/s depth (cmbsf) divided for hydrocarbon positive 

cores (green) v/s hydrocarbon negative cores (black). 

 

 

5. Conclusions  

The internal calibration method of standard addition proved to be better than the external 

calibration method of calibration curve to measure the anion PW concentrations of unknown 

samples with complex matrices and an unknown range of varying concentrations. The outliers for 

the anions seem unrelated to sediment depth or the presence/absence of hydrocarbons, indicating 

the outliers being possibly dependent on sample specificity or interesting phenomena/microbial 

activity pertaining to the unique site. The site-specific analysis indicates cross-cutting relationship 

(i.e., increase in one anion correlates with decrease in the other anion and vice versa) for NO3
- and 

NO2
- in the ambient marine benthic sediments, while a consistent rise and fall in the concentration 

of PW anions in the presence of hydrocarbons. Carbonate concentration seems unrelated to the 
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presence or absence of hydrocarbons. Sulfate concentration decreases dramatically in both ambient 

and hydrocarbon impacted marine benthic sediments although, in hydrocarbon impacted sites, 

SO4
2- reduction appears to occur at a much shallower depth suggesting that the redox gradient is 

much more pronounced. Nitrate and NO2
- trends show similar reduction patterns occurring at 

shallower depths for hydrocarbon positive sediments. Usually in benthic marine sediments, 

widescale microbial and bacterial activity causes the consumption of anions and EA’s whereas in 

hydrocarbon impacted sediments, hydrocarbons provide the extra guiding force for faster 

consumption of these anions. Methane-dependent SR is mediated by microorganisms like 

methanotrophic archaea in cold seeps (Orcutt et al., 2010). The redox gradient produced by these 

SRB and SRM in the Scotian Slope display a similar, higher rate of NO3
- , NO2

- and SO4
2- reduction 

in hydrocarbon impacted sediments causing the shift in reduction appearing at a shallower depth.  

 

6. Appendix  

6.1. Appendix A  

Table A1. Abbreviations used and what they represent. 

Abbreviations Representing 

F− Fluoride 

NO3
-  Nitrate 

NO2
- Nitrite 

CO3
2-  Carbonate 

SO4
2- Sulfate 

SO3
2- Sulfite 

PO4
3- Phosphate 

S2- Sulfide 

O2 Oxygen 
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CO2 Carbon Dioxide 

IC Ion Chromatography 

PW Porewater 

cmbsf centimeters below seafloor 

GEOSEC Geochemical Ocean Sections  

SR Sulfate Reduction 

AOM Anaerobic Oxidation of Methane 

EA Electron Acceptor 

SMTZ Sulfate Methane Transition Zone 

SRB Sulfate Reducing Bacteria 

SRM Sulfate Reducing Microorganisms 

ASR Assimilatory Sulfate Reduction 

DSR Dissimilatory Sulfate Reduction 

DNRA Dissimilatory Nitrate Reduction to Ammonia 

DOC Dissolved Organic Carbon 

POC Particulate Organic Carbon 

 

 

Table A2: Standard addition dilution each sample was subject to with sample collection year, core 

number, and depth. 

Year Core 
Archived 

Sample Name 

Depth 

(cm) 

Standard 

Concentration 

(ppm) (S+D - 

SO32- - CO32-

) 

PW (10 times diluted) + concentration standard 

PW + 

0ppm 

PW + 

2ppm 

PW + 

5ppm 

PW + 

10ppm 

PW + 

20ppm 

2015 9 NSPC 2015018-0009 S01 B 

144-149cm 

144 20-20-200 🗸   🗸     

    NSPC 2015018-0009 S03 B 

297-302cm 

297 20-20-200 🗸 

 

🗸 

 

  

    NSPC 2015018-0009 S04 B 

363-369cm 

363 20-20-200 🗸   🗸     

2016 21 2016011-021 S01 B 12-17cm 77 20-20-100 🗸 🗸 🗸 🗸   

    2016011-021 S02 B 148-155cm 144 20-20-100 🗸 🗸 🗸 🗸   
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    2016011-021 S03 B 210-215cm 226 20-20-100 🗸 🗸 🗸 🗸   

    2016011-021 S04 B 230-236cm 362 20-20-100 🗸 🗸 🗸 🗸   

    2016011-021 S05 B 250-255cm 403 20-20-100 🗸 🗸 🗸 🗸   

    2016011-021 S06 B 285-290cm 460 20-20-100 🗸 🗸 🗸 🗸   

  49 2016011-049 S01 B 77-82cm 620 20-20-100 🗸 🗸 🗸 🗸   

    2016011-049 S02 B 144-149cm 12 20-20-100 🗸 🗸 🗸 🗸   

    2016011-049 S03 B 226-231cm 148 20-20-100 🗸 🗸 🗸 🗸   

    2016011-049 S04 B 362-367m 210 20-20-100 🗸 🗸 🗸 🗸   

    2016011-049 S05 B 403-409cm 230 20-20-100 🗸 🗸 🗸 🗸   

    2016011-049 S07 B 460-465cm 250 20-20-100 🗸 🗸 🗸 🗸   

    2016011-049 S08 B 620-625cm 285 20-20-100 🗸 🗸 🗸 🗸   

  32 2016011-032 S01 B 260-265cm 260 20-0-200 🗸   🗸     

    2016011-032 S02 B 385-390cm 385 20-0-200 🗸 

 

🗸 

 

  

    2016011-032 S03 B 540-545cm 540 20-0-200 🗸   🗸     

  33 2016011-033 S01 B 170-175cm 170 20-0-200 🗸   🗸     

    2016011-033 S02 B 320-325cm 320 20-0-200 🗸 

 

🗸 

 

  

    2016011-033 S03 B 610-615cm 610 20-0-200 🗸   🗸     

  44 2016011-044 S01 B 432-437m 432 20-0-200 🗸 

 

🗸 🗸   

    2016011-044 S02 B 601-606cm 601 20-0-200 🗸 

 

🗸 🗸   

    2016011-044 S03 B 755-760cm 755 20-0-200 🗸 

 

🗸 🗸   

2018 13 2018041-0013 gc 5-15cm  5 20-0-200 🗸   🗸 🗸   

    2018041-0013 gc 58-62 cm 58 20-0-200 🗸 

 

🗸 🗸   

    2018041-0013 gc 190-195cm 190 20-0-200 🗸 

 

🗸 🗸   

    2018041-0013 gc 255-260cm 255 20-0-200 🗸 

 

🗸 🗸   

    2018041-0013 gc 315-320 cm 315 20-0-200 🗸 

 

🗸 🗸   

    2018041-0013 gc 420-425cm 420 20-0-200 🗸 

 

🗸 🗸   

    2018041-0013 gc 533-538cm 533 20-0-200 🗸 

 

🗸 🗸   

    2018041-0013 gc 570-575cm 570 20-0-200 🗸   🗸 🗸   

2021 1-46 D 46D 0-2cm 0 50-0-500 🗸   🗸 🗸 🗸 

    46D 4-6cm 4 50-0-500 🗸 

 

🗸 🗸 🗸 

    46D 8-10cm 8 50-0-500 🗸 

 

🗸 🗸 🗸 

    46D 10-12cm 10 50-0-500 🗸 

 

🗸 🗸 🗸 

    46D 14-16cm 14 50-0-500 🗸 

 

🗸 🗸 🗸 

    46D 16-18cm  16 50-0-500 🗸 

 

🗸 🗸 🗸 

    46D 20-22cm 20 50-0-500 🗸 

 

🗸 🗸 🗸 

    46D 24-26cm 24 50-0-500 🗸 

 

🗸 🗸 🗸 

    46D 28-30cm 28 50-0-500 🗸 

 

🗸 🗸 🗸 

  1-9A 9A 0-2 cm 0 50-0-500 🗸   🗸 🗸 🗸 

  

 

9A 4-6cm  4 50-0-500 🗸 

 

🗸 🗸 🗸 

  

 

9A 8-10cm  8 50-0-500 🗸 

 

🗸 🗸 🗸 
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9A 12-14cm  12 50-0-500 🗸 

 

🗸 🗸 🗸 

  

 

9A 16-18cm  16 50-0-500 🗸 

 

🗸 🗸 🗸 

  

 

9A 20-22cm  20 50-0-500 🗸 

 

🗸 🗸 🗸 

  

 

9A 22-26cm  22 50-0-500 🗸 

 

🗸 🗸 🗸 

    9A 30-34cm  30 50-0-500 🗸   🗸 🗸 🗸 

 

 

Figure A1. Example chromatogram recorded for different anion concentrations of 10 times diluted PW + 

quantity of standard addition dilution. (example Core 49 144-149cm) 
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Figure A2. Example of standard addition dilution regression curves that were created for each sample to 

resolve matrix effects. (example Core 1-46D 28-30cm) 
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6.2. Appendix B 

 

Table B1. Variance Percentage calculation table between standard addition and calibration curve data. 

Variance % Calculation 

  

Year  

  

Core 

Depth  Difference between standard addition and calibration curve 

 Range Exact Fluoride  Nitrite Carbonate Sulfite Sulfate Nitrate 

2015 Core 9 144-149 cm 144 -0.3 -2.5 2.5 0 2645.6 -2.9 

    297-302 cm 297 -0.3 -2.5 2.4 0 1075.0 -3.1 

    363-369 cm 363 -0.4 -2.5 -38.7 0 16.7 -3.1 

2016 Core 49 77-82 cm 77 -1.0 -2.5 7.8 0 -505.4 -1.3 

    144-149 cm 144 -0.8 -1.5 -187.9 0 33.5 -2.8 

    226- 232 cm 226 0.5 -1.2 -43.2 0 40.6 -2.9 

    362- 367 cm 362 -0.9 -3.0 -158.8 0 56.2 -5.5 

    403-409 cm 403 -0.8 -3.1 -70.1 0 19.9 0.4 

    460-465 cm 460 -1.0 -3.6 386.9 0 6.5 -2.3 

    620- 625cm  620 -1.0 -4.0 67.0 0 0.1 0.5 

  Core 21 12-17 cm 12 -0.4 -2.5 -13.5 0 457.2 -2.0 

    148-155 cm 148 -1.2 -2.5 19.2 0 53.4 -2.4 

    210-215 cm 210 -0.9 -2.4 191.7 0 75.2 -4.1 

    230-236 cm 230 -0.8 -3.7 206.8 0 86.9 -4.9 

    250-255 cm 250 -0.8 -2.5 1023.4 0 124.0 -2.9 

    285-290 cm 285 -1.1 -2.5 1362.4 0 17.0 -2.1 

  Core 32 260-265 cm 260 -0.3 -2.5 -9.7 0 650.3 -0.3 

    385-390 cm 385 -0.3 -2.5 -13.6 0 -435.7 -2.6 

    540-545 cm 540 -0.4 -2.5 -14.6 0 461.5 -1.3 
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  Core 33 170-175 cm 170 0.1 -2.5 13.3 0 -43.5 -1.7 

    320-325 cm 320 -0.2 -2.5 31.6 0 -343.4 -1.6 

    610-615 cm 610 -0.2 -2.5 101.3 0 535.8 -3.2 

  Core 44 432-437 cm 432 -0.9 -2.5 -1.8 0 94.4 2.7 

    601-606 cm 601 -0.6 -2.5 9.2 0 277.5 6.0 

    755-760 cm 755 -0.8 -2.5 18.5 0 45.2 -5.0 

2018 Core 13 5-15cm 5 -0.8 -4.0 17.9 0 -113.9 -0.1 

    58-62cm 58 -0.5 -2.5 174.3 0 -194.7 -2.8 

    190-195cm 190 -0.6 2.0 170.4 0 -493.2 -4.5 

    255-260cm 255 -0.8 0.0 10.5 0 -554.0 -1.9 

    315-320cm 315 -0.7 -0.8 31.1 0 448.2 -1.9 

    420-425cm 420 -0.7 -1.5 19.4 0 90.7 -1.6 

    533-538cm 533 -1.0 -1.9 229.2 0 586.3 -1.9 

    570-575cm 570 -0.6 -1.9 129.2 0 1233.7 -3.9 

2021 Core 1-46D 0-2cm 0 -1.6 -3.7 -7.3 0 -349.8 -11.1 

    4-6cm 4 -1.2 -1.4 346.4 0 520.7 -10.0 

    8-10cm 8 -0.7 -6.1 290.6 0 140.0 -4.8 

    10-12cm 10 -1.4 -4.6 -85.1 0 -347.1 -8.7 

    14-16cm 14 -1.6 -5.4 -48.8 0 320.1 -11.2 

    16-18cm 16 -0.1 -4.3 90.6 0 1.9 -10.8 

    20-22cm 20 -1.1 -8.9 117.3 0 574.6 -10.5 

    24-26cm 24 -1.2 -6.0 4.9 0 -92.5 -13.4 

    28-30cm 28 -1.3 -2.6 -165.0 0 1686.8 -7.0 

  Core 1-9A 0-2cm 0 -1.8 -8.1 93.9 0 319.9 -9.0 

    4-6cm 4 -1.4 -5.1 56.4 0 700.6 -6.5 
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    8-10cm 8 -1.3 -8.0 24.1 0 193.4 -15.8 

    12-14cm 12 -0.9 -3.9 76.1 0 -61.3 -11.1 

    16-18cm 16 -1.4 -6.9 333.0 0 639.6 -6.9 

    20-22cm 20 -1.2 -8.7 -87.2 0 151.8 -12.1 

    22-26cm 22 -1.2 -10.1 12.3 0 -65.6 -11.1 

    30-34cm 30 -1.1 -7.6 58.4 0 -202.1 -7.3 

Average  -0.8 -3.5 95.7 0 211.6 -4.7 

Standard Deviation 0.5 2.4 259.3 0 559.7 4.4 

%age Variance -44.8 -25.6 22.1 0 21.5 -26.5 
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Figure B1: Cross plots of anion concentrations (ppm) based on the standard addition method.   
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